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Kurzfassung

Die vorliegende Arbeit beschreibt die Realisierung eines hidirektionalen
Gleichspannungswandlers, welcher Uber einen Hochspannugsanschluss mit
einer Anschlussspannung im Bereich zwischen240V und 450V und uber
einen galvanisch getrennten Niederspannungsanschluss niieiner Anschluss-
spannung im Bereich zwischen11V und 16V verfugt. Die Nennleistung des
Konverters betragt 2 kw, unabhéangig von der vorliegenden En ergie ussrich-
tung.

Fur die in Kapitel 2 dargestellte Topologielibersicht zeichnet sich unter
Verwendung der gegebenen Konverterspezi kationen eine Einschrankung der
geeigneten Schaltungskonzepte ab. Die resultierende Auswhl beinhaltet
neben einstu gen Konvertertopologien auch zweistu ge Rea lisierungsvari-
anten (d.h. die Serienschaltung eines galvanisch getrennen Gleichspan-
nungswandlers und eines Gleichspannungswandlers ohne Pantialtrennung).
Unter den einstu gen Topologien zeichnet sich der Dual Acti ve Bridge (DAB)
Konverter als die am besten geeignete Wahl hinsichtlich der gewtinschten Ef-
zienz und hinsichtlich der erzielbaren Leistungsdichte a b. Ausserdem lassen
sich, aufgrund der weiten Ein- und Ausgangsspannungsberethe, weitere
Wirkungsgradverbesserungen fir zweistu ge Schaltungsvarianten erwarten.

Im Anschluss an Kapitel 2 erfolgt eine detaillierte Beschre ibung der DAB.

" Kapitel 3 beschreibt die Funktionsweise der DAB; in diesem Zusam-
menhang werden drei verschiedene Konvertermodelle erlauert. Dies
beinhaltet ein verlustfreies Konvertermodell, welches z.B. der verein-
fachten Berechnung der Transformatorstrome ektivwerte d ient; die re-
sultierenden Zusammenhéange werden zur Synthese eines hinshtlich
Transformatorstrome ektivwerte optimalen Modulationsv  erfahrens ver-
wendet. Die in diesem Kapitel ebenfalls erlauterten erweit erten Konvert-
ermodelle bertcksichtigen die Auswirkungen der Leitverlu ste und des
Magnetisierungsstromes auf die primér- und sekundarseitigen Transfor-
matorstrome.

" In Kapitel 4 wird ein detailliertes Verlustmodell der DAB beschrieben,

Xi



Xii Kurzfassung

welches der Berechnung der fiir eine zuverldssige Ermittlung des
Wirkungsgrades relevanten Verlustanteile dient. Das Verl ustmodell wird

einerseits dazu verwendet, die in Kapitel 3 erstellten Konv ertermodelle
zu parametrisieren. Andererseits ermdglicht dieses Verlustmodell die in

Kapitel 5 beschriebene Optimierung des Steuerverfahrens hnsichtlich

maximalen Wirkungsgrades.

Kapitel 5 erlautert eine systematische Untersuchung der in Kapitel 3
vorgestellten Modulationsverfahren unter Verwendung des in Kapitel 4
beschriebenen Verlustmodells. Die aus dieser Untersuchumg resultieren-
den Ergebnisse dienen der Synthese eines neuartigen Steueerfahrens,
welches den Betrieb der DAB nahe des maximal mdglichen Wirku ngs-
grades erzielt.

Kapitel 6 beschreibt das transiente Verhalten des DAB Konverters.
Dies beinhaltet neben einem arbeitspunktabh&ngigen Klein signalmodell
der DAB auch die Ubertragungsfunktionen des digitalen Steu erteils.

In Kapitel 7 werden moglichen Wirkungsgradverbesserungen unter-
sucht, die sich durch die Verwendung einer zweistu gen Konv erter-
variante erzielen lassen wirden. Es stellt sich jedoch heraus, dass der
fur den zweistu gen Konverter resultierende mittlere Wirk ungsgrad
(T = 93:0%) kleiner ist, als der der einstu gen DAB ( — = 93:5%; die
Berechnung von ~ erfolgt geméss Anhang A.1).

Kapitel 8  schliesst die Arbeit mit einer Zusammenfassung der
erarbeiteten Ergebnisse, abschliessenden Bemerkungen zubidirek-
tionalen und unidirektionalen DC DC Wandlern und einem Aus blick
bezuglich weiterer Forschungsmdglichkeiten auf dem Gebid des DAB
Konverters ab.

Messergebnisse bestatigen die in dieser Arbeit berechnete Ergebnisse.

Zur Ermittlung der experimentellen Ergebnisse wurde ein vo Il funk-
tionsfahiger Prototyp des oben spezizierten DAB Konverte rs entworfen
(Anhang A.2 ) und realisiert. Der unter Verwendung des in Kapitel 5 er-
lauterten e zienzoptimierten Modulationsverfahrens gem essene Wirkungs-
grad betrdgt 94:5% (Eingangsspannung: 340V, Ausgangsspannung: 12V,
Ausgangsleistung: 2kW, Energietransfer in Richtung der Niederspannungs-
seite, Messung bei Raumtemperatur: 25 C).



Abstract

This thesis investigates di erent bidirectional and isola ted DC DC con-
verters with a high voltage port (ranging from 240V to 450V), a low voltage
port (11V to 16 V), and a rated power of 2 kW.

The work starts with an overview on di erent bidirectional D C DC con-
verter topologies and investigates their applicability wi th respect to the given
speci cations (Chapter 2 ). Based on the ndings of Chapter 2, the single-
phase Dual Active Bridge (DAB) converter topology is consid ered most
promising regarding the achievable converter e ciency and the achievable
power density. Moreover, due to the wide input and output vol tage ranges,
two-stage DC DC converters, i.e. the series connection of an isolated DC DC
converter and a DC DC converter without galvanic isolation , are expected to
facilitate an improved converter e ciency.

The subsequent Chapters discuss the single-phase DAB conveer in detail.

" Chapter 3 explains the working principle of the DAB converter based
on 3 di erent simpli ed converter models. This includes alo ssless model
of the DAB, which facilitates basic analytical investigati ons and allows
for a simplied synthesis of optimal modulation schemes (ca Iculated
with respect to minimum transformer RMS current). Moreover , two
di erent re nements of the electric DAB converter model are included
in order to consider the impacts of the conduction losses and the mag-
netizing current on the transformer currents.

Chapter 4 discusses a detailed loss model of the DAB, needed in order
to parameterize the models developed in Chapter 3 and to devdop the
e ciency optimized modulation presented in Chapter 5. This loss model
is used to calculate the losses in the most relevant converte components.

Chapter 5 presents a systematic investigation of e ciency improve-
ments achievable for the given DAB converter, obtained with the use
of optimized modulation schemes. Finally, with the subopti mal modu-
lation schemes discussed in Section 5.2.2, converter opet#on close to
its maximum possible e ciency is achieved (Figure 5.28).
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Xiv Abstract

" Chapter 6 details a dynamic model of the complete converter system
(including the digital control platform).

Chapter 7 investigates the most promising two-stage converter con-
gurations in order to examine possible e ciency improveme nts. As a
result, however, the average e ciency achieved with the two -stage con-
verter (T =93:0%) is less than the average e ciency achieved with the

single-stage DAB (~ = 93:5%; calculated according to Appendix A.1).

Chapter 8 concludes this work and presents an outlook regarding fu-
ture research in the eld of the DAB converter.

The calculated results are veri ed using experimental data .

A hardware prototype of the above specied DAB converter is r ealized
according to Appendix A.2 . With this converter prototype and with the
optimized modulation schemes detailed in Chapter 5, a converter e ciency of
94:5% is measured (input voltage: 340V, output voltage: 12V, output power:
2kW, power being transferred to the low voltage port, room tempe rature:
25 C).









Chapter 1

Introduction

1.1 Applications of Bidirectional DC DC Converters

1.1.1 Automotive Applications

Today, conventional cars use combustion engines which burn fossil fuels
(e.g. gasoline, diesel) to generate the required propulsion power. The products
of the combustion process mainly the nontoxic compounds H,O and CO;

are exhaled into the air. CO3, however, is known as a greenhouse gas and
partly accounts for global warming. ! Besides that, excessive burning of fossil
fuels causes environmental pollution and the resources to exhaust [2].

Di erent initiatives have been taken in order to attain a red uction of CO>
emissions; prominent examples are the Kyoto Protocol [3] and the California
Zero Emission Vehicle (ZEV) program [4].

Regarding automobiles, the most promising vehicle technologies with re-
spect to an e ective reduction in fuel consumption are hybri d electric vehicles,
electric vehicles, and fuel cell vehicles [2]. Hybrid electric vehicles utilize an
internal combustion engine (ICE) in combination with one or more electric
machines in order to improve the overall e ciency. With a hyb rid power train
and a further optimized ICE, the ambitious target of the Euro pean Commis-
sion of a CO; output value of 90 g CO,=km (equivalent to a fuel consumption
of 3:51=100 km or an e ciency of 67:2MPG US) after the year 2012 may be-
come feasible [5]. The target of zero localCO, emissions can be achieved with
battery powered electric vehicles and with fuel cell powered vehicles operated
with hydrogen as fuel [6]; in that case, the fuel cell only emits water [7].

LWwater vapor acts as a greenhouse gas, too; however, the actua | amount in the atmo-
sphere is approximately 3%, much higher than that of CO, ( 385ppm) [1].
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Hybrid Electric Vehicles (HEV)

A hybrid electric vehicle utilizes two or more energy source s for propulsion to
increase the overall system e ciency. The power train of a HE V typically con-
sists of an ICE and one or more electrically powered machines[8]. Addition-
ally, the hybrid electric drive train allows for improved ve hicle acceleration,
which is an important argument regarding customer satisfac tion [9, 10, 11].

According to the degree of hybridization (i.e. the complexi ty of the system
architecture and the provided amount of electric power), th e di erent HEV
architectures can be classi ed into 3 categories (Table 1.1, [12,13]):

" Micro hybrid: belt-driven starter-generator system, rec uperative brak-
ing can be implemented up to a certain degree. The electric system is
designed to provide a comparably low amount of the maximum tr action
power, which is economically achievable with a relatively | ow system
voltage. Still, a considerable e ort is required to upgrade an existing

Category Battery Power | Battery Voltage Realization Lit.
(Nom. Capacity (if available)
if available)
Micro Hybrid | 4kW :::5kW 30V:::40V [11]
10kW 36V satum VUE g
Hybrid
Mild Hybrid | 10kW ::: 20kW 144V [11]
up to 20 kW [12]
28V:::42V [15]
10 kW 144V Honda Insight [16]
(0.9 kwh) (year 2000)
Full Hybrid 30kW :::50kw 288V [11]
21 kW 202V Toyota Prius [13]
(6.5 Ah) (year 2005)
Toyota
45 kW 288V Highlander [13]
Hybrid SUV

Table 1.1: Electric power and typical voltages or voltage ranges of HV b at-
teries employed for HEVs; if available, the nominal energy storage capacity is
given in paranthesis (either in KWh or in Ah).
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conventional car to a micro hybrid vehicle, since a second batery and
a second voltage bus are typically required (in addition to t he existing
12V battery and the 14V bus) [11].

Mild hybrid: starter-generator system, recuperative bra king, and electric
propulsion for a short time; the electric motor is directly  anged to
the crankshaft [12]. The power provided from the electric sy stem is
typically between 10 kW and 20 kW. Again, a supply voltage higher than
the installed 14V is required in order to obtain technically reasonable
battery and motor currents [17].

Full hybrid or strong hybrid: starter-generator system, r ecuperative
braking, and electric driving. There, the required electri ¢ power (up to
100 kw) demands for comparably high bus voltages of up to 800V [15].

another common approach, hybrid electric vehicles are classi ed into

four di erent categories, with respect to the employed driv e train [13,15]:

Parallel HEV topology (Figure 1.1): both, the ICE and the electric ma-
chine are mechanically connected to the transmission. Thus, the system
allows for the ICE and the electric motor to share the demande d torque
while the revolution speed of the engine depends on the seleted gear and
the cruising speed what may implicate ine cient ICE operati on [8,18].
A clutch is installed between the ICE and the electric machin e, which
enables pure electric driving with the ICE being turned o [1 5].

Series HEV topology: the ICE is connected to an electric generator which
provides electric energy to a second electric machine for populsion. Such
a system allows for an optimized operation of the ICE at its be st operat-
ing point, since the ICE revolution speed is independent of t he cruising
speed. However, compared to the parallel HEV drive topology, multi-

ple stages of energy conversion are employed (mechanical electrical,
AC, with frequency f1 ! electrical, AC, with frequency f> ! mechani-
cal) what causes the system e ciency to decrease. Furthermore, a much
higher rated power of the electric system (generator, motor, power elec-
tronics) is required [18].

Series-parallel HEV topology: allows for the operation with both, the
parallel hybrid drive train and the series hybrid drive trai n and thus
combines the advantages of both systems. Disadvantageouss the high
system complexity [8,13].

Complex HEV: subsumes all HEV drive train topologies, which cannot
be classi ed into the 3 categories discussed above [13].
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Combustion
Engine Torque

000 Cor [
OO0

Electric
Machine
HV Battery LV Battery
oo DC AC DC o o
] ]
* e o o *
A
Y } LOW
| Power
HV DC Bus LV DC Bus Loads

Figure 1.1: Example of a parallel HEV drive train architecture [8].

The electric power demand in a HEV is typically much higher th an that of
a conventional car (Table 1.1). Hence, a supply voltage condderably higher
than the voltage provided from the existing 14V bus (9V:::16V at the
battery terminals [6]) is required, whereas a high voltage (HV) DC bus? is
typically employed in order to distribute the electric powe r (Figure 1.2). The
HV DC bus (e.g. with a typical voltage between 200V Vi 300V [10,13F)
primarily enables power transfer between the HV battery and the electric
propulsion system. Moreover, high power ancillary loads (e.g. air conditioner,
power assisted steering) are favorably supplied from the HV DC bus, since
the ICE may be turned o during vehicle operation.

Even though, the proposed system architecture theoretically renders the

2Due to safety reasons, a voltage level of more than 60V is often denoted a high
voltage (HV) in automotive applications and for a voltage | evel below 60V the term low
voltage (LV) is used [9].

®Recently, many car manufacturers selected considerably hi gher voltages for the HV

DC bus (e.g. 650V for the Lexus GS 450h [13]) in order to reduce motor and invert er
currents.
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HV Battery Electric Machine
o DC DC
- o
DC| AC Propulsion
System
LV Battery
DC -
DC
HV DC Bus Low
LV DC Bus Power
Loads
DC Air-
> cond.
AC System
High
Power Power
» Electr. > Powgr Loads
Steering
Conv.

Figure 1.2: Typical HEV power system architecture [8].

conventional 14V bus unnecessary, it is widely believed that the 14V bus will
coexist with the HV DC bus for a very long time, since all the co nventional low
power automotive loads (e.g. interior/exterior lighting, electric motor driven
fans/pumps/compressors, instrumentation subsystems) ar e designed based on
14V standards [6]. Thus, the 12V battery will remain in order to provide a
backup to the electric power supply of the 14V bus.
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Low Voltage DC DC Converter. Instead of the conventional alternator
which cannot be used, since the ICE may be turned o during ve hicle
operation a DC DC converter is employed in order to provide electric power
to the low power loads and the 12V battery. For that application, a DC DC
converter designed for unidirectional power transfer woul d be su cient. Still,
practical reasons support the use of a bidirectional DC DC ¢ onverter [6, 13]:

~ Jump-starting the car: with a conventional battery-jumpe r-cable, the
12V battery is connected to another car's 12V battery in order to
start the ICE [19]. For this mode of operation, a bidirection al DC DC
converter is required, since the starter is connected to the HV DC bus
(e.g. the electric machine in Figure 1.2).

Charging the HV battery: with a bidirectional DC DC conver ter, the
battery can be charged using an external power supply that is connected
to the 12V battery.

Leaving a dangerous zone in case of a HV battery failure: the bidirec-
tional DC DC converter could be used to (slowly) drive the ca r out of
a dangerous zone (e.g. road crossing) if the HV battery fails.

Current publications suggest a 14V bus power demand of 1kW ::: 2.5 kW [6,
15, 20, 21], which de nes the nominal output power Poutnom = P2nom
[cf. (3.14)] of the DC DC converter when operated in buck mod e (i.e. power
is transferred from the HV bus to the 14V bus). However, the nominal output
power in boost mode (i.e. power transfer from the 14V bus to the HV bus) is
not speci ed in literature; due to the aforementioned boost mode applications,
an output power of  Poutnom = Pinom  1kW:::1:6 KW seems reasonable
e.g. with respect to the power requirements of conventional starters (up to
L:6 kW [12]).

Table 1.2 summarizes typical speci cations of the bidirect ional DC DC
converter employed to transfer electric power between the HV DC bus and
the LV DC bus in a HEV.

Electric Vehicles (EV)

The drive train of an EV is exclusively powered from an electr ic machine and
a HV battery with high energy density typically provides the required electric
energy [26,27]. Thus, EVs allow for zero (local) emissions what makes them
most interesting for the use in urban areas where tra c emiss ions considerably
pollute the local environment.

The basic architecture of an EV drive train is similar to the d rive train of a
series HEV without ICE and electric generator (cf. Figure 1. 1 and Figure 1.2):
besides the existing 14V bus, a HV DC bus is required in order to provide the
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HV port voltage: 200V <V < 250V [10]
200V <V < 300V [13]

some publications mention even higher
port voltages of up to 800V [15]

LV port voltage range: Vo 9V:::l6V

Rated power, buck mode: | Pout,nom 1kW :::2:5kW

Rated power, boost mode:|  Poutnom 1kW ::: 1.6 kKW

Galvanic isolation: required due to safety reasons [15]

Other requirements: low cost, high e ciency, high power density,
low weight [22, 23, 24, 25]

Table 1.2: Speci cation of a bidirectional DC DC converter for HEVs us ed
to transfer electric power between the LV DC bus and the HV DC b us; the
output power is de ned with (3.14) (using Poutnom = Pout )-

electric power for vehicle propulsion and all the high power ancillary loads.
Similar to the HEV, the EV employs a 14V bus to power the conventional
low power automotive loads.

Low Voltage DC DC Converter. Since the electric system architectures
of EVs and HEVs are rather similar, the DC DC converter which  provides
power to the conventional 14V components during normal operation is spec-
i ed according to Table 1.2. Bidirectional power transfer i s needed in order
to allow for jump-starting the car, leaving a dangerous zone using the starter,

and charging the HV battery via the terminals of the 12V battery.

Fuel Cell Vehicles (FCV)

In a FCV, a fuel cell provides the required traction power [in literature, Proton
Exchange Membrane Fuel Cells (PEMFC) or Solid Oxide Fuel Cel Is (SOFC)
are typically considered for automobiles [8]]. FCVs allow f or zero (local) CO»
emissions and achieve a cruising range comparable to cars vh ICE.

Figure 1.3 depicts a simple power train architecture of a FCV . Depending
on the load, the fuel cell generates a voltage which ranges fom 230V to 450V
during normal vehicle operation [20]. It provides power for vehicle propulsion,
all the auxiliary fuel cell components (compressors, pumps, etc.) as well as for
the conventional 14V bus (using a DC DC converter). In this simple design,
the HV battery is avoided; during the starting process of the vehicle, the 12V
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Fuel Cell Stack Electric Machine
AC Propulsion
System
LV Battery
DC o -
DC
Low
HV DC Bus LV DC Bus ~| Power
Loads
DC Compr.
“| Motor High
AC Power
Loads

Figure 1.3: Simple power system architecture for a FCV [20]; the HV batte ry
is avoided and thus the HV bus voltage varies within a wide vol tage range
(e.g. between230V and 450V).

battery provides the required electric power to the fuel cel | system.

Most documented systems, however, include a HV battery in or der to sta-
bilize the HV DC bus voltage during transient load condition s (Figure 1.4, [8,
28]). The fuel cell, the HV battery, and the 14V bus are all connected to the
HV DC bus using separate DC DC converters. In such a system, t he HV bat-
tery provides power when the car is started and thus the DC DC converter
between the HV DC bus and the 14V bus must not be bidirectional any more.
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Fuel Cell

Stack Electric Machine

DC DC
{ j| ) ] ' 6 )
DC AC Propulsion
System
HV Battery LV Battery
I DC DC oo
] . ]
* ] e . *
§ § Low
HV DC Bus LV DC Bus Power
Loads
be Compr.
Motor High
AC Power
Loads

Figure 1.4: Extended power system architecture for a FCV [8, 28], includ -
ing a HV battery, which stabilizes the HV bus voltage during t ransient load
conditions.

Low Voltage DC DC Converter. For FCVs without a HV battery, the
12V battery provides power to the HV DC bus and the fuel cell syste m when
the vehicle is started. Therefore, a bidirectional DC DC co nverter is needed
to transfers power between the HV DC bus and the LV DC bus in bot h
directions. Due to the slow dynamic properties of the fuel cell, a large voltage
range applies for the HV DC bus voltage (Table 1.3).

In the case of an on-board HV battery, the electric system becomes similar
to that of a series hybrid vehicle with the generator being re placed with a fuel
cell. Thus, the speci cations listed in Table 1.2 apply.
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Boost mode
HV port voltage range: V1 =230V :::450V
LV port voltage range: Vo, =8:5V:::16V

Rated power, boost mode:| Poutnom =3 kW for 20 seconds
Buck mode

HV port voltage range: Vi =230V :::450V

LV port voltage range: Vo =13:3V:::144V

Rated power, buck mode: | Poutnom = 2KkW , continuous

Galvanic isolation: required due to safety reasons [5]

Other requirements: low cost, high e ciency, high power density,

low weight [22,23,24, 25]

Table 1.3: Speci cation of a bidirectional DC DC converter for FCVs wi  th-
out HV battery (according to [20]); the output power, Poutnom = Pout, IS
de ned with (3.14).

1.1.2 Regenerative Power Systems

A variety of di erent applications of fuel cells (FCs), used to generate clean
power from hydrogen and oxygen, exist. Besides the use in aubmobiles, typ-
ical applications include stand-alone residential power and small distributed

power generation plants [29].

An ideal power generation system provides a sinusoidal voltage with
constant magnitude and frequency, independent of load changes. The FC,
however, represents a DC voltage source with a comparably high internal
impedance and slow dynamics; varying power demand can only dowly be
regulated by changing the ow-rate of supplied fuel. Thus, a typical power
conditioning system (Figure 1.5) contains a battery which s upports the fuel
cell during transient power variations. FC and battery are b oth connected to
a DC bus using di erent DC DC converters in order to maintain  a constant
DC bus voltage (e.g. typically 400V). For the FC, a unidirectional DC
DC converter is employed, for the battery, however, a bidire ctional DC DC
converter is required in order to allow for charging and disc harging modes
of operations. The nominal battery voltage is typically sel ected according to
the required power in order to obtain technically reasonabl e currents: for high
power applications, e.g. higher than 5kW, a HV battery may be selected, and
for lower power requirements (e.g. below 5kW), a low voltage battery with
a nominal terminal voltage of 12V, 24V, 36V or 48V is typically used, due
to higher reliability and lower cost [17,27,30,31]. With a | ow voltage battery
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Fuel Cell Stack

{ } DC DC 3 AC
DC AC load
LV Battery
- DC
»
DC|
HV DC Bus

Figure 1.5: Power system architecture of a FC power generation system; the
battery supports the fuel cell during transient load condit ions [29].

being employed, it is reasonable to consider a bidirectional DC DC converter
with a transformer, by reason of the large voltage ratio betw een the DC bus
voltage and the battery voltage [32].

In literature, similar power conditioning systems are desc ribed for stand-
alone photovoltaic (PV) power generation systems; e.g., in [33], a battery
and an ultra-capacitor interface to the HV DC bus via bidirec tional DC DC
converters is proposed in order to provide a stable bus voltage (Figure 1.6).
Since the solar panel cannot accept electric energy, a unidrectional DC DC
converter transfers power from the solar panel to the DC bus, whereas a
bidirectional converter is used to charge and discharge the battery. Again,
the battery may be selected according to the required power level. For a
nominal power of up to 5kW, a low voltage battery is typically used.

Thus, a bidirectional DC DC converter similar to the conver ter employed
in automotive applications can be used for FC power plants and PV power
systems. However, dierent to the automotive applications , equal nominal
power requirements apply to the two directions of power tran sfer (i.e. P2nom =

P1nom , cf. (3.14)).

1.1.3 Uninterruptible Power Supplies (UPS)

A UPS reliably provides electric power to important loads. O ne prominent
UPS system is the so-called on-line UPS which contains a mairs connected
recti er, a battery-bu ered HV DC bus, and an inverter (Figu re 1.7, [34]).
During normal operation of the mains, the recti er provides electric power to
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Photovoltaic Panel

DC DC AC
DC AC load
Battery
o o DC
— ol
DC

Ultra-capacitor

DC

L
T DC

HV DC Bus

Figure 1.6: Power system architecture of a PV power generation system: the
battery provides electric power during a shortage of electric power obtained
from the PV panel, and the ultra-capacitor provides power du ring transient
load conditions [33].

the HV DC bus and to the bidirectional DC DC converter in orde r to charge
the battery; a triac can be used to bypass the inverter. Durin g a mains power
failure, the battery provides power to the load (via the bidi rectional DC DC
converter and the inverter).

Similar to regenerative power systems, dierent batteries may be used,
depending on the required output power. If a low voltage batt ery is used
(e.g. nominal voltage of 12V, 24V, 36V, or 48V), a bidirectional DC DC
converter with transformer is typically employed, due to th e large ratio V1 : V2
of the DC bus voltages (e.g. 400V : 12V). Thus, for UPS applications and
for regenerative power systems, basically the same speci @tions apply for the
respective bidirectional DC DC converters (cf. Section 1. 1.2).
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Figure 1.7: Power system architecture of the on-line UPS presented in [34].

1.2 Speci cations of the Investigated DC DC Converter

The speci cations of the bidirectional DC DC converter inv  estigated in this
work (Table 1.4) have been compiled in collaboration with in dustry partners.
The DC DC converter comprises of a high voltage (HV) port wit h the ter-
minal voltage Vi (240V Vi 450V; nominal voltage Vi = 340V) and a
low voltage (LV) port with the terminal voltage V. (11V V., 16V; nom-
inal voltage V. = 12V). A nominal output power Poy of 2kW is required
within the speci ed voltage ranges and in both directions of power transfer.
Moreover, the low voltage port needs to be isolated from the high voltage
port.

Further objectives regarding the selection and the design of the bidirec-
tional DC DC converter are (in the order of the considered pr iorities):

1. Converter e ciency > 90% at the nominal operating point ( V1 =340V,
Vo =12V, Pow =  2kwW),*

2. Converter e ciency > 90% within reasonable input and output voltage
ranges and reasonable power ranges,

3. Low converter volume (i.e. high power density).

4Positive values Pgoy denote a power transfer from the HV port to the LV port and
negative Poy denotes a power transfer from the LV port to the HV port, cf. (3 .14).
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An important design parameter to be de ned in this Chapter is the switch-
ing frequency fs. The selected value,fs = 100 kHz, however, is rather based
on general considerations than on a in-depth system optimization. Besides, a
constant switching frequency is required by the industry pa rtners in order to
reduce potential EMI issues.

Provided that no thermal limitations apply, the volumes of i nductors, trans-
formers, and capacitors decrease with increasing switchirg frequency. There-
fore, the power density of a converter can be increased by ingeasing the
switching frequency [35]. However, the local conduction losses due to high
frequency e ects (skin and proximity e ects), the local cor e losses, and the
switching losses increase with increasing switching frequency. Thus, thermal
limitations apply at high switching frequencies and the req uired total con-
verter volume increases if the switching frequency becomeshigher than the op-
timum switching frequency (calculated with respect to maxi mum total power
density) [36, 37, 38, 39].

In [38,39] two di erent DC DC converters are optimized with  respect to
maximum power density. The following list summarizes the ob tained results.

1. From [38]: resonant LCC DC DC converter with unidirectio nal power
ow, V; =320V, V, = 26V, P, = 3:9kW (I, = 150A), considered
heat sink: aluminum heat sink optimized with respect to low v olume;
calculated power density: p = 7:48 kw=dm?, calculated e ciency: =
93:9%, calculated optimum switching frequency: fs = 147:1kHz;

2. from [38]: resonant LCC DC DC converter with unidirectio nal power
ow, V1 =320V, V, =26V, P, =3:9kW (I, =150A), considered heat
sink: copper heat sink optimized with respect to low volume; calculated
power density: p = 13:3kW=dm?, calculated e ciency: = 93:7%, cal-
culated optimum switching frequency: fs =176 kHz;

3. from [39]: DC DC converter with unidirectional power ow  (integrated
current doubler topology), Vi =400V, 48V V, 56V, P, = 5kW
(105A > 1, > 89A), considered heat sink: copper heat sink optimized
with respect to low volume; calculated power density: p = 10:2 kW =dm?,
calculated e ciency: = 96:1%, calculated optimum switching fre-
quency: fs =92:9kHz (for V. =54V).

Besides the unidirectional power transfer capability, the speci cations of
the above listed DC DC converters are similar to the require d bidirectional
DC DC converter, i.e. optimum switching frequencies inthe range 90kHz <
fs < 200 kHz result.

The considered switching frequency, fs = 100kHz, is selected close to the
lowest value of the above presented optimal switching frequencies, due to the
expected impact of skin and proximity e ects on the conducti on losses of the
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Property Value Description
240V V; 450V minimum and maximum voltages at
V1 the high voltage (HV) port
340V nominal HV port voltage
11v V. 16V minimum and maximum voltages at
V> the low voltage (LV) port
12v nominal LV port voltage
Pout 2 kW nominal output power, HV ! LV
2kw nominal output power, LV ! HV
fs 100 kHz switching frequency
Additional requirements:
~ galvanic isolation
" high conversion e ciency (>90% at the nominal operating po int)
~ low converter volume
~ constant switching frequency

Table 1.4: Speci cations of the investigated bidirectional DC DC con verter.

LV side (Section 4.2 and Appendix A.2.3) and due to the expect ed switching
losses on the LV side (Section 4.3.3)

1.3 Objectives and New Contributions of the Work

The objective of this work is to select a converter topology w hich is suitable
to ful Il the requirements speci ed in Section 1.2. Further more, the selected
converter topology is optimized with respect to a high conve rter e ciency
in order to meet the target of a required converter e ciency o f more than
90% within reasonable input and output voltage ranges and re asonable power
ranges.

The new contributions of this work are:

a comprehensive overview on bidirectional DC DC converte r topolo-
gies, including a comparison of the di erent converters tha t are suitable
to ful ll the given speci cations (Chapter 2); in that conte xt, the ex-
tensions of the unidirectional resonant LCC and LLC convert ers with
respect to bidirectional operation are investigated;

an optimal modulation scheme for the lossless DAB converter (with
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respect to minimum transformer RMS current; Section 3.1.3) ;

a detailed model used to predict the power losses of the investigated

DAB converter, which includes the impact of high frequency h armonic

components on the conduction and copper losses, switching bsses, and
core losses (Chapter 4);

an examination of the results obtained from a numerical opt imization
of the modulation parameters D, and D, of the DAB converter with
respect to maximum converter e ciency and a synthesis of an e ciency
optimized modulation scheme of the given DAB converter (Section 5.2);

a detailed small-signal control-oriented model of the DAB converter,
which includes the dynamic properties of the EMI lters conn ected to
the converter ports (Chapter 6);

a design procedure to determine appropriate values for the turns ratio
n and the inductance L of the DAB converter (Appendix A.2).

Six scienti ¢ papers and one patent have been published in the course of
this dissertation:

" F. Krismer, J. W. Kolar, Accurate Small-Signal Model for t he Digi-
tal Control of an Automotive Bidirectional Dual Active Brid ge, IEEE
Transactions on Power Electronics, vol. 24, no. 12, pp. 27562768,
Dec. 2009.

F. Krismer, J. W. Kolar, Accurate Power Loss Model Derivat ion of
a High Current Dual Active Bridge Converter for an Automotiv e Ap-
plication, IEEE Transactions on Industrial Electronics, vol. 57, no. 3,
pp. 881 891, March 2010.

F. Krismer, J. W. Kolar, E ciency-Optimized High Current Dual Ac-
tive Bridge Converter for Automotive Applications, IEEE T ransactions
on Industrial Electronics, accepted for future publicatio n, 2011.

F. Krismer, J. Biela, J. W. Kolar, A Comparative Evaluatio n of Isolated
Bi-directional DC/DC Converters with Wide Input and Output  Voltage
Range, in Conf. Rec. of the IEEE 40th Annual Industry Applic ations
Conference IAS 2005, Hong Kong, China, 2 6 Oct. 2005, pp. 599606.

F. Krismer, S. Round, J. W. Kolar, Performance Optimizati on of a High
Current Dual Active Bridge with a Wide Operating Voltage Ran ge, in
Proc. of the IEEE 37th Annual Power Electronics Specialists Conference
PESC 2006, Jeju, Korea, 18 22 June 2006, pp. 17.
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~ F. Krismer, J. W. Kolar, Accurate Small-Signal Model for a n Automo-
tive Bidirectional Dual Active Bridge Converter, in Proc. of the 11th
Workshop on Control and Modeling for Power Electronics COMP EL,
Zirich, Switzerland, 17 20 Aug. 2008, pp. 1 10.

F. Krismer, JW. Kolar: Verfahren zur schaltverlustmini malen
Steuerung eines bidirektionalen nicht potentialgetrennt en Gleichspan-
nungswandlers mit Uberlappendem Ein- und Ausgangsspannungs-
bereich.

1.4 Chapter Overview

Chapter 2 gives an overview on dierent bidirectional DC DC convert-
ers and investigates the applicability of the dierent conv erter topologies
with respect to the speci cations given in Table 1.4. Based on the ndings
of Chapter 2, the single-phase DAB converter topology is considered most
promising with respect to the achievable converter e cienc y and the achiev-
able power density. Moreover, due to the wide input and outpu t voltage
ranges, two-stage DC DC converters, i.e. the series connedion of an isolated
DC DC converter and a DC DC converter without isolation, ar e expected to
facilitate an improved converter e ciency.

In Chapter 3 , the working principle of the DAB converter is explained
based on di erent simpli ed converter models. This include s the lossless con-
verter model (Figure 3.2), which facilitates basic analyti cal investigations and
allows for a simpli ed synthesis of advanced modulation schemes. Moreover,
two di erent re nements of the electric DAB converter model are presented
in order to include the impacts of the conduction losses and the magnetizing
current on the transformer currents.

Chapter 4 presents a detailed loss model of the DAB, needed in order
to parameterize the models developed in Chapter 3 and to devdop the e -
ciency optimized modulation presented in Chapter 5. This lo ss model is used
to calculate the losses in the most relevant converter components, i.e. the
semiconductor switches (conduction and switching losses) the transformer
(copper and core losses), and the inductor (copper and core bsses).

Chapter 5 details a systematic investigation of e ciency improvemen ts
achievable for the given DAB converter, obtained with the us e of optimized
modulation schemes. Finally, with the suboptimal modulati on schemes dis-
cussed in Section 5.2.2, converter operation close to its maimum possible
e ciency is achieved (Figure 5.28). The calculated results are veri ed using
experimental data.

In Chapter 6 , a detailed small-signal control-oriented model of the DAB
and a dynamic model of the complete converter system (including the digital
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control platform) are derived. Moreover, Section 6.2.6 ill ustrates an e ective
method to derive a simpli ed transfer function of a given DAB  converter. The
calculated results are veri ed using experimental data.

Chapter 7 investigates the most promising two-stage converter con g u-
rations (out of the con gurations depicted in Figure 2.22) i n order to com-
pare the e ciencies achieved with the two-stage topologies to the e cien-
cies obtained with the single-stage DAB converter. However, the average e -
ciency achieved with the two-stage converter (— = 93:0%; calculated accord-
ing to Appendix A.1) is less than the average e ciency achiev ed with the
single-stage DAB (— = 93:5%). Thus, in average, the additional losses of the
non-isolated DC DC converter cannot outweigh the loss redu ction achieved
for the DAB converter.

Chapter 8 summarizes the obtained results and concludes this work. Fur-
thermore, Chapter 8 presents an outlook regarding future re search in the eld
of the DAB converter.

The Appendices include:

details on the converter designs (Appendix A );

the methods used to calculate the VA ratings needed for the c onverter
comparison (Appendix B );

the calculation of the Steinmetz parameters k, ,and (Appendix C );
an evaluation of suitable power MOSFETs ( Appendix D );

information regarding the practical implementation of th e proposed
modulation schemes (Appendix E );

supplemental information on the small-signal control-or iented model of
the DAB converter ( Appendix F ).



Chapter 2

Bidirectional and Isolated DC DC
Converter Topologies

2.1 Derivation of Bidirectional DC DC Converters

In principle, bidirectional power transfer between two uni polar DC voltage
sources may be established with two unidirectional DC DC co nverters C;

port 2

O
+

\2

port 1 unidirectional DC-DC converter
O
+
\A input C, output
o
—>

output

G,

(power transfer direction)

unidirectional DC-DC converter

iinput

<=

(power transfer direction)

O

Figure 2.1: Principle construction of a bidirectional DC DC converter
two unidirectional DC DC converters.

19

using



20 Bidirectional and Isolated DC DC Converter Topologies
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Figure 2.2: Unidirectional full bridge DC DC converter with output ind  uc-
tor Lpcz . The converters C; and C; in Figure 2.1 can be replaced by the
depicted unidirectional full bridge converter, however, f or C;, the indices 1
and 2 need to be interchanged.
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Figure 2.3: Bidirectional full bridge DC DC converter topology, const ructed
from two unidirectional full bridge DC DC converters C; and C, according
to Figure 2.1 and Figure 2.2; the diodes Da, Dg, Dc, and Dp are required in
order to avoid reverse blocking voltages on S; ::: Sg [40].

and C; according to Figure 2.1. There, C; is used to transfer power from
port 1 to port 2 (forward direction, forward operating mode) and C; is needed
to transfer power in the opposite direction (backward direc tion, backward
operating mode). In order to illustrate an example of a pract ical converter
realization including galvanic isolation, full bridge DC DC converters with
high frequency (HF) transformers and output inductors are e mployed for Cy
and C, (Figure 2.2).1 According to [40], the inverter stages of C; and C can

1For the sake of clarity, the full bridge DC DC converters C, and C, are considered
lossless and without any parasitic inductive and capacitiv e components. Additionally,
very large smoothing inductors (e.g. Lpcz in Figure 2.2) are considered and hence the

characterization of the system functionality con nes to th e recti ers being operated in
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Figure 2.4. (a) Transformer voltage vaci (t) generated with the inverter
stage of the DC DC converter depicted in Figure 2.2 and Figur e 2.3 (for the
assumption of an ideal HF transformer); (b) respective swit ching states of Sy,
S, S3, and Sq.

even be combined with the recti er stages of C, and C; and thus, the re-
sulting bidirectional DC DC converter only contains a sing le HF transformer
(Figure 2.3).

In forward mode of operation, i.e. power is transferred from port 1 to
port 2 (cf. Figure 2.1), the converter C; is active and its inverter stage ap-
plies a rectangular AC voltage vaci (t) with constant frequency fs = 1=Ts and
arbitrary duty cycle 0 < D < 0:5 to the primary winding of the HF trans-
former (Figure 2.4). The (ideal) HF transformer simply alte rs the AC voltage
amplitude according to its turns ratio nc,, i.e. Vac2 (t) = Vac1 (t)=nc,, and
applies vacz to the rectier. On the assumption of ideal low-pass lterin g
and continuous conduction mode of operation, the recti ed o utput voltage V»

continuous conduction mode.
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results:
Vo=2 D V1=nc1. (21)

According to Figure 2.4, the duty cycle is limited to values b etween 0 and
0.5. Therefore, regarding (2.1), V> < V1=nc, must hold true for all operating
points within the required voltage ranges (Table 1.4) and th us, the trans-
former turns ratio of C; is limited according to

Ny < Vimin =Vaimax = 240V =16V = 15, (2.2)

In the backward operating mode, the converter C; is active and feeds power
from port 2 to port 1 (Figure 2.1). Similar to (2.1), V: is calculated from

Vi=2 D V2=nc22 (23)
Hence, for operation within the speci ed voltage ranges,
Nc, <Vamin =Vimax =11V =450V 244 10 ° (2.4)

applies to the transformer turns ratio of the converter C,.

According to (2.2) and (2.4), the turns ratio n of the HF transformer em-
ployed for the bidirectional DC DC converter depicted in Fi gure 2.3 must
be changed if the direction of power transfer changes: during forward mode
of operation, n < 15 is required and during backward mode of operation,
n> 1=(24:4 10 %) 41is needed. Thus, the converter shown in Figure 2.3
is considered to be inappropriate with respect to the requir ed speci cations
(Table 1.4).

In a dierent approach, the switches and the diodes of a unidi rectional
full bridge DC DC converter are modi ed according to Figure 2.5 in order
to achieve bidirectional power transfer within the specie d voltage ranges.
There, the switches S, S, S, and S; as well as the diodesDs, Dg, D7, and

1 Loc2 P

© ' - o

+ : }t i i +
S AD; \Ss \Ds . . Dsn 35\ D; \57

Iact  lac2

Vi Coc1 TVACl.'H-. VAC_*_Z_ Cbc2 \
p b n:1l 1 1

_ \S: 402 yS: 4D DS Dedb VS

o ! ¢ : o

Figure 2.5: Bidirectional full bridge DC DC converter, derived from th e
unidirectional DC DC converter depicted in Figure 2.2.
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Figure 2.6: (a) Transformer voltage vaco (t) and (b) transformer current
iac2 (t) generated in backward mode (for the assumption of an ideal HF trans-
former); (c) respective switching states of Ss, Sg, Sy, and Sg (cf. Figure 2.5).
During the time intervals Il ( D Ts <t <Ts=2)and IV[(D +1=2) Ts <
tiv < Tg] the switches Ss, Ss, S7, and Sg remain in the on-state in order to
magnetize Lpcz ; hence, vacz (tn) = 0 and vac2 (tiv) = 0. Thus, the recti er
diodes D1, D2, D3, and D4 are blocking within the time intervals Il and IV,
i.e.iac2 (tn) = iac2 (tv) =0.
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Dg are extended with respective diodes and switches connectedin parallel.
With this modi cation, the operation in forward mode remain s unchanged
and the output voltage is still determined with (2.1). In bac kward mode of
operation, the switching states shown in Figure 2.6 (c) are employed in or-
der to impress a rectangular AC current iac2 (t) [Figure 2.6 (b)] on the sec-
ondary winding of the HF transformer. The primary side trans former current
iac1 (t) = iac2 (t)=nis then rectied with D;:::D4 and ltered with Cpc1 ,

1=2 D lp=n: (2.5)

Due to the absence of losses, the same input and output power évels result,
i.,e. Vo I = Vi1 I1. This, together with (2.5), yields the voltage transfer rat io

Vi =V, n:(2 D) (26)

in backward mode, which is identical to the forward mode volt age transfer
ratio (2.1). Thus, (2.2) determines the required transform er turns ratio for
backward operation, as well; the given circuit allows for bi directional power
transfer according to the speci cations given in Table 1.4.

2.2 Topological Overview

The di erent components of a bidirectional DC DC converter  with galvanic
isolation are depicted in Figure 2.7:

" The port 1 and port 2 lter networks provide smooth terminal voltages
and currents. For each Iter network, at least a single capac itor or a
single inductor is employed.

" The DC AC converter is a switch network which provides AC power to
the HF transformer and the AC DC converter supplies DC power to
the receiving port; both converters must allow for bidirect ional power

o__ - - - - = -
\J; Filter DC Re;c::nam Trlj;s Re;(IJ:nant AC Filter \7
1 - 2
o Network_ AC|| Network|| former || Network]|] DCl| Network—c_)
Side 1 (HV Side) Side 2 (LV Side)

Figure 2.7: The di erent components required for an isolated, bidirect ional
DC DC converter.
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transfer. Typically, full bridge circuits, half bridge cir cuits, and push-
pull circuits are employed. However, di erent solutions (e .g. the single
switch networks used in a bidirectional yback converter) a re reported,
as well [41,42].

The reactive HF networks provide energy storage capability within the
HF AC part and are used to modify the shapes of the switch curre nt
waveforms in order to achieve low switching losses (cf. Secton 4.3.2, [35,
43]). Even though, these parts are not necessarily required for a fully
functional bidirectional DC DC converter, they will alway s be present
in practice due to the parasitic components of the HF transfo rmer
(e.g. stray and magnetizing inductances, parasitic capacitances).

The HF transformer is required in order to achieve electric isolation;
it further enables large voltage and current transfer ratio s. The HF
transformer is considered superior over a low frequency transformer,
since transformer and Iter components become smaller (and often less
expensive) at higher frequencies [35]

Bidirectional DC DC converter topologies with a system con gura-
tion according to Figure 2.7, are called Single-Stage Topologies [45, 46]
(Section 2.2.1), since they contain a minimum number of conversion stages.
Accordingly, the total number of required components is com parably low.
However, the operation within wide input and output voltage ranges causes in-
e ective transformer and switch utilization. Improved tra nsformer and switch
utilization is achieved with multi-stage topologies, whic h contain an additional
power converter in order to adjust voltage and current level s (Section 2.2.2;
the e ciencies obtained from di erent two-stage topologie s are presented in
Section 7.2.8).

2.2.1 Single-Stage Topologies

In the presented approach, single-stage topologies are graped into
1. converters with a low number of switches,
2. dual bridge converters without resonant HF network, and

3. dual bridge converters with resonant HF network,

according to the increasing complexity of the investigated systems
(Figure 2.8).

2However, the converter losses (e.g. magnetizing losses, sw itching losses, losses due
to skin- and proximity-e ects) increase with increasing fr equency; depending on the re-
quirements and on the employed topology, an optimum switchi ng frequency can be deter-
mined [44].
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Figure 2.8: Topological overview of bidirectional DC DC converter top olo-
gies. The topologies are classied according to the number o conversion
stages, the employed switch circuits, the complexity of the HF network, and

the port types (cf. Figure 2.7 and Figure 2.9).
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The rst group contains isolated and bidirectional yback, forward, and
,uk converter topologies which are typically employed for a pplications with
an output power well below 2 kW . Main advantages of the forward and yback
converters are simple circuit structures and low numbers of required switches;
however, ine ective transformer and switch utilizations r ender these topolo-
gies inappropriate with respect to the given speci cations .

Improved utilization of the HF transformer is achieved with  the ,uk con-
verter topology presented in [42], which has been designed acording to the
speci cations given in Table 1.4 in order to investigate adv antages and dis-
advantages (additional assumptions are listed in Table 2.1).% The component
stress values are calculated according to Appendix B and [42; Table 2.1 lists
the respective results. In anticipation of the results calc ulated for the nal
converter candidates (Table 2.2), very competitive VA rati ngs are found for
the HF transformer and for the switches of the ,uk converter. However, a
number of major disadvantages render this converter less attractive:

" The switches are operated in a hard switching manner
(cf. Section 4.3.2). In order to achieve a high eciency and a
high switching frequency, snubber networks are required [42].

The switch stress is not distributed over a number of compon ents: a
single HV switch with a VA rating of 11:.0kVA and a single 10:2 kVA
LV switch are needed. At the switching instant, high instant aneous volt-
ages (HV: 754V, LV: 40V, with the voltage spikes during switching be-
ing neglected) and high instantaneous currents (HV: 21:4 A, LV: 407 A)
occur.

Two DC blocking capacitors are required and both carry the f ull trans-
former current (HV: 9:9A, LV: 189A). Thus, a capacitor with a very
high current rating of 189 A is required on the LV side.

Two Iter inductors with a total magnetic energy storage ca pability of
89 mJ are required.

The converter topologies of the second group in Figure 2.8 cantain DC AC
and AC DC converters with more than a single switch: either f ull bridges,
half bridges or push-pull converters are employed. Further more, a simple, non-
resonant HF network most often an inductor in series to the t ransformer
stray inductance or the transformer stray inductance itsel f is typically con-
sidered.

3The transformer turns ratio n =19 has been selected in order to achieve an approxi-
mately balanced VA rating for the switches on the HV and on the LV side. Additionally, a
maximum blocking voltage of 754V results for the HV side switches and thus, MOSFETs
with a breakdown voltage of 1000V have to be employed.
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Assumptions

Assumed e ciency at full load:
Selected turns ratio n = N1 : Na:

Peak-to-peak current ripple, HV side:
Peak-to-peak current ripple, LV side:

90%
19
40% of full load DC curr.
40% of full load DC curr.
(selected in accordance to
Appendix A.5.2)

HV side switches

Peak voltage: 754V
Peak current: 2L4A
Max. RMS current: 146 A
VA rating: 11:0kVA
LV side switches

Peak voltage: 40V
Peak current: 407 A
Max. RMS current: 258 A
VA rating: 10:2 kVA
Transformer

Max. equiv. value of the HV side

transf. voltage [cf. (B.5)]: 403V
Max. HV side RMS current: 9.9A
Max. equiv. value of the LV side

transf. voltage [cf. (B.5)]: 21:.2V
Max. LV side RMS current: 189 A
VA rating: 4:0kVA
HV side inductor

Employed inductance: 920 H
Peak current: 10.0A
Peak energy: 46 mJ
LV side inductor

Employed inductance: 1.7 H
Peak current: 224 A
Peak energy: 43 mJ

Table 2.1: ,uk converter topology: assumed speci cations and results .
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Figure 2.9: DC AC converter with di erent terminations of the DC port:
(a) voltage sourced port, (b) current sourced port.

Compared to the yback and forward converters, the converte rs of the sec-
ond group achieve a much more e ective converter utilizatio n. In particular,
the semiconductor switches can be operated with low switching losses (soft
switching, Section 4.3.2) and hence, a converter with a high power density is
feasible.

Most prominent members of this second group are the aforemertioned
bidirectional full bridge DC DC converter (Section 2.1) an d the Dual Active
Bridge converter (Figure 2.10, Chapters 3, 4 and 5).

The third group contains DC DC converters with resonant HF n etworks
(so-called resonant DC DC converters), which, in particul ar, o er increased
capabilities regarding the utilization of the semiconduct or switches, since the
resonant network modi es the waveforms of the switch curren ts; this property
can be used to achieve low switching losses (cf. Section 4.2, [43]). Disadvan-
tages are the higher converter complexity and the additiona lly required power
components.

Besides the classi cation with respect to the complexity of the regarded
power converter (3 row in Figure 2.8), single-stage topologies may as well be
classi ed with respect to the type of Iter impedances which are directly con-
nected to the DC ports of the DC AC and AC DC convertersin Fig ure 2.7.In
case of a capacitor, the port is denoted voltage sourced[Figure 2.9 (a)] and in
case of an inductor, the port is denoted current sourced [Figure 2.9 (b), [80]].
If higher order lters are employed, the impedance directly connected to the
switching network determines the port type. This second kin d of classi cation
is employed to further distinguish between the di erent con verter topologies
(4™ row in Figure 2.8).

With respect to the given speci cations (Table 1.4) and in an ticipation of
the ndings obtained from the discussions given below, the following 6 con-
verter topologies are considered to be the most relevant sirgle-stage topolo-
gies.
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Single-phase Dual Active Bridge (DAB) converter (Figure 2 .10, de-
signed in Appendix A.2)

Three-phase DAB converter (Figure 2.11, designed in Appendix A.3)
LLC converter (Figure 2.18, designed in Appendix A.4)

Bidirectional and isolated full bridge topology (Figure 2 .12, designed in
Appendix A.5)

Bidirectional and isolated current doubler topology (Fig ure 2.13, de-
signed in Appendix A.6)

Bidirectional and isolated push-pull topology (Figure 2. 14, designed in
Appendix A.7)

In order to allow for a meaningful comparison, the dierent ¢ onverter
topologies have been designed separately. For this, the transformer turns ra-
tios and the HF network component values, needed for the DAB c onverters
(single-phase and three-phase) and the LLC converter, are timized with
respect to maximum average e ciency (cf. Appendix A.1). Mor eover, for the
single-phase DAB converter and the LLC converter, two di er ent modulation
schemes have been considered (conventional phase shift madation and e -
ciency optimal modulation, cf. Section 3.1 and Section 5.2.1). For the isolated
full bridge converter, the isolated current doubler topolo gy, and the isolated
push-pull converter, the transformer turns ratio is limite d according to (2.2)
and the assumptions listed in Table A.15 and Table A.17 are used to design
the converters.

Table 2.2 lists the resulting component stress values obtained for the dif-
ferent DC DC converters (only the power stages are considered; additionally
required EMI Iter components are discarded). The results o f the converter
designs outlined in Appendix A (i.e. component values, calculated average
converter e ciencies) are given in Table 2.3.

Dual Bridge Converters without Resonant Network

Most prominent converter topologies within this group are t he Dual Active

Bridge (DAB) converter [49,50,51,52,53] and the bidirecti onal and isolated
full bridge converter [46, 55, 56, 57] (including converter variants, e.g. with

a current doubler circuit [58,59] or a push-pull circuit [47 , 62,63, 65] being
employed on the LV side).
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Table 2.2: Converter topologies: semiconductor switches.
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Converter topologies: magnetic components
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Converter topologies: advantages and disadvantages.

Table 2.2 cont.:
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The Single-phase Dual Active Bridge (DAB) converter

(Figure 2.10) contains two voltage sourced full bridge circuits or

half bridge circuits (or even push-pull circuits [72]) and a HF transformer.

The reactive network simply consists of an inductor L connected in series to
the HF transformer; hence, the DAB directly utilizes the tra nsformer stray
inductance. Due to the symmetric circuit structure, the DAB  readily allows
for bidirectional power transfer.

The main advantage of the DAB are the low number of passive components,
the evenly shared currents in the switches, and its soft switching properties.*
With the DAB converter topology, high power density is feasi ble [50,54].

However, the waveforms of the transformer currents iaci (t) and iac2 (t)
highly depend on the actual operating point (i.e. Vi, V2, and the output power
Pout ; cf. Chapter 3); for certain operating points, very high tra nsformer RMS
currents result. Moreover, high maximum capacitor RMS curr ents I ¢, and
lcpe, OCCUr.

4Soft switching denotes low-loss switching processes accor ding to Section 4.3.2. For
the DAB, the operating range with soft switching is limited; in particular at low load
conditions, soft switching may be lost [50].

DAB DAB LLC LLC
. (Conv. (Opt. Three- (Conv. (Opt. Mod.,
Topologies | o4 Mod., Phase | Mod., Ap- Ap-
Chap- Chap- | DAB [54] | pendix A.4) | pendix A.4)
ter 3.1.2) | ter 3.1.3)
N1 :Nz2=n 19:1 17 : 1 20:1 20:1 17 : 1
L 267 H 217 H 222 H 554 H 383 H
C 93:3nF 135nF
Lwm 1600 H 400 H
Average
e ciency 895% | 937% | 90.9% 90.0% 93.9%
(cf. Appen-
dix A.1)
Maximum 361W at | 188W at | 283 W at 336 W at 167 W at
losses V1 =240V , | V1 =240V , | V1 =240V ,| Vi =240V , V, =450V
Vo =11V, | Vo =11V, | Vo, =11V, | V, =16V, Vo =11V,
P, =2KW , | P2 =2kW , | P, =2kW , | P, =2kW , | P, =2kw ,
HV! LV HV! LV HV! LV HV! LV V! HV

Table 2.3: Optimized results for the DAB and the LLC converters
(cf. Appendix A).
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Particularly high transformer and capacitor RMS currents r esult if the
conventional modulation scheme the so-called phase shift modulation is
employed. A considerable reduction of these RMS currents isachieved with the
use of the e ciency optimized modulation schemes presented in Chapter 5.

According to Table 2.2, comparatively small VA ratings of th e LV side
switches, a low VA rating of the HF transformer, and a low tota | value of the
magnetic energy storage capability already result for the D AB when operated
with the conventional modulation scheme. Moreover, the DAB contains the
lowest number of inductors. Expectedly, the total VA rating s and the required
magnetic energy storage capability can even be reduced with the use of the
e ciency optimal modulation scheme. However, the very larg e LV side RMS
capacitor currents (244 Aor 125A, depending on the modulation scheme)
present a considerable challenge regarding the practical ealization of the DC
capacitor Cpcz -

The actual DAB employs full bridge circuits on the HV side and on the
LV side. Within the regarded DC AC converter topologies (fu Il bridge, half
bridge, and push-pull), the full bridge circuits allow for t he best converter
utilization due to the following reasons.

" Only the full bridge can generate zero output voltage (i.e. the voltage
applied to the HF network in Figure 2.7) and therefore enable s the use
of improved modulation schemes, cf. Chapter 5.

" The advantage of the half bridge is the lower amount of required switches
(reduced hardware e ort regarding gate drivers). For the ha If bridge,
the switch RMS current ratings are twice the RMS current rati ngs of
the switches used for the full bridge. Thus, similar total VA ratings
result for the switches of the half bridge and the switches of the full
bridge. However, the magnitude of the half bridge AC voltage is half
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Figure 2.10: Dual Active Bridge (DAB) converter topology.
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of the magnitude of the full bridge AC voltage. This presents a serious
disadvantage with respect to the LV side circuitry: if a half bridge is
employed on the LV side, transformer RMS currents of up to 590 A and
switch RMS currents of up to 420 A occur (DAB, phase shift modula-

tion, cf. Table 2.2).

In order to connect the push-pull circuit, two transformer windings are
required. Since each winding only conducts current during h alf a switch-
ing period, ine ective HF transformer utilization results  (i.e. the trans-
former VA rating increases). However, the push-pull circui t only requires
two low-side switches and thus, the hardware needed for the gate drivers
is less complex. The current ratings of the employed switches are the
same for the push-pull circuit and the full bridge circuit; t he voltage rat-
ing of the switches of the push-pull circuits is twice the vol tage rating of
the switches used for the full bridge. Thus, similar total VA ratings are
calculated for the full bridge and for the push-pull circuit . A comparison
(full bridge vs. push-pull) is presented in [81].

The Three-Phase DAB (Figure 2.11) uses three half bridges on the
HV side and another 3 half bridges on the LV side. It requires 3 converter
inductors and 3 HF transformers (which can be consolidated on a single three-
phase HF transformer [49, 54]). The three-phase DAB is operated with a
modulation scheme similar to the conventional modulation s cheme employed
for the single-phase DAB (phase shift modulation, [54]). Ho wever, di erent to
the single-phase DAB, further performance enhancements usng alternative
modulation schemes are not feasible for the three-phase DAR

According to Table 2.2, very good overall performance is achieved with the
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Figure 2.11: Three-phase Dual Active Bridge (DAB) converter topology.
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three-phase DAB: a low total transformer VA rating, low swit ch VA ratings
and a low magnetic energy storage capability. In particular , compared to the
single-phase DAB, considerably smaller RMS capacitor currents result (66 A
vs. 125 A on the LV side, Table 2.2).

A disadvantage of the three-phase DAB is the high number of active com-
ponents needed: 12 semiconductor switches and, accordingl, 12 gate drivers
(6 high-side gate drivers) are required. Moreover, high conduction and switch-
ing losses result for certain operating points if the converter is operated within
wide voltage and power ranges, due to the restrictions regarding the employed
modulation scheme.

The Bidirectional and Isolated Full Bridge Converter (Figu re 2.12)

contains a voltage sourced full bridge on the HV side and a current sourced
full bridge on the LV side (using the DC inductor Lpcz ). The power ow is

typically controlled with the duty cycle D [cf. Figure 2.4 and (2.1)]. Addi-
tionally, the LV side full bridge needs to be appropriately ¢ ontrolled in order
to allow for bidirectional power ow (e.g. Appendix A.5, [57 ,58,59,61]). The
bidirectional and isolated full bridge converter facilita tes ZVS operation of the
switches of the HV side; the switches of the LV side switch at zero current.
Thus, a high switching frequency and a high power density are feasible (at
low power levels, however, additional circuitry is needed; cf. [82,83]).

Di erent to the DAB and the LLC converters, usable values for the trans-
former turns ratio are limited according to (2.2) (i.e. Vi >nV; for operation
with Vi nVa, e.g. during system start-up, additional circuitry is requ ired;
cf. [565,56]). Regarding the speci cations given in Table 1.4, n 15 results;
due the additionally required commutation time interval, n = 12 is calcu-
lated in Appendix A.5 (Table 2.4 lists the design results). F or the isolated
full bridge converter, the VA ratings of the semiconductor s witches in par-
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Figure 2.12: Bidirectional and isolated full bridge converter topology .
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ticular on the LV side are considerably higher than the VA ra tings obtained
for the DAB and the LLC converters (Table 2.2).

The isolated full bridge converter achieves a smooth current ip., (t)
(cf. Figure A.39) and therefore, compared to the DAB, a consi derably lower
capacitor RMS current ¢, results ( 16 A for the full bridge converters de-
signed in Appendix A.5). A disadvantage is the additional vo lume required for
the DC inductor. Furthermore, the LV side switches repeated ly connect the
DC inductor Lpcz in series to the transformer stray inductance L and thus,
a snubber circuit is needed in order to avoid voltage spikes when switching.

Instead of the LV side full bridge converter, dierent AC DC converter
topologies can be used; typical substitutes are the current doubler topology
(Figure 2.13) or the push-pull topology (Figure 2.14). The a dvantages and
the disadvantages of the three dierent AC DC converters ar e summarized
in the following.

" The switch current ratings and the sum of the switch VA ratin gs are
similar for all three circuits.

" For the full bridge circuit, the highest transformer currents iac2 (t) occur
(instantaneous and RMS values).

For the current doubler circuit, two inductors are required instead of

one. Still, due to partial ripple cancellation, the sum of th e magnetic
energy storage capabilities (28 mJ) is comparable to that of the DC in-

ductors of the full bridge and the push-pull circuits ( 21 mJ). However,
the AC magnitudes of iL.,, (t) and iL,, (t) are considerably higher
for the current doubler (provided that identical design ass umptions
are used; cf. Figure A.39 and Figure A.42); consequently, an increased
transformer VA rating results.

1 P
O L e O
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Figure 2.13: Bidirectional and isolated converter with a current double r on
the LV side (side 2).
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Compared to the full bridge circuit, twice the transformer v oltage
vacz (t) is needed for the current doubler and therefore, lowest trans-
former currents iaco (t) are achieved. The current doubler requires two
(low-side) switches with a rated voltage of twice the rated v oltage of the
full bridge switches.

The push-pull circuit connects to a center-tapped transformer with two
LV side transformer windings. Thus, each of these windings conducts
current only during half a switching period and, consequent ly, ine ective
transformer utilization and a higher VA rating occur (Table 2.2). For
the push-pull circuit, two (low side) switches with a rated v oltage equal
to twice the rated voltage of the full bridge switches are req uired.

Other Converter Topologies without Resonant HF Network.

In [68], a DC DC converter with minimum number of devices is d iscussed.
It consists of a voltage sourced half bridge on the HV side and a modi ed

voltage sourced half bridge on the LV side (Figure 2.15). Thu s, the converter
is a DAB converter with the LV side half bridge being addition ally used as
a bidirectional buck or boost converter (depending on the di rection of power
transfer). The transferred power is controlled with the pha se shift between
Vaci (t) and vacz (t) (cf. conventional DAB converter).

With this converter, unequal RMS switch currents and higher maximum
blocking voltages result for T3 and T4 (e.9. 2 Vaomax for converter operation
according to [68]). Additionally, the LV side capacitors ar e exposed to high
RMS currents, similar to the DAB. Due to the employed half bri dge circuits,
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Figure 2.14: Bidirectional and isolated converter with a push-pull circ uit on
the LV side (side 2).
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Full Bridge Converter
+

Topologies Current Fed Current Current Fed
Full Bridge Doubler Push-Pull

N1:N2=n 12:1 12:2 12:1

L (HV side referred) 64 H 6:1 H 6:4 H

Lpcz (LV side) 0:83 H 0:83 H

Lbocza and Lpcan (LV side) 1:65 H

Table 2.4: Calculated component values for the isolated full bridge converter
topologies.

+
Ji
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O
\2 +
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Figure 2.15: Bidirectional DC DC converter with minimum number of de-
vices [68].

no optimized modulation schemes like the e ciency optimal modulation
scheme for the DAB can be applied to the isolation stage of th e given
converter. However, asymmetrical PWM waveforms may be generated in order
to adjust V,,% which allows for a certain converter optimization. Still, t he
complex interaction of the DAB and the buck/boost stage, a li mited soft
switching range, high capacitor RMS currents and the additi onally required
DC inductor render this topology less suitable for the given application.

In a di erent approach, a voltage sourced half bridge circui t is used on the
HV side and a current doubler circuit on the LV side [69]; an as ymmetrical
PWM modulation scheme is proposed to enable the control of th e transferred

5The capacitors Cpcia » Cocis » Cpe2a » and Cpeay  keep the resulting DC component
away from the HF transformer.
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power. Consequently, uneven RMS currents occur in the LV side switches
and in the LV side DC inductors. With this, comparably high cu rrent stresses
result for all power components.®

Dual Bridge Converters with Resonant Network

Even though, resonant DC DC converters with unidirectiona | power ow are
thoroughly described in literature, only very few is found o n bidirectional
resonant converters. Reasons might be the higher converter complexity and
the additional HF components needed. This section brie y su mmarizes advan-
tages and disadvantages of the most common resonant DC DC converters and
discusses the extensions required to achieve bidirection&converter operation.

Series Resonant, Parallel Resonant, and Series-Parallel R esonant
DC DC Converters with unidirectional power ow belong to the most
popular resonant converter topologies [35, 43, 84, 85]. With these converters,
nearly sinusoidal waveforms of the transformer currents result. Thus, low
switching losses are feasible, which facilitates the use ofa high switching fre-
quency to obtain a high power density of the converter [43]. T he conventional
resonant DC DC converters are operated with variable switc hing frequency,
i.e. the actual switching frequency depends on the supply voltage and on the
load.

The main advantages and disadvantages of the most common undirec-
tional, resonant DC DC converters are summarized in the fol lowing (accord-
ing to [35]).

" The Series Resonant Converter (SRC) contains a capacitor in series
to the transformer stray inductance, which acts like a DC blo cking ca-
pacitor and prevents saturation of the HF transformer. Furt hermore,
the RMS currents in the switches and in the resonant network d ecrease
with decreasing load. The main disadvantages of the SRC are related
to wide operating voltage and power ranges, since the actual switching
frequency strongly varies in dependence on the employed suply volt-
age and on the load; even more, the SRC cannot be regulated in ase
of no load (requires in nite switching frequency). The volt age-sourced
output (e.g. LV side) is as well disadvantageous with respect to high
RMS capacitor currents for applications with low output vol tages.

5The converter presented in [69] is obviously not designed fo r operation within the
voltage ranges speci ed in [69]; with respect to these volta ge ranges, a transformer turns
ratio of n < 2:5 would be needed, which would considerably decrease the conv erter e -
ciency and the achievable power density; with respect to the voltage ranges speci ed in
Table 1.4, n< 3:75 results.
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Figure 2.16: Unidirectional, series-parallel resonant LCC converter [35].

" The advantage of the Parallel Resonant Converter (PRC) is its ability
to control the output voltage at no load. Additionally, with  the employed
output DC inductor, the PRC is better suited for application s with low
output voltages and high output currents than the SRC is. How ever, for
the PRC, the currents through the switches and through the re sonant
network do not substantially decrease with decreasing load. Thus, this
converter is less suited for applications with large operating voltage
and power ranges or for applications where the converter is most often
operated considerably below its rated power.

" With the Series-Parallel Resonant Converter (SPRC), the output volt-

age can be controlled at no load and the range of the required sitching

frequency is smaller than for the SRC. Still, compared to the PRC, con-
siderably lower switch and transformer RMS currents are achieved at
low load conditions.

The HF network of the SPRC may either consist of one inductor a nd
two capacitors according to the circuit discussed in [35] (often called
LCC converter, Figure 2.16) or of two inductors and one capacitor (LLC
converter, Figure 2.17, [86]).

With a circuit modi cation according to Section 2.1, bidire ctional power
transfer can be achieved. For the resulting resonant DC DC ¢ onverters with
two voltage sourced ports (i.e. the bidirectional SRC and th e bidirectional
LLC converter, Figure 2.18), no restrictions regarding the converter control
emerge. In contrast, for the PRC and for the LCC converters (F igure 2.19 (a)),
di culties arise with respect to the LV side full bridge. Due to the inductor
Locz and the capacitor Cp, only 4 di erent switching states are allowed on
the LV side:

- Ts, Te:on; T7, Tg: 0;



44 Bidirectional and Isolated DC DC Converter Topologies
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Figure 2.17: Unidirectional, series-parallel resonant LLC converter (cf. [86]).

. T7,T3:0n;T5,T620;
" Ts,Tg:0n; Te, T7:0;
" Te, T7:0n; Ts, Tg: 0.

All other switching states are forbidden, since they would e ither interrupt the
inductor current 1.,., (€.9.Ts, Ts, T7,and Tg are turned o, for I ., < 0),
cause a short circuit on Cp (e.g. Ts, Te, T7, and Tg: on), or both (e.g. Ts,
Tg: on; Ts, T7: 0)in particular during a state change of the LV side full
bridge, it is very likely for the actual converter hardware t o switch into one
of the forbidden states for a short time. This issue can be overcome with
the use of 4-quadrant switches on the LV side, according to Figure 2.19 (b),
and an appropriate modulation scheme. The additional hardw are e ort, how-
ever, renders the PRC and the LCC converter topologies less dtractive than
the SRC and the LCC converters and thus, the bidirectional PR C and the
bidirectional LCC converters are not considered any furthe r.

The SRC can be considered as a special case of the LLC convertetherefore
the presented discussion is con ned to the bidirectional LL C converter. Due
to the series capacitor, C, approximately sinusoidal transformer currents iaci
and iac2 are obtained (in contrast to the DAB, where triangular or tra pe-
zoidal currents occur); the parallel inductor Ly increases the reactive power
generated with the HF network ( Ly can be advantageously used to reduce
the switching losses on the HV side and on the LV side). Compared to the
DAB, reduced RMS transformer currents and reduced switchin g losses can
be achieved with the LLC converter, especially with respect to the operation
within wide input and output voltage ranges.

For the LLC converter, full bridge circuits are used on the HV side and on
the LV side due to the same reasons as mentioned for the DAB above.
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Figure 2.18:
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Bidirectional, series-parallel resonant LLC converter with two

voltage sourced ports; for the depicted converter topology, no restrictions
regarding the control of the converter apply.
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Figure 2.19: Bidirectional, series-parallel resonant LCC converter: (a) with

2-quadrant switches Ts, T, T7, and Tsg, the full bridge on the LV side (side 2)
may reside in forbidden states, which cause a short circuit of Cp and/or an
interruption of 1., ; (b) with the LV side full bridge being equipped with
4-quadrant switches, the aforementioned forbidden states can be avoided.
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The converter performance is analyzed using two dierent mo dulation
schemes, which both allow for xed frequency operation:

~ The conventional modulation scheme operates the two full b ridges with
maximum duty cycle in order to generate purely rectangular v oltages
vaci and vacz . The power transfer is controlled with the phase angle *
between vac: and vacz , identical to the conventional operation of the
DAB converter (Appendix A.4.3).

The e ciency optimal modulation scheme utilizes the abili ty of the full

bridges to generate zero output voltage (i.e. vact =0 or vacz =0) in
order to further reduce the transformer RMS currents and to a chieve
lower switching losses. The modulation parameters (D1, D2, and ')
with respect to maximum converter e ciency are obtained int he same
way as for the DAB converter ( Section 5.2.1, Appendix A.4.4) .

The component values for the LLC converter (L, C, Lm, and n) have been
optimized with respect to maximum average e ciency (Append ix A.1), the
given converter speci cations (Table 1.4) and for both modu lation schemes.

If the LLC converter is operated with the conventional modul ation scheme,
the VA ratings for the HF transformer and the switches are sli ghtly below the
VA ratings obtained for the conventional DAB converter. How ever, an induc-
tor L with a higher maximum energy storage capability is required (14:9mJ
for the LLC converter and 11:2mJ for the DAB converter) and a series ca-
pacitor C is needed (the parallel inductor Ly can be neglected, since the
optimization results in a very large value for Ly ).

A better utilization of the LLC converter is achieved if the e mployed mod-
ulation parameters are optimized with respect to maximum co nverter e -
ciency. With this method, low VA ratings are obtained for the HF trans-
former (4:2kVA) and for all switches (HV side: 17:6 kVA, LV side: 10:5kVA,
cf. Table 2.2). Among the considered DC DC converters with t wo voltage
sourced ports, the best average e ciency is achieved for the LLC converter
(Table 2.3).

The LLC converter could as well be operated with a DC inductor on the
LV side. The respective circuit is depicted in Figure 2.20 and is derived from
the bidirectional, isolated full bridge converter. Simila r to the isolated full
bridge converter, this LLC converter repeatedly switches L and Ly in series
to Lpcz , which causes voltage spikes onvac, (t); a snubber circuit is needed
to reduce these voltage spikes. Moreover, compared to the bdirectional full
bridge converters, a considerably higher transformer VA rating is expected
due to the increase of the reactive power in the high frequency network (in
particular with respect to the required input and output vol tage ranges and
the required constant switching frequency operation, Tabl e 1.4). Taking the
additionally required power components C and Ly into account, the LLC
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converter with DC inductor is considered to be less attracti ve than the bidi-
rectional full bridge converter and is thus not investigate d.

Other resonant DC DC converters. Di erent to the SRC, PRC, and
SPRC converter topologies, a bidirectional converter topo logy with switched
resonance frequency is discussed in [75,76] (Figure 2.21)The converter con-
tains a voltage sourced half bridge on the HV side, a voltage sourced full
bridge on the LV side, and a 4-quadrant switch to change the e ective reso-
nance capacitor.

With this con guration, high e ciency has been demonstrate d for a wide
load range.” However, the LV port voltage V- of the proposed converter can-
not exceed Vi=n [i.e. the constraint (2.2) applies]. Moreover, with the use
of alternative modulation schemes, similar transformer cu rrents (waveforms
and RMS values) can be achieved with the LLC converter (Figur e 2.18). In
summary, a higher total VA rating is expected to result for th e converter
depicted in Figure 2.21 than for the LLC converter (in partic ular due to the
additionally required 4-quadrant switch) and thus, a highe r power density is
expected to be achieved with the LLC converter.

In another approach, the capacitance values of Cpci1 and Cpcz of the DAB
converter are considerably reduced in order to form a resonant converter which
allows for low switching losses. Therefore, however, additional EMI Iter com-
ponents are necessarily required, since the EMI lters become part of the HF
resonant network [77]. The oscillation frequency of the currents in the lter
capacitors is twice the switching frequency and, additiona lly, very low cur-
rents are desired at the switching instants at t k Ts=2. Based on the switch
current depicted in Fig. 11(b) in [77], the transformer curr ent iac1 can be

7In [75,76] the switching frequency is reduced at low load con ditions.

Loce I,
— b
. WETs [&T,
lac2
Ly H Q/Ag:z Cocz= Vs

il J$5T6 J%}TB :

Figure 2.20: Bidirectional, series-parallel resonant LLC converter with a
current sourced LV port.




48 Bidirectional and Isolated DC DC Converter Topologies

approximated with

e (1) (Iacipeak =2) [1 cos(2 2f st)] 8 0 t< 1=(2fs)
Iac1 =
(lacipeak =2) [1 cos(2 2f st)] 8 1=(2fs) t< 1=(fs)
(2.7)
[l Ac1.peak ||§ the amplitude of iaci (t)]. Accordingly, the RMS value laci =
| ac1,peak 3=8 and the recti ed average value jlacij = lacipeak =2 result.

Compared to a purely rectangular transformer current iacirect (t) (there,
lacirect Slacirect | is equal to 1), the conduction losses in the HF transformer
and in the semiconductor switches will increase by a factor of (I ac1 Flac1 j)? =
1:5 due to the employed transformer current waveform. 2

The converter with resonating lter capacitors is optimize d with respect to
low switching losses [77], however, comparably high condudion losses occur.
Moreover, on the LV side, the resonating capacitors are exposed to very high
RMS currents and therefore di cult to implement. This rende rs the topology
less suitable with respect to the considered application.

2.2.2 Two-Stage Topologies

The isolated DC DC converter topologies discussed in Section 2.2.1 are op-
erated most e ciently if the input to output voltage ratio V1=V, is close to
the transformer turns ratio n. Thus, within the speci ed input and output

voltage ranges, a more evenly distributed converter e cien cy is expected for a
two-stage solution which employs an additional buck and/or boost converter

8For a triangular current (Iact Silact j)? is equal to 1:33 (e.g. DAB HF trans-

former current at certain operating points, cf. Section 3.1 .3) and for a sinusoidal current
(Iac1 =jlac1 j)2 =1:23 (e.g. achieved for the LLC converter at certain operating po ints).
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Figure 2.21: Bidirectional, resonant converter with switched resonanc e fre-
quency [75, 76].
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without galvanic isolation to adjust the voltage applied to the isolated DC
DC converter stage. However, the total number of required po wer components
is higher for the two-stage converter. Thus, the additional DC DC converter
needs to be highly e cient in order to achieve a higher e cien cy with the
two-stage converter than with the respective single-stage converter.

In this thesis, a bidirectional buck or boost converter, whi ch allows for buck
operation in one power transfer direction and boost operati on in the opposite
direction, provides the converter stage without galvanic i solation. With this,
the 4 di erent arrangements depicted in Figure 2.22 are feasible:®
" HV side buck converter [Figure 2.22 (a)]: with this arrangement, the
given speci cations, and a maximum duty cycle Dpykmax = 95% of the
buck converter, the DC link voltage V; approximately remains within
the voltage range 150V Vi 225V and enables e cient operation of
the isolated DC DC converter stage at (or close to) Vi=\, = n within
the whole speci ed operation range (cf. Chapter 5). Due to th e reduced
DC link voltage Vi, MOSFETs with a maximum voltage rating of 300V
can be employed for the HV side DC AC converter of the isolate d con-
verter stage (cf. Figure 2.7), however, a comparably high maximum port
current max(li) 15A results (for the assumption of 90% e ciency).

" With a HV side boost converter [Figure 2.22 (b)], the DC link voltage
is larger than the HV port voltage. For the assumption of a min imum
duty cycle Dpoostmin = 5% of the boost converter, the DC link voltage
range is475V 'V, 700V in order to enable e cient operation of the
isolated DC DC converter stage (i.e. Vi=\V.  n). This exceeds the max-
imum voltage rating of the employed MOSFETS ( Vrpss = 600V).
However, only for Vggryoss 600V highly optimized MOSFETs are
available (Appendix D.1.2); Section 7 therefore presents a trade-o
study on how to e ciently operate the isolated DC DC convert er stage
and still reduce the maximum DC link voltage to max(Vi) =475V .

The con guration with the LV side buck converter [Figure 2.22 (c)] al-
lows for reduced currents in the LV side DC AC converter (e.g . full
bridge) of the isolated converter stage. However, the realization of a
highly e cient low voltage and high current buck converter ( e.g. 32V
and 200 A) is considerably more di cult than the realization ofa 450V
and 15 A buck converter (cf. [25, 89]).

9 A bidirectional buck and boost converter (allows for buck an d boost operation in
either direction [87,88]) could be employed to achieve a mor e exible converter topology.
However, the 4 power switches required for the bidirectiona | buck and boost converter are
considered as a disadvantage with respect to the converter c ost and the achievable power

density.
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Figure 2.22: Four dierent arrangements of a bidirectional buck or
boost converter and a single-stage isolated bidirectional DC DC converter:
(a) HV side buck converter, (b) HV side boost converter, (c) L V side buck
converter, and (d) LV side boost converter.

" The LV side boost converter [Figure 2.22 (d)] requires the DC link volt-
age to be lower than the LV port voltage, Vi < V2 which leads to in-
creased currents in the LV side switches and in the HF transformer.
This arrangement is thus less suitable with respect to high converter
e ciency.

2.3 Conclusion

The advantages and the disadvantages of the considered sintg-stage, bidi-
rectional, and isolated DC DC converter topologies are sum marized in the
following.

" DAB converter: the DAB converter topology (Figure 2.10) contains only
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one inductor, L, with a comparably low peak energy storage capability
(6:2mJ on the assumption of e ciency optimal modulation parameter s,
Table 2.2); it features low VA ratings of the semiconductor s witches
(HV side: 17:3kVA, LV side: 10:5kVA), ZVS operation (within certain
limits, cf. [50,90,91]), and is highly exible regarding th e employed mod-
ulation scheme (cf. Section 3.1.3). The DAB converter enables power
transfer for Vi nV, and for Vi nV; (n is the transformer turns
ratio). Due to its symmetric circuit structure, the convert er e ciency
characteristics is independent of the actual power transfer direction. °
Disadvantages of the DAB converter are: the high maximum val ue of
the RMS current through Cpcz (125 A), the high maximum transformer
RMS current through the LV side winding ( 231 A), and the high com-
plexity of the modulation algorithm required to generate th e gate signals
for the switches.

Three-phase DAB converter: the three-phase DAB converter
(Figure 2.11) features a low total value of the required peak magnetic
energy storage capability (3 2:23mJ = 6:7 mJ), ZVS operation (within
a limited operating range [54]), reduced capacitor RMS curr ents (66 A
through Cpc2 ), and a symmetric circuit structure; the three-phase DAB
converter can be operated with V;  nV; and with Vi nV,. However,
the system requires a high number of components (3 transformers, 3
inductors, and 12 switches). Moreover, the expected average e ciency,
calculated according to Appendix A.1 ( ~— = 90:9%), is less than the
average e ciencies calculated for the single-phase DAB converter
(T =93:7%) and the LLC converter ( — = 93:9%).

LLC converter: compared to the DAB converter, a slightly higher av-
erage e ciency is calculated for the LLC converter (Figure 2 .18); the
semiconductor's VA ratings are similar (HV side: 17:6kVA, LV side:
10:5kVA). However, a larger value of the required magnetic storage ca-
pability occurs ( 9:4 mJ+0:6 mJ) and an additional resonance capacitor,
C, is needed for the resonant circuit (peak energy: 3:6 mJ). Thus, the
resonant circuit of the LLC converter requires a larger volu me than the
inductor of the DAB converter (cf. [74]). Again, a large RMS c urrent
through Cpc2 is calculated (122 A).

In contrast to the DAB converter, the electric energy stored in the res-
onance capacitor C forces the transformer current to change during the
freewheeling time interval (i.e. for vaci = vacz = 0, cf. Figure 3.7),
which causes the transformer RMS current to increase. Thus, for con-
verter operation according to Appendix A.4 (i.e. continuou s conduction

10 provided that parasitic e ects, e.g. the impact of switchin g losses on the transformer
current, are negligible; cf. Section 4.6.2.
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mode operation), the LLC converter is more suitable if a vari able switch-
ing frequency is permitted.

Full bridge converters with one or more DC inductors on the LV side: all
full bridge converters considered in Table 2.2 (Figure 2.12, Figure 2.13,
and Figure 2.14) feature ZVS operation of the HV side semiconductors
(at low power levels, additional circuitry is needed, cf. [8 2,83]) and a
low RMS current through Cpc2 (10 A); moreover, the required gate
signals can be generated in a straightforward manner (Appendix A.5).
However, the energy storage capabilities of the DC inductors required
for the full bridge converters are comparably large ( 21 mJ for the current
fed full bridge and the push pull circuit; 2 14mJ for the current dou-
bler). For the semiconductor switches, high VA ratings resu It (HV side:
26 kVA, LV side: 24 kVA). Moreover, the operating voltages are
limited according to (2.2), i.e. Vi1 >nV .. For operation with Vi  nVa,
e.g. during system start-up, additional circuitry is requi red (cf. [55,56]).

For all considered single-stage converter topologies, sinilar VA ratings are
calculated for the HF transformers and thus, similar transf ormer volumes
result [92].

Based on these ndings, the single-phase DAB converter topology is con-
sidered most promising with respect to the achievable converter e ciency
(cf. Table 2.3) and the achievable power density (due to the low number of
inductors and due to the employed capacitive Iters on the HV side and on
the LV side [39], i.e. the DC capacitor Cpcz is used instead of the DC inductor
Locz ). Therefore, the DAB is investigated in detail in the follow ing Chap-
ters, where Chapter 3 describes the working principles of the DAB; Chapter 4
presents a loss model for the DAB, needed to develop the e ciency opti-
mized modulation schemes presented in Chapter 5; in Chapter 6, a detailed
small-signal control-oriented model of the DAB converter i s presented, which
characterizes the dynamic converter properties.

Due to the wide input and output voltage ranges, all isolated single-stage
DC DC converters listed above could be used in a two-stage arrangement ac-
cording to Figure 2.22 in order to achieve a more e cient conv erter operation.

" The e ciencies obtained with the single-phase DAB converter, the three-
phase DAB converter, and the LLC converter are very sensitive on the
ratio of the input to output voltage: for Vi=\% n or Vi=\, n,
large transformer RMS currents occur (cf. Figure 3.6 and Fig ure 3.21
for V1 =450V and V, = 11V) and thus, large conduction losses result;
this can be avoided in a two-stage arrangement which keeps the input
voltage of the isolated DC DC converter, V;, close tonV,.

For the isolated full bridge converters with one or two DC in ductors, the
peak voltage applied to the semiconductor switches of the LV side full
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bridge can be reduced if a two-stage arrangement is used; cosequently,
MOSFETs with a lower on-state resistance can be used. Moreower, the
VA ratings of the switches of the HV side full bridge, Ti, T2, T3, and
T4 in Figure 2.12, become smaller.

In order to compare the e ciencies achieved with the two-sta ge topolo-
gies to the e ciencies achieved with the single-stage DAB co nverter, i.e. the
two most promising converter con gurations, the arrangeme nts depicted in
Figure 2.22 (a) and Figure 2.22 (b) are investigated in Chapt er 7; there, the
isolated DC DC converter comprises of a DAB converter. As a r esult, it
turns out that the average e ciency achieved with the two-st age converter
(T =93:0%) is less than the average e ciency achieved with the single- stage
DAB (~ = 93:5%),* i.e. in average, the additional losses of the buck-or-boost
converter are higher than the loss reduction achieved for the DAB converter.

1 The respective average e ciencies, , are calculated according to Appendix A.1;
the calculations assume the suboptimal modulation schemes to be used for the DAB,
cf. Section 5.2.2.






Chapter 3

Steady-State Operation of the Dual
Active Bridge (DAB)

3.1 Lossless DAB Model

In Section 2.3, the DAB converter topology is regarded most p romising with
respect to the achievable converter e ciency and with respe ct to a low con-
verter volume. The DAB converter contains two voltage sourc ed full bridge
circuits (cf. Section 2.2.1) that are connected to the induc tor L and the high
frequency transformer (Figure 3.1). In order to transfer po wer, time varying
voltages vaci (t) and vacz (t) must be provided by the full bridge circuits to
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Figure 3.1: Dual Active Bridge (DAB) converter topology.
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iac1 =L L iac2/N =i
O

Figure 3.2: Lossless DAB model.

both, the high frequency transformer and the converter indu ctor L. Thus, the
voltage sourced HV and LV side full bridge circuits can be rep laced by the
respective voltage sourcesvaci and vacz to simplify the analysis of the DAB
converter; for the most simple electric DAB converter model

1. all losses are neglected,

2. the transformer magnetizing inductance and parasitic ca pacitances (e.g.
transformer coupling capacitance between LV and HV sides) are ne-
glected,

3. all LV side quantities are referred to the HV side, and

4. constant supply voltages Vi and V. are considered.

The resulting lossless DAB model is depicted in Figure 3.2.

3.1.1 DAB Inductor Current and Power Transfer

With the HV side full bridge, three di erent voltage levels a re possible for
Vact (t),

8
E +V; for state I: T1;T4o0n, T2; T3z 0

Vact (1) = 0 for state Il:  T1;Tzon, T2;T4 0 or
¢ 3 for state Ill: T2;T4o0n, T1;Tz0

V, forstate IV: T,;Tzon, T1;T4 0

(3.1)

(on the assumption of an ideal full bridge, i.e. switching tr ansients are not
considered). Similarly, vac2 (t) is equal to V2, 0, or V. depending on the
switching states of Ts, Ts, T7, and Tg. The resulting voltage vr(t),

VR(t) = Vac1 () nvace (1), (3.2
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applied to the inductor of the simple DAB model (Figure 3.2), generates the
current Z
. , 17"
iL(t1) = i (to) + N vedt 8 to<ty, (3.3)
to
at the time ti, starting with an initial current i_ (to) at time to. The voltage
sourcesvaci and vacz thus generate or receive the respective instantaneous
powers
p1(t) = vaci (t) iL(t) and p2(t) = nvacz (t) i (t). (3.4)
In order to simplify the calculation of (3.3), it is reasonab le to select to and

t1 such that vaci (t) and vac2 (t) are constant during the time interval to <
t<ti.

The average power over one switching cycleTs, Ts = 1=fg, is nally calcu-
lated with

YA to+ Ts
P = Te p.(t)dt (3:5)
S to
for the HV side and Z, .t
o+t Ts
P2 = 1 p2(t)dt (3.6)
Ts

to

for the LV side. Therefore, one switching period, to <t <t o+ Ts, is split
up into m time intervals (numbered with the index counter i) with constant
voltages vaci (t) and vacz (t),

time interval | (i =1): to<t<t g,
time interval Il ( i =2): ti<t<t 2,

(3.7)
nal time interval ( i=m): tm 1<t<t m =to+ Ts.

According to (3.4), (3.5), and (3.6) the waveforms vaci (t) and i, (t) deter-
mine P; and the waveforms vac, (t) and i (t) determine P;; further,

P1 = Pz (38)

applies, since the considered DAB model is lossless. The poer level of the
DAB converter is thus typically adjusted using one or more ou t of the 4 control
parameters depicted in Figure 3.3:

" the phase shift, ' , between vaci (t) and vacz (t) with <'< ,
" the duty cycle, D1, of vaci (t) with 0<D ; < 1=2,
" the duty cycle, D3, of vacz (t) with 0<D , < 1=2, and

" the switching frequency fs.
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Figure 3.3: The 4 DAB control parameters: ' ="', ' 1 denotes the phase

shift between vaci and vacz , D1 and D, are the respective duty cycles, and
fs is the switching frequency.

It is important to note, that the average values of vaci (t) and vacz (t), eval-
uated over one switching period in steady-state converter geration, are zero
(i.e. the DC components of vaci (t) and vacz (t) are zero) in order to avoid
saturation of the high frequency transformer.

3.1.2 Phase Shift Modulation

The most common modulation principle, the so called phase shift modulation,
operates the DAB with a constant switching frequency and wit h maximum
duty cycles, D1 = D, = 1=2; it solely varies the phase shift ' in order
to control the transferred power. Hence, vaci (t) is either V; or +V; and
vacz (1) is either V, or +V, (Figure 3.4). During steady-state operation, the
voltages vaci (t) and vacz (t) and the inductor current repeat every half-cycle
with reversed signs,

Vact (t+ Ts=2) = vac1 (1),
Vacz (t+ Ts=2) = vac2 (t), and (3.9)
iL(t+ Ts=2) = i, (t),
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Figure 3.4: Transformer voltages and inductor current for phase shift m od-
ulation, Vi = 240V, V, = 11V, and P, = 2kW (LV port output power);
the converter is designed according to Appendix A.2 with n = 19 and
L =26:7 H.

since the phase shift time T- and the DC supply voltages Vi and V. remain
the same during the rst and during the second half-cycle (ti me intervals I, Il
and IlIl, IV in Figure 3.4, respectively). For the calculatio n of the transferred
power, therefore, only the rst half-cycle (intervals | and Il) needs to be
considered. With to =0, (3.5) we have
z Ts z Ts=2 z Ts=2
P = T_ls . pi(t)dt = % , Vact (t) i (t)dt = % . i (t)dt;
(3.10)
thus, in order to obtain an analytical expression for Pi, the current i_ (t) needs
to be determined. In steady-state operation, a certain curr entir. o = i (to) is
presumed. The two di erent time intervals | and Il occur duri ng0<t<T g=2
(Figure 3.4). On the assumption of a positive phase shift, 0 < ' < , the
resulting expressions for the inductor current are:

time interval I: i (t) = ipo+(Vi+ nVy)t=L 8 0<t<T .,
timeinterval Il: i (t)= i (T )+(Va nVo)(t t1)=L 8T <t<T g=2.
(3.11)
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Due to the half-cycle symmetry (3.9) and with T. = '=(2f s),
. _ (n \) V1) 2nV ,
iLo= AT oL (3.12)
results for positive phase shift, 0< ' < , and a similar result is obtained for
negative phase shift, <'< 0. With (3.8) and (3.10), and by extending
the results to the full phase shift range, <'< , the transferred power
—p_-p. VMV (") .
P=P=P2= 2 7oL 8 <'< (3.13)
results, where
P > 0 denotes a power transfer from the HV to the LV port and
(3.14)

P < 0 denotes a power transfer from the LV to the HV port.

The achieved power transfer for the DAB converter designed in Appendix A.2
is depicted in Figure 3.5 and shows a maximum for a certain phase shift angle;
maximum power occurs for @P=@%= 0 with the solution

n Vi V.
8f sL

which presents an upper limit to the employed converter indu ctance L with
respect to the speci ed output power.

jPPS,max ] = for ' = = 2, (315)

The expression for the phase shift required to achieve a given power transfer

is derived by rearranging (3.13):
" #

sgn(P) 8 jPj < jPpsmax j- (3.16)

r—
_ 8fsLjPj
B E 1 1 nVi Vs

The great advantage of the phase shift modulation is its simp licity: ac-
cording to (3.13), only a single control variable, the phase shift angle ' , is
required to adjust the DAB power level (cf. Figure 3.5). The s implicity of
this modulation method and the possibility of using half bri dge circuits to
generate the high frequency transformer voltages vaci (t) and vacz (t) are the
main reasons for the wide use of this modulation method. Disadvantages are
a limited operating range with low switching losses (soft switching range [50],
cf. Section 4.3.2) and large RMS currents in the high frequency transformer
for most operating points when the DAB is operated in wide vol tage ranges
(Figure 3.6). Even though, the calculated results depicted in Figure 3.6 are
based on an e ciency optimized DAB design (cf. Appendix A.2) , the loss-
less DAB converter model predicts LV side transformer RMS cu rrents of
up to 283A for P = 2kW, Vi = 450V, and V., = 11V [Figure 3.6 (d)].
Figures 3.6 (a) and (b) depict the transformer RMS currents f or P = 1kW :
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Figure 3.5: Transferred power for the DAB designed in Appendix A.2 ( n =
19, L = 26:7 H), phase shift modulation, V1 = 340V and di erent voltages
Vo, At ' = =2, maximum power transfer is achieved.

still currents of up to 256 A occur on the LV side. Merely for operating points
close to Vi = nV; [marked with dashed-and-dotted lines in Figures 3.6 (a)
to (d)], e ective transformer utilization is obtained.

With phase shift modulation, a reduced RMS value of the trans former
current is only achieved with a di erent selection of n and L, since it is not
possible to modify the shape of the transformer current;® the transformer
current waveform solely depends on the DC voltages V: and V. and on the
phase shift"' (for the assumption of a constant switching frequency fs).

3.1.3 Alternative Modulation Methods

The disadvantages of phase shift modulation give reason to investigate alter-
native modulation methods which take advantage of the emplo yed full bridges
(Figure 3.1) and not only adjust the phase shift between vaci (t) and vacz (t)

1The presented design with n =19 and L = 26:7 H is optimized with respect to
maximum average e ciency (Appendix A.1, Appendix A.2). For a di erent selection of n
and L, the maximum RMS value of the LV side transformer current can be reduced; as a
result, however, the maximum switching losses increase.
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Figure 3.6: Transformer RMS currents for phase shift modulation and ope r-
ation within the speci ed voltage ranges: (a) HV side and (b) LV side trans-
former currents for P = 1kW, (c) HV side and (d) LV side transformer
currents for P =2kW ;n =19, L =26:7 H.

but as well change the duty cycles of vaci (t) and vace (t) (Figure 3.3) in or-
der to reduce the circulating transformer current and to ach ieve low switching
losses. Thus, for the alternative modulation schemes, the desired attributes

are:

1. Minimum RMS inductor current

I in order to achieve low conduction
losses, since the conduction losses dominate the total losss within a
wide operating range.

2. Zero switch current during a switching process on the LV side: on
the LV side, high currents lead to excessive switching losses due to
the parasitic stray inductances of the packages of the switches (cf.

Section 4.3.3, [89

,93]).

3. Zero voltage switching (ZVS) operation of the HV side swit ches in order
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to obtain low switching losses (Section 4.3.2, [85]).

First investigations on alternative modulation schemes ar e given in [94]
for a bidirectional AC DC converter: the proposed alternat ive modulation
schemes extend the zero voltage switching (ZVS) range of the DAB and si-
multaneously reduce the transformer RMS currents (the prin ciple of operation
of ZVS is discussed in [43]). Detailed investigations of the modulation schemes
discussed in [94] with either D; 05" D, =0:50rD; =0:5* D, 0.5 are
presented in [95,96]. The 1-D optimization problem (either D, or D, changes)
with respect to maximum converter e ciency is solved in [95] (the analysis
is based on the lossless electric DAB model [50] and an analyical converter
loss model).

In a di erent approach, highly e cient operation of the DAB i s reported
with modulation schemes employing D;  0:5and D,  0:5 [91, 97,98, 99].
However, compared to the above mentioned 1-D problem, it is considerably
more complex to solve the resulting 2-D problem (D1 and D, change simulta-
neously) with respect to maximal e ciency [100]. Therefore , a more intuitive
method is typically used to determine D1 and D, as described e.qg. in [91,97],
where D, and D, are selected in order to achieve a triangular or trapezoidal
shape of the transformer current which results in low switch ing losses and low
conduction losses. Further e ciency improvements are repo rted with the use
of combined modulation schemes (in [101,102], either the cawentional phase
shift modulation or modulation schemes with triangular or t rapezoidal trans-
former currents are employed, depending on the actual output power and the
port voltages Vi and V).

With the alternative modulation schemes discussed in [97], i.e. the triangu-
lar and trapezoidal current mode modulation schemes, considerable e ciency
improvements are expected; moreover, comparably little computational e ort
is required to calculate the respective modulation parameters D1, D2, and ' .
These modulation schemes are therefore rst revisited in th is Section; sub-
sequently, a systematic optimization of the modulation par ameters D; and
D, with respect to minimal transformer RMS current is presente d for the
lossless DAB (with given D, and D; the operating voltages V; and V. and
the required output power determine ' ).2

Triangular Current Mode Modulation

In [97], the triangular current mode modulation is introduc ed; this modulation
scheme enables LV side switching at zero transformer current. Furthermore,
compared to phase shift modulation, a considerable reduction of the trans-
former RMS current is achieved.

2Improved and optimized modulation schemes considering the DAB converter losses
are detailed in Chapter 5.
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Figure 3.7: Transformer voltages and inductor current for triangular ¢ urrent
mode modulation [97], V, =340V ,V, =12V ,P =2kW ,n=12,L =8:8 H,
and fs = 100kHz. In order to enable the operation of the DAB with the
triangular current mode modulation within the operating ra nge specied in
Table 1.4, a transformer turns ratio n < 15is required [cf. (3.29)]. A converter
optimization with respect to maximum average e ciency (App endix A.1)
givesn =12 and L =8:8 H.

Figure 3.7 depicts typical voltage and current waveforms fo r the triangular
current mode modulation, Vi > nV,, and P > 0 [power transfer from the
HV port to the LV port, cf. (3.14)]. There, at t =0, the inductor current, i,
is zero and the DAB full bridges apply vaci (t) = Vi and vac2 (t) = V- to the
HF transformer and the DAB inductor L. Due to i, (0) = 0, low switching
losses are expected for the respective switching operatios® Subsequently,
during 0<t<t 1, the inductor current increases according to

i ()=0+ Wt 8 0<t<t;. (3.17)
At t = t, the state of the HV side full bridge changes with low switchi ng
losses, since the condition for ZVS is ful lled (cf. Section 4.3.2), and during
ty <t<t ,,the HV side full bridge generates vaci (t) = 0 while the LV side full

31n practice this is true for the LV side; however, considerab le HV side switching losses
occur due to the e ects discussed in Section 4.3.2 (cf. Figur e 4.14).
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bridge state remains unchanged. Thus, the inductor current changes according
to:
(1) = i (th) nTVZ(t t) 8 ti<t<ts. (3.18)
At the time t, the inductor current is zero and the LV side full bridge switc hes
to vacz = 0. Consequently, the inductor current remains zero during t; <t<
Ts:2,
iL(t)=0 8 tr<t<T s=2. (3.19)

The durations T1 and T, of the respective time intervals | and Il determine
the transferred power P according to

nVs

P=xl ViTs QT2 T1) nVoT? 8 Vi>nVy; (3.20)
S
moreover, T> depends onT; in order to achieve i, (t2) =0:
V1 nVa
To=T) —. 21
2= T =y (3.21)
With

" =2 fs[(Ta+ T2)=2 Ti=2]= fsT (3.22)

(cf. Figure 3.3), (3.20), and (3.21), the transferred power is solely controlled
with ',

v 2 2
Vl(nVZ)
P= Vi>nV,; A 0<'<" 2
Tl (Vi nvy) © V7nV2 "0 samax (323
so we have for' , Ty, and Ta:
s
Vi nVs
= VA IVAY > N O<'<! .
fsLP Grmvyyz 8 Vi>nve " 0 4 amex s (3.24)
- nVz
T= o0 v 2 (3.25)
2= 1 (3.26)
fs

in order to achieve a given power level. However, the maximum phase shift
angle' 4 amax Must not be exceeded, since the durationT; = Ts=2 T1 T2
of time interval Il decreases with increasing power P due to (3.21), (3.22),
and (3.24). The maximum power transfer is achieved for T3 =0 and is equal

to
n2vZ (Vi nVa).

Ps amax = TINRVA : (3.27)
the respective maximum phase shift angle is
nv.
"4amax =" (Pa amax )= > 1 V—12 . (3.28)
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Figure 3.8: Transformer voltages and inductor current for triangular ¢ urrent
mode modulation [97], V1 = 340V, V, =12V, P = 2kW,n =12, L =
8:8 H, and fs =100kHz.

Obviously, P4 amax is zero for Vi = nV, and negative for Vi1 < nV,. The
presented modulation scheme only allows for a power transfa for V, > nV,
and for positive power 0 < P < P 4 amax - The transformer turns ratio n is
thus limited to

ne< Jamn _ g5 (3.29)
V2,ma><

A converter optimization with respect to maximum average e ciency
(Appendix A.1) gives n =12 and L =8:8 H.

For Vi > nV, power transfer from the LV port to the HV port, 0>P >
P4 amax , is achieved with negative ' (i.e. swapped time intervals | and Il
in Figure 3.7, cf. Figure 3.8):

' 2Vl (nV2)2
2st(Vl an)

P = 8 Vi>nV, " I4,a,max <'< 0. (330)

With known transformer turns ratio n, (3.27) limits the maximum allowable
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DAB inductance L according to

n2 V22,min (Vl,min n V2,min ) . n2 V22,max (Vl,min n V2,max )

L < min ;
4fsPs amax Vimin 4fs P4 amax Vimin

(3.31)

The resulting transformer RMS currents are shown in Figure 3.9 for
n=12,L =8:8 H,and P = 1kW [Figures 3.9(a) and (b)] or P = 2kW
[Figures 3.9 (c) and (d)]. For P = 2kW , the lossless DAB model predicts a
maximum transformer RMS current of 242 A on the LV side, which is 14%
less than the maximum RMS current obtained for phase shift mo dulation
(283 A). For P = 1kW , the maximum RMS current decreases to 144 A (com-
pared to 256 A for phase shift modulation). However, the usable transformer
turns ratio, n, is limited according to (3.29), i.e. Vi > nV, applies. Conse-
quently, comparably high transformer RMS currents occur on the HV side,
which considerably increase the HV side conduction losses ¢f. Section 4.1);
moreover, the DAB fails to operate in case of the abnormal operating condi-
tion V1 <nVa,.

If LV side switching at zero inductor current is not mandator vy, the op-
eration with V1 < nV; is easily achieved with a di erent triangular current
mode modulation scheme, which employs the AC voltagesvac: (t) and vacz (t)
shown in Figures 3.10 and 3.11. The respective DAB power levds are:

' 2V12nV2

8 Vi<nV, M 0<'<' d
2st(nV2 Vl) 1 n 2 4 b,max an

Vaci (1), vacz (t) according to Figure 3.10,

E

1 2y\/2
Vl an
< Nt <'<
TfsL(nV, Vi) © vr<nVe 4 bmax <'< Oand
vaci (t), vacz (t) according to Figure 3.11,
(3.32)
with the maximum phase shift angle
. _ 4

4 bmax = 2 1 nvs (3.33)

Maximum power transfer is again achieved for t, = Ts=2 (cf. Figure 3.10);
with this, the upper power limit for the combined triangular  current mode
modulation schemes (Figures 3.7, 3.8, 3.10, and 3.11) becores:

8 n2VA (Vi nVy)
% 4fsLV;
Pa max = 0 for Vi =nVz, (3.34)
VZ(nVa Vi)
4fs LnV,

for Vi>nV.,,

for Vi <nV,.
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P =1kW, HV Side P =1kW, LV Side
16V % . 16V proes ‘
15V 9A 15V 110A
— —
14y 10A 14v 120A
V2 V2 ‘
13V 13V 130A -
L 11A [—
12V 12V
] 140A1
11V 11V
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
@ Vi (b) Vi
P =2KkW, HV Side P =2kW, LV Side
16V — U NSE |
15v | 244 _16A° 15V A
14V 14V
V2 V2 /
13v | 118A— 13V
— | B | 225A]
12V — 12V
11V 20Al 13v |
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
(©) Vi (d) \A

Figure 3.9: Transformer RMS currents for the triangular current mode mo d-
ulation scheme and operation within the speci ed voltage ra nges: (a) HV side
and (b) LV side transformer currents for P = 1kW, (c) HV side and
(d) LV side transformer currents for P =2kW ; n=12,L =8:8 H.

Trapezoidal Current Mode Modulation

With the triangular current mode modulation schemes, jPj < P4 max

[cf. (3.34)] limits the DAB power level; this is particularl y undesirable for
V1 nV, where P4 max iS either zero or close to zero. If switching at zero
inductor current is not mandatory on the LV side, the operati on of the DAB

with jPj > P4 max IS possible, e.g. with the trapezoidal current mode mod-
ulation scheme presented in [97]. Typical current and volta ge waveforms are
depicted in Figures 3.12 and 3.13. Since the inductor current is again zero at
t=k Ts=2, k 2 Z, a seamless transition between trapezoidal and triangular
current mode modulation is achieved.

For the trapezoidal current mode modulation, three di eren ttime intervals
can be distinguished. During 0 <t<t 1, Vac1 (t) = Vi and vacz (t) =0 apply
and the absolute value of the inductor current, ji, (t)j, increases from zero; at
t = t1, the voltage vacz (t) changes tovacz (t) = nVz and remains constant
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300V 30A
200V 20A
- N - Vac2 -----
100V —AS—Vac 10A
PN
oV i ; ; 0A
-100V|— \5/,/ -10A
-200V|— -20A
-300V -30A
| i
0 t]_ t2 T5/2 1HS Ts

Figure 3.10: Transformer voltages and inductor current for triangular ¢ ur-
rent mode modulation (cf. [97]) in case of V1 <nV,:V; =100V, Vo, =12V,
P =500W,n=12,L =8:8 H, and fs =100kHz.

during t1 <t<t ;during t2 <t<T s=2, Vac1 (t) =0 and vac2 (t) = V- apply
and ji. (t)j decreases back to zero.

The transferred power is equal to

nViVe  2nViVe( 2 2°2) (VE2+(nV2)?) ( 2'j)?

P = Sgn( ) 4 ZfSL (Vl + an)Z
8" 4 max < j' J <' [\, max (335)
with
' - nVi Vs
amac = 5 1 VZ+nViVa+(nVz2)2 (3.36)

The solutions for the required phase shift angle ' and the durations Ti, To,
and Tz are:

_ sgn(P)
T2 V2+ nViVa +(nV)2?
S

(V14 nV2) nViVe 1

V2 +(nVz)?

4stij (V12 + nViVo + ( nV2)2)

(V1Va)? , (3.37)
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300V 30A
200V 20A
------ N -Vacz -+
100V Vaci— \ 10A
Y : ; : 0A
™~ | : ; E
-100V t : -10A
-200V -20A
-300V -30A
—
O tl t2 T5/2 1HS Ts

Figure 3.11: Transformer voltages and inductor current for triangular ¢ ur-
rent mode modulation (cf. [97]) in case of V1 <nV,:V; =100V, Vo, =12V,
P= 500W,n=12,L =8:8 H, and fs =100kHz.

nVa Vi+2V'=

T, = 3.38
! 2fs (Vi+ nVy) (3.38)
1 2=
= 3.39
T2 2fs (3.39)
V1 nV,+2nV;,'=
3 2fs (Vi + n\Va) (3.40)
(3.41)
The maximum transferable power is:
(n Vq Vz)2
P = . 42
Bmax T 4fsL (V2 + nV1Va +(nV2)2) (3.42)
Expression (3.42) determines the upper limit for L:
L < (n Vl,min V2,min )2 (343)

4 P max (mein + NVimin Vomin +(NVaomin )2)
The RMS values of the HV side and LV side transformer currents predicted
with the lossless DAB model are shown in Figure 3.14 for the alternative



Lossless DAB Model 71

300V 30A
_____ Vac1
200V N - Vacz 20A
100V LN 10A
ov f— ; . 0A
-100V|— -10A
-200V}|— | -20A
T, T, | Ty e
-300V[—, § -30A
e 5
| I |
T T I
0 4 tt Ts/2 18 Ts

Figure 3.12: Transformer voltages and inductor current for trapezoidal cur-
rent mode modulation [97], V, = 240V, V, = 12V, P = 2kW , n = 19,
L =18:7 H, and fs = 100kHz [n = 19 is selected in order to allow for a
direct comparison with the results obtained for phase shift modulation and
L = 18:7 H is required in order to achieve the specied power transfer,
cf. (3.43)].

modulation scheme. In order to allow for a comparison with th e RMS currents
obtained for phase shift modulation (Figure 3.6), n =19 was selected, which
requires a converter inductance L = 18:7 H.

Depending on the actual power level P and the operating voltages V; and
V-, either the trapezoidal current mode modulation or the tria ngular current
mode modulation is used; with (3.34) and (3.42), the appropr iate modulation
scheme is selected:

0< jPj<P4 max (V1;V2): triangular current mode, (3.44)
Pa max (V1;V2) < jPj <P amax (V1;V2) :  trapezoidal current mode. '
In Figure 3.14, the borders between triangular and trapezoi dal current mode
modulations are marked with dashed lines.

With the alternative modulation scheme (the combined trape zoidal and tri-
angular current mode modulation), the maximum transformer RMS current
(235 A) is only slightly below the maximum RMS current obtain ed for exclu-
sive triangular current mode modulation (242 A). However, o n the HV side, a
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300V 30A
____________ Vacil____
200V - Vac2 20A
100V / 10A
oV ; : : 0A
-100V|—\; n -10A
-200V|— T S N -20A
-300V|— -30A
T i |
T I
0 4 b Ts/2 18 Ts

Figure 3.13: Transformer voltages and inductor current for trapezoidal cur-
rent mode modulation [97], V1 = 240V, V, = 12V, P = 2kW, n = 19,
L =18:7 H, and fs =100kHz.

considerably lower maximum RMS current of 12.4 A is obtained (as opposed
to 20.1 A for the exclusive triangular current mode modulati on). Compared
to phase shift modulation, lower maximum RMS currents are ac hieved (phase
shift modulation: HV side: 14.9 A, LV side: 283 A). For P = 1kW , the maxi-

mum transformer RMS currents decrease to 7.3 A on the HV side and to 140 A
on the LV side with the alternative modulation scheme. Thus, compared to
the phase shift modulation (Figure 3.6) or to the exclusive t riangular current

mode modulation (Figure 3.9), a considerable improvement is achieved.

Optimal Modulation

For the given DAB converter, the trapezoidal and the triangu lar current mode
modulation schemes have been intuitively selected due to the low expected
conduction and switching losses. A more systematic investigation is required
in order to discover the modulation scheme that leads to the | owest value of
the RMS current | (and thus to the lowest conduction losses, cf. Chapter 4),
the lowest switching losses, and/or the lowest total losses. In this section, the
discussion focuses on the minimization ofl .

With the two full bridge circuits, 12 basic voltage sequence s can be dis-
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16V P =1kw, HV Side 16V P =1kW, LV Side
trig,/ 1 4A | gp trla/ , ,/80A |
15V / 4 15V 7 7 100A
a /
V, 14v =/ - 6A~ \"3 tav Keyed j
13V |trap.Z 13V S 120A]
// _ trap,
12v 7 trlangular7A/ 12V H—~ i i
riangular
11v Lv = 11V 4 9
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
@) Vi (b) Vi
16V P =2kW, HV Side 16V P =2kW, LV Side
T1, 78A oA [/ J150A
15V \ T 15V X 1754
14V {72 / 10A7 |, 14V |4 /

V, / / - V, / /{// _
13V L _~7 triangular____| 13V L&A 200A |
trape20|dy | 11A =1

12V — 12V [trapezoidal
11V \L\-j/l/ 12A1 11V w‘angwa’ZZSK

250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
(c) \ (d) Vi

—= Vi=nV,
——- border between triangular and trapezoidal transformer current

Figure 3.14: Transformer RMS currents for the trapezoidal and triangula r
current mode modulation schemes and operation within the sp eci ed voltage
ranges: (a) HV side and (b) LV side transformer currents for P = 1kW,
(c) HV side and (d) LV side transformer currents for P = 2kW ; n = 19,
L =18:7 H.

tinguished with respect to the di erent sequences of rising and falling edges
of vac1 and vac2 (Figure 3.15). The search towards the modulation scheme
with minimum 1, though, only considers the 6 sequences 1la, 1b, 2, 3b, 7b,
and 8; the remaining 6 options lead to an increased RMS value d the inductor
current | and do not result in a higher DAB power level (cf. Table 3.1 and
Figure 3.15).

For the presented analysis, a set of 5 input parameters is required, which
consists ofV1, V2, P, D1, and D». The optimization method further requires a
certain mode discrimination (Table 3.2), since the expressions for the partic-
ular DAB power levels (Table 3.3), the phase shift angles (Ta ble 3.4), and the
inductor RMS currents (Table 3.5) are substantially di ere nt for the di erent
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Sequence Number D1 D» ' I P1= P2
la 0:1 0:25 0 3:5A ow
2 0:1 0:25 45 6:9A 653 W
3a 0:1 0:25 90 10:8A 726 W
4 0:1 0:25 135 135A 653 W
5a 0:1 0:25 180 147 A ow
6 0:1 0:25 135 135A 653 W
7a 0:1 0:25 90 10:8A 726 W
8 0:1 0:25 45 6:9A 653 W
1b 0:25 01 0 9:3A ow
5b 0:25 01 180 17.0A ow
3b 0:25 0:4 90 17.7A 2:58 kW
7b 0:25 0:4 90 17:7A 2:58 kW

Table 3.1: Resulting inductor RMS currents and power levels for the dif -
ferent voltage sequences depicted in Figure 3.15 V1 = 340V, V, = 12V,
L =26:7 H,n=19, and fs = 100 kHz).

voltage sequences depicted in Figure 3.15.

Table 3.2 summarizes the conditions that must be ful lled fo r the respective
voltage sequence and Figure 3.16 shows the active sequencder V; =340V,
V, =12V, dierent duty cycles, and di erent power levels. With the p
lected 6 sequences and with a speci ed set of input parameters only a single

valid sequence number occurs ambiguities are avoided.

The optimization procedure then minimizes the cost functio n, e.g. the value

of the RMS current |, with respectto D1 and D; for a xed operating point
(Figure 3.17) in order to determine the optimal modulation s cheme.

(The text continues on page 81.)

rese-
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Sequence 18,=0.1,D,=0.25, =0° Sequence D,=0.1,D,=0.25, =45°

400V 40A 400V 40A
-VAql ! r ~Vac1 ! ! a

200V 110 - Vacz H 20A 200V om0 Vac? 20A
i ] =i\ i!

0 NN 0 0 '//' A K 0
-200V -20A  -200V H— -20A
-400v L T — T-40A -400v L T — T-4OA

0 0
@ 2us s (b) 2us s

Sequence 3d;=0.1,D,=0.25, =90° Sequence £,=0.1,D,=0.25, =135°

400V 40A 400V 40A
AVAc1 ! ! n -VAc1n \_ v I 1 d
200V LN -Vac2| Il o0A 200V SN A 20A

0 = LYo 0 A 0

/ N/ . N
-200v L 11 o0a  -200v ML — | 20A
-400v L T — 7 -40A -400v L o — 7 -40A
0 0
© 2us s d) 2us s
Sequence 5&,=0.1,D,=0.25, =180° Sequence ©,=0.1,D,=0.25, =-135°
400V 40A 400V 40A
dVact | T [ JVac1 T
. N :Vacz N Vacz
200V = 20A 200V 7= 20A
0 \ 0 0 0
i1/ AN N
200V =11 “'L‘!if -20A -200V — "LL -20A
-400v L e -1 | T-40A -400v L e — | T-4OA
0 0
© 2us s ® 2ps s
Sequence 7d,=0.1,D,=0.25, =-90° Sequence ©,=0.1,D,=0.25, =-45°
400V 40A 400V 40A
rVac1 T 1Vac1 I 1
200V [ : N 20A 200V [t n-Vacatl 20a
/-\\. \
= JAR- N 0 0 h= A 0
i1 \ ILI
-200V N 20A -200v L -20A
-400v L 5o 5n — T-4OA -400v L 5o 5 — T-4OA
0 S 0 S
@) H s (h) H s

Figure 3.15: The 12 basic voltage sequences generated with the two full
bridges (continued on the next page).
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Sequence 1D,=0.25,D,=0.1, =0° Sequence 5iD;=0.25,D,=0.1, =180°

400V 40A 400V 40A
——VAc1 } | — ——VAc1 -
200V LN - Vac 71 20A 200V 20A
T\
0 0 0 4 0
A \- iL!PL \ \\ l
-200V - -20A  -200V - iL!A -20A
] - n‘ - Vac2 — |
-400v O I — 40A -a00v LI | ] -40A
i b 0 2us Ts 0 b 0 2us Ts

Sequence 31D;=0.25,D,=0.4, =90° Sequence 71d,=0.25,D,=0.4, =-90°
400V 40A 400V 40A

——Vac1 | 1 ——Vaci|n - Vac2or
[N - Vac2 /N N\
200V / ’ 20A 200V / 20A
4
0 // A AR 0 C \ 0
i I P —
-200V NLZ NILASH 20a  -200v LS 4 20A
% / /|
-400v & I — -40A  -400v O I — -40A
® b 0 2us Ts 0 b 0 2us Ts

Figure 3.15 cont.:  The 12 basic voltage sequences generated with the two
full bridges. The respective transformer RMS currents and D AB power
levels are given in Table 3.1;V; =340V, V, =12V, L =26:7 H,n =19,
and fs = 100kHz; to denotes the time the steady-state inductor current
expressions in Table 3.6 are given for. Again,L =26:7 H and n =19 are
selected in order to allow for a straight comparison with the results obtained
for phase shift modulation.
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Mode Condition

la D; Da<'=< D1+ D>

1b D1+ Da<'=< D 1 D2

2 jD1 D2j< '= < min[Di1+ D2;1 (D1+ D)
8 jiD1 D2j< '= < min[Dy+ Dy;1 (D1+ Dy)]
3b 1 (D1+D3)< '=<D 1+Dy

7b 1 (D1+Dy)< '=<D 1+D;

Table 3.2: Conditions required in order to enable the respective sequences.

Mode | DAB power level

— — — nviV
Al | P=Pi=P= 1¥2ep

la ep = Dll—

1b | ep = Do-
h, i
2 ep = % —- 2—(D1+ D2)+(D1 D2)2
h i
8 | ee= L ;42.(D1+Dy)+(D1 D)2
n (0]
3b | e= 1 % ~+ 1 Di(1 D) D1 Do)
n (0]

b | ee= 1 5+-+ 1 Di(1 Di) D1 D)

Table 3.3: Expressions for the DAB power level P for the considered voltage
sequences.
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3b P=1kw

0.5 ’ 35 0.5
» 1a //\

0.4 / 0.4

0.3 0.3

D, \ 2 D,

0.2 1b 0.2

0.1} power transfer U 0.1
not possible

0.0 ‘ ‘

00 01 02 03 04 05
(a) Dy (b)
P =2kw
0.5 \ 0.5
e 3b
0.4 ™ 0.4
2 \
0.3 \ 0.3
D> \ ) D»
0.2 AN 0.2
I —
power transfer
0.1 "not possible 0.1

0.0
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(©

Figure 3.16:

D:

0.
00 01 02 03 04 05

0.0
00 01 02 03 04 05

(d

7b  P=-1kW
{\ 7b
la /
NE "
I~ power transfer

not possible

\/—\m
NEEEA
N

power transfer

not possible

D,

1 7b

The employed voltage sequences, plotted againstD; and D3,

for xed operating voltages ( V. = 340V, V, = 12V) and 4 di erent power
levels; the required power transfer cannot be accomplishedif D1 and D fall

below a certain limit. DAB parameters:

n=19,L =26:7 H, fs=100kHz.
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0.5

0.4

0.3
D,

0.2

0.1

0.0
00 01 02 03 04 05

@)

Figure 3.17:

D,

P=1kW 1, =5.7A P=2kW 1,n=9.7A
p 0.5 p
/] ) y
[ e L=
P R =
10A 0.3 No—
\\\ - D, N 14A
\_/ 12a1 7, N 16A
R
< (/igﬁ power transfe
I~ power transfer] —<= 0.1~ not possible
not possible

0.0
00 01 02 03 04 05

(b)

The resulting inductor RMS currents,
voltages (V1 =340V, V, = 12V), 2 di erent power levels, and di erent com-
binations of D1 and D2; lopt denotes the minimum RMS current. Employed
DAB converter parameters: n =19, L =26:7 H, fs =100kHz.

D,

I, for xed operating

Mode |’
, _ Lf sP
1a B nD 1V1 V2
, _ Lf gP
1b B nD V1 Vo |
r !
. LiPijfs
= +
2,8 sgnP) Di+Dz 2 DiDo U
" r #
. 1 2fsLjPj
= i + Z
3b, 7b sgn(P) Di(l D+ D2(1 D2) 7 =7

Table 3.4: Required phase shift angle' for a given power P = Py = P».
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Mode| Inductor RMS current |
S
1 4 4 nViVz
Al |[IL==——-— D22 1 =-D; +D3n2v2 1 =D, +
L 2ol Ve 3 1 5N“Vy 3 2 3 €rMs
"2 D2
la |erwvs =6D; — + D2(D2 l)+ ?1
"2 D2
1b |erws =6D, — + Dl(Dl l)+ ?2
' v 2 2
2 |erws = D{+3D{ D — +3D; — D, 2 =— D, +
' 3
D, —
' 1 2 2|
8 |erws = D{+3D} Do+ — +3D;y — D, 2+=— D, +
' 3
D2+ —
2 ' 12
3b [erms = 1 — 1 —+ — 3[D1(1 Di)+ D2(1 D3y)]
2 ' 12
7b lerws = 1+ — 1+ —+ — 3[D:(1 Di)+ D2(1 Dy)]
Table 3.5: Expressions for the inductor RMS current | for the considered

voltage sequences.

Mode Inductor current at t = to
h . i
la, 8, 7b I (to) = m nVvV, —+ D, Di1Vi1
1b, 2 i(t)—i(nDV D1V1)
’ L\to) — 2Lf s 2V2 1Vl
1 h . i
3b iL(to))= =— nV> 1 — D1 (V1 + nVy)
2Lf s

Table 3.6: Steady-state inductor current i (to) (at to, vacai changes from 0
to Vi, cf. Figure 3.15).
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The optimization with respect to minimum | suggests the triangular cur-
rent mode modulation for jPj < P4 max [cf. (3.34)]. For jPj > P4 max,
however, a modulation scheme dierent to the trapezoidal cu rrent mode
modulation results: the optimization identi es the voltag e sequence 3b for
P > P4 max (Figure 3.18) and 7b for P < P4 max (Figure 3.19) as opti-
mal. The respective values of the optimal duty cycles depend on the ratio
Vi=(nV>):

9
1. Vi=nV; 2
N jPj - . . Diopt =1=2,
2. Vi>nVa % jPj>Pamax 5 phase shift modulation: 5 1o
3. Vi<nVy " jPj>Ppmax - 20pt =1=2;
4. Vi>nVz "N P4 max < jPj<Pamax :optimal transition mode;
Diopt is calculated with (3.45),
Doopt =1=2,
5. Vi<nV2 " P4 max < JPj<Ppmax : optimal transition mode;
Diopt =1=2,

D2opt is calculated with (3.49)

[Pamax and Ppmax are de ned with (3.47) and (3.50), respectively].

For Ps max < jPj < Pamax , @ complicated expression results for D 1,opt
(ea1 ::: ea7 denote interim values):

- /4
2\/2 iDi
V, 2LjPjf
eas n=v; + JPITs

VIV VAV
V3
€3 = 5 V7n'VY +3LPPYMEVINYVS VP +4nVS 5VE +8n7VS +
S
3LijfsV12th2 8V, 2vintVo+
_n
3 LjPjfs avn’Vvy 256L%Pj*fd V2 + n?v2 °
LiPjfsVin*V,' V2 +4n?V7 13V72 +4n%Vi +
0 L
32L2P2F2nViV, V2 + n2V2 2 VvZ+4n2VvE 7+
[
16L%P12FE V2 + n2v2 2 V2 8n?VvE |
B3
3% s 120V, (V2 + n2V2)
VZnbVe  2LjPjfsvin®Vy V2 +4n?vZ |

€as = ALPP2E VI + 0PV Ve +4An?VS o+
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Vaci
300V 30A
...... L. n-v
200V - sl : 20A
. ’/

100V} L \\\ 10A
oV // \\ 0A

. : NG / .
100V ~ |/~ -10A

~"

-200V |- . — -20A
-300V -30A

0 Ts/2 18 Ts

Figure 3.18: Voltage and current waveforms for minimum RMS current |,
Vi =340V, V, =12V, and P = 2kW (corresponds to voltage sequence 3b
in Figure 3.15); DAB parameters: n =19, L =26:7 H, fs =100kHz.

4 n®VE V2 +2n2Vv2 +2LjPjfsVi V&2 + n?V7

€a5 = ,
e V2 (V2 + n2V2)?
£2R €a3 e2
€a6 = —RB—= S~ ~a3 + 2l €as 2€a; ,
392(NVaVeE + ndvavR) 4 3
3
€, €;
€a7 = % 36;1 8eaz2 4deas t+ i%?a,l
a,
245 n2y2 - -
g 2 Pas Pas
Diopt = 1 2 2
8 Pa max < jPj<Pamax "~ Vi>nVy, (3.45)
! - )
Daopt = 2 8 P4 max < JPJ <P amax Vi>nVa, (3.46)

1
Pa,max . Dl,opt (Pa,max ) = E n P4 ,max < Pa,max <P PS,max - (3-47)
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Vac1
300V 30A
....... n-v
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Figure 3.19: Voltage and current waveforms for minimum RMS current |,
V1 =340V, V, =12V ,and P = 2kW (corresponds to voltage sequence 7b
in Figure 3.15); DAB parameters: n =19, L =26:7 H, fs =100kHz.

For P, max < ]PJ < Pb,max , Dl,opt and DZ,Opl are:

2\/2
n?V;
=52 2
€1 V12 + n2V22 ’
o, = vZ |, 2LjPifs
27 VZ+ nVZ T ViV
3y/3
€3 = ”f\e/z 20°V2VP +3L%P2EENVLVY AV + nPVY 8V +5nV) +
S

3Lijfsn2V22hV1 8vy  2n?VAVP+
_n

3 LjPjfs 4n®V2Vy  256L%Pj*f3 V2 + n?v2 °

LiPjfsn®V2Vy 4V2 + n?V7 42 +13n%VE +

10 1
32L2P2%2nViV, V2 + n?VE 2 avZ+n?VvE 2+
i
16L%P12F S V2 + n2Vv2 2 n2vZ 8V |

"5

€4 = —p 4L2P%2 V2 + n?Vv2 avi+ n?v2 +
P4 T 385 2Vh (V2 + n2V2) s 0 2 T 2
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n?V2VE  2LjPjfsnVaVe 4VE + n?Vi |
4 2VE+ n2V2 V2 +2LnjPjfsVa V2 + n?V2

€ = y
" Vi (V2 + n2V2)?
_ fsze €3 C 282
€ = B= " IV )
2(3Bn*V1iVt +3n2VEV2) 4 | 3
1 1
€7 = = 36&1 8ep2 deps t+ M s
4 €o,6
1 -
Dl,opt = 5 8 Py max < ]P] < Pb,max N Vi<nVo, (348)
vl v2Pes Pay
Doopt = L 2 4
8 P4 max < JP] < Pb,max NV <nVo, (349)
1
Pomax : D2,opt (Pomax ) = 5 N Ps max <Pbmax <P psmax ; (3.50)

Figure 3.20 depicts the resulting duty cycles Diopt and Dagpe for Vi =
340V, V; =12V, and 0< P <P psmax [cf. (3.15)]. With given D1 = Dy opt
and D, = Dagpt , the required phase shift angle ' is calculated according to
Table 3.4.

The upper limit for L is determined with (3.15), since phase shift modula-
tion is employed for maximum power.

The transformer RMS currents obtained with the optimized mo dulation
scheme are depicted in Figure 3.21 for the DAB with n =19 and L =26:7 H,
i.e. the DAB designed for phase shift modulation, Appendix A .2, in order to
allow for a straight comparison with the results obtained fo r phase shift mod-
ulation. At P =2kW , the LV side transformer RMS current is between 113 A
(at V1 =335V, V, =16V ) and 215A (V1 =450V, V, =11V );at P = 1kW ,
the LV side transformer RMS current is between 65A (V, =311V,V, =16V)
and 128 A (V1 =450V, V., = 11V). Compared to phase shift modulation, the
maximum RMS current is 24% lower (phase shift modulation: 28 3 A) and
the respective maximum conduction losses are 42% lower. Conpared to the
combined triangular and trapezoidal current mode modulati on scheme (max-
imum RMS current: 235 A), the maximum RMS current is 8.5% lowe r and,
accordingly, 16% lower maximum conduction losses result. Table 3.7 lists the
minimum and maximum transformer RMS current values, 1., for the dis-
cussed modulation schemes.
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Figure 3.20: Duty cycles D1 and D2, which minimize the inductor RMS
current for V; = 340V and V, = 12V : at low power levels, the triangular
current mode modulation is optimal, at medium power levels, D; and D;
are calculated according to (3.45) and (3.46), and at high power levels, phase
shift modulation is optimal. Employed DAB parameters: n =19,L =26:7 H,
fs =100kHz.
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ps P=1kW, HV Side

ps P=1kw, LV Side

16v r /4A Ve /opt.,.,;’.f' //]80A
7 5A 15V g / 1OOA/
/ 14V ;
v, =l Vol oo LY
13V triangular z yof 13V @ triangular,
7 opt. 4 __6A < opt. /
12v 1 12V 7
L/ 120A
11V L 11V 7
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
(a) Vi (b) Vi
16V P =2kW, HV Side 16V P =2kWw, LV Side
\opt}\.f' R ,,V/ 8A opt.ﬁ\-’ A /,Q/ ]
15V = \ 1 15V = X & 150A"" tria. |
R s | — - > /
14v (\PS¥——T" Loa™l 14y PS; 117507
Vz | opt. tria. | V2 O lopt | Lt
13V 5 t e 13V 3 t
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11v DN LA gy LI —
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- V1=nV2

--------- Boundary between optimal transition mode modulation (opt.) and
phase shift modulation (PS)

——- Boundary between optimal transition mode modulation (opt.) and
triangular current mode modulation (tria.)

Figure 3.21: Transformer RMS currents for the modulation scheme with
minimum inductor RMS current and operation within the speci ed voltage
ranges: (a) HV side and (b) LV side transformer currents for P = 1kW,
(c) HV side and (d) LV side transformer currents for P = 2kW ; n = 19,
L =26:7 H, fs=100kHz.
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n nl. | Respective operating conditions
Vi Vs n L

Phase shift modulation

min. I for P = 1kW 34A 65A | 311V 16V 19 267 H
min. I for P = 2kW 7.0A 134A | 333v 16V 19 267 H
max. | for P = 1kW 135A | 256A | 450V 11V 19 267 H
max. I, for P =2kW | 149A | 283A | 450V 11V 19 267 H
Solely triangular current mode modulation

min. I, for P = 1kW 72A 87A | 240V 16V 12 88 H
min. I for P = 2kW 122A | 146 A | 240V 16V 12 88 H
max. | for P = 1kW 120A | 144A | 450V 11V 12 88 H
max. |, for P =2kW | 20:1A | 242A | 450V 11V 12 88 H
Combined triangular and trapezoidal current mode modulati on

min. I for P = 1kW 34A 65A | 308v 16V 19 187 H
min. I for P = 2kW 7.0A | 134A | 323V 16V 19 187 H
max. | for P = 1kW 7.3A 140A | 450V 11V 19 187 H
max. I, for P =2kwW | 124A | 235A | 450V 11V 19 187 H
Modulation scheme with minimum transformer and inductor RM S current
min. I for P = 1kW 34A 65A | 311V 16V 19 267 H
min. I for P = 2kW 7.0A | 133A | 335V 16V 19 267 H
max. | for P = 1kW 6:7A 128A | 450V 11V 19 267 H
max. I, for P =2kw | 11:3A | 215A | 450V 11V 19 267 H

Table 3.7: Comparison of the resulting inductor RMS currents | for di er-
ent modulation schemes; fs = 100 kHz.
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3.2 DAB Model Regarding Conduction Losses

The simpli ed converter model (Figure 3.2) allows for basic analytical investi-
gations on the DAB, however, compared to measurement results, the obtained
expressions [e.g. the power transferred with phase shift malulation, (3.13)]
may compute considerably di erent values, mainly due to con verter losses. As
for any power converter, conduction losses, switching losss, and core losses of
magnetic components form the total losses, which is explicated in Chapter 4.
In this Section, conduction losses are considered in order b obtain a more
precise but still simple electric DAB converter model.

The idealized HV side full bridge circuit (Figure 3.22), con nected to an
inductive load L1 and its copper resistanceRcy1 , resides in one of four possible
states and applies the voltage vac: to L1 and Rcu1, according to (3.1). On
the HV side, only the switch resistances Rs; and the copper resistance Rcu1
are considered? PCB conduction losses and conduction losses due to the

4“MOSFETs form the semiconductor switches of the DAB on the HV s ide and on the
LV side (Appendix A.2.2, Appendix A.2.3, and Appendix D) and therefore, resistors are
i
—o0
+
HV Battery,
; Vi ==Cpc1
EMI Filter
—0C
~ecrrrcccccentsscaaes

Figure 3.22: Idealized full bridge circuits, HV side; the switches S; to Ss
are composed of MOSFETs (Appendix A.2.2), the resistors Rs; represent
the total of the respective MOSFET on-state resistances. Wi th synchronous
recti cation and for the assumption of negligible dead time intervals, the

MOSFET's body diodes never conduct and are thus neglected. The resistance
Rcu1 models the inductor's AC (copper) resistance at fs. The depicted full

bridge is in state | (S; and S are on); the dotted line indicates the associated
current path.
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capacitor's ESR are neglected.

For vac1 = Vi, the switches S; and S, are turned on [state | in (3.1)] and
thus, the inductor current path encloses 2Rsi, L1, Rcui , Cpc1 , the EMI lter,
and the battery connected to the HV side. On the assumption of a constant
voltage Vi [i.e. negligible impedance of Cpc1 at twice the switching frequency:
(2 (2fs)Coc1) ! 0], the total resistance in series to L1,

R11 =2Rs1 + Reur,

results for state I. A similar switch con guration exists fo r state IV with
Vact = Vi, sSOR1v = Ry,. For states Il and Ill ( vaca 0) the switch
con guration is di erent to states | and IV. However, accord ing to Figure 3.22,
the same resistance values resultR1; = Ry = Ra,. Thus, for the HV side
full bridge, the equivalent resistance

R, =2 Rs1 + Recur (351)

is considered in series toL ;.

The electric model regarding the LV side full bridge (Figure 3.23) is slightly
more complex, since measurements reveal considerable PCBanduction losses
on the LV side (Section 4.2). Thus, during states | and IV, the resistance
values

R21 = Raiv =2Rs2 + Rewz + Recga + Recep (3.52)

result. However, the resistancesR2;; and Rz, during the freewheeling states
Il and Il are less than Rz, and Rz, ,

Roi = Raim =2Rs2 + Reuz + Rpcga - (3.53)

Since the LV side full bridge mainly resides in states | and IV (cf. phase shift
modulation) and since the di erence due to Rpcgp is small for the considered
design (at DC, Rpcgp is160 , Figure 4.3, and thus, at 200 A a voltage error
of 32mV occurs), the equivalent resistance

Rz = R2,| = R2,|V (3.54)

is considered.

For the actual DAB converter (Figure 3.24), the copper resis tances Rcu1
and Rcy2 are replaced by the respective inductor and transformer win ding
resistances (cf. Appendix A.2.4 and Appendix A.9):

Rcui = Ry + R, (3.55)
Rcuz = Rz . (3.56)
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O_
+
= vV LV Battery,
- EMI Filter
ol

Figure 3.23: Idealized full bridge circuits, LV side; the switches Ss to Sg are
composed of MOSFETS, the resistors Rs; represent the total of the respective
MOSFET on-state resistances. With synchronous recti cati on and on the as-
sumption of negligible dead time intervals, the MOSFET's bo dy diodes never
conduct and are thus neglected. The resistanceRcy2 models the inductor's
AC (copper) resistance at fs, and Rpcga and Rpcgp model the PCB's AC
resistances (Figure 4.3).

The total loss resistance, R, for the DAB depicted in Figure 3.24 results
with (3.51), (3.54), (3.55), and (3.56):

R=Ri+n’Rz=2Rs1+ Riyy + Rus + 0% (Ruz + Recsa +2Rs2+ Recap )

(3.57)
(Section 4 gives the values forRsi1, Rs2, Rpcea and Recg), , Cf. Figure 4.3; in
Appendix A.2.4, Ry1 and Ry, are determined, cf. Table A.9; Appendix A.9
outlines the calculation of R.,, ). Moreover, according to Figure 3.24 and
without the stray inductances (transformer, PCB, switches ) being considered,

L=1L;+ n’L, (3.58)

results.® The corresponding DAB converter model considers conduction losses
and is depicted in Figure 3.25.

used to model the respective semiconductor conduction loss es; the limitation of the on-
state voltage due to the MOSFET's body diodes during reverse current conditions is
neglected. If IGBTs are selected, the forward voltage drops of the IGBTs, Vs, and of the
respective free-wheeling diodes, Vg4, need to be considered separately [103].

5The more detailed DAB converter model discussed in Section 3 .3includes the di erent
parasitic stray inductances, besides the transformer magn etizing inductance.
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= Vi

Figure 3.24: DAB converter with idealized full bridges; the resistors Rs:
and Rs; represent the total of the respective MOSFET on-state resis tances,
RL,, models the AC (copper) resistance of the inductor at fs, Ry and Ry
model the respective AC resistances of the primary and secordary transformer
windings (cf. Appendix A.2.4 and Table A.9), and Rpcga and Rpcgp model
the PCB's AC resistances (Figure 4.3).

Figure 3.25: Improved DAB model, which considers conduction losses.

3.2.1 Inductor Current and Power Transfer

The voltage vr [cf. (3.2)], applied to the series connection of L and R, gener-
ates the current

z

iL(ta) = i (to) + % " [vr(t) iL(t)R]dt 8 to<t: (3.59)

t
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at the time ty, starting with an initial current i (to) at to. For constant supply
voltages Vi and V. and ideal full bridges, the inductor current
T T +
iL(t)=e “i(t)+ 1 e - VR(éi"), (3.60)
Ti=t1 to, = L=R, (3.61)

results.

With rectangular voltages vaci and vac2 , the calculation of P; and P is
again carried out with piecewise integration of (3.60), usi ng (3.5) and (3.6);
e.g. for phase shift modulation (Figure 3.4), P; and P, are calculated with:

1

2 Zr Z1g= ’
Pi=— W1 iL(t)dt+ vV iL(t)dt and (3.62)
Ts 0 T
1
2 Zq. . z Ts=2 ’
P, = — nV; iL(t)dt+ nVz i (t)dt (3.63)
TS 0 T

[for the assumption of half-cycle symmetry, cf. (3.10)]. Th us, with constant
voltages Vi and V;, the solution to the piecewise average inductor current is
needed:

‘ VR (to+)

2 T i) vellor) ¢ ™ (36a)

1
i (t)dt = R

to
[using (3.61)].
Besides P; and P2, the inductor RMS current, |, is an important quan-
tity with respect to the dissipated power (cf. Section 4.1). Its calculation as
well requires piecewise integration, e.g. for the current waveform depicted in
Figure 3.4:

Z, Z 1= "
i (t)2dt + i (H)2dt . (3.65)
T

o<

=t 2

L = TS o

The solutions to the integrals employed in (3.65) are obtain ed as
z

t1

iL(t)?dt =
tow
i (to)? L L) Ve(te) , To 3 VR (to+ )
2 R 2 R
VR (t0+ ) . VR (t0+ ) T1
2 R 0T/ _RAOT 7
R iL(to) R e
, #
1 . VR (to+) 2Ty
> iL(to) R e (3.66)
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and (3.61).

With the DAB model with conduction losses, the steady-state values of Py,
P,, and I are always calculated based on (3.64) and (3.66), independat on
the employed modulation scheme. However, the inductor currentat t = 0 must
be known in order to evaluate P41, P2, and I [i.e. (3.62), (3.63), and (3.65)
for phase shift modulation with 0 < T < Ts=2, cf. Figure 3.4]. On the
assumption of half-cycle symmetry, k dierent time intervals [e.g. k = 3 in
Figure 3.7, cf. (3.7)], to =0, and with (3.61), the general expression

i|_ Ts:2 j. _
iLo= 1 0o @0 3 UINCE: (3.67)
1+ e Ti=
i=1
is derived for the steady-state inductor current .o = i (t = to = 0).

In (3.67), iL (TS=2)jiL (0)=0 is the inductor current that results after a half-
cycle if the current at the beginning of the half-cycle, i. (0), was zero andT;
is the duration of the i-th time interval.

3.2.2 Implications on the Modulation Schemes
Phase Shift Modulation

With phase shift modulation, two di erent time intervals oc cur during one
half-cycle (cf. Section 3.1.2) and the inductor current

t Vi+nV,

8 O<t<T:
R )

iL()=e “iLo+ 1 e

i toT t T V- V
iL(h)=e —i(T)+ 1 e Vi OV2 g T o<t<T ¢=2.

R
(3.68)

results [i; o is calculated with (3.67)].

Due to the lossesR 12, di erent power values P; and P, result. With (3.4),
(3.5), (3.6), (3.60), (3.61) and (3.67), the expressions

(

(Vim)? 1
Pih = ~—— 1 4f h
in R Stan 4f s
0 \/0 . o
Vln VOUt 1 2] ] +4 f s Sinh ] J
R 2fs
4v() VO f s j. ] j, ] (369)
in Vout : H
— R 2sinh AT s sinh )4f . +
04/0 i
WVin Vou T 775 tanh  — sgn(' )

R 4fs
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and
(
Pout = ( m)z 4 f stanh 1 1 +
R 4fs
V'”V 1 M+4fgsinh 1)
R 2 fs
AVOVO f . . (3.70)
in Vout S : ] : ]
—0 = > 2sinh h
R sin A7 < sin 4) .
4Vln Vout fs # 1 ]
— R © s tanh Af< sgn( )
result for phase shift modulation, with
0 9
v v s
Vout = nV; B | '
Pn= P 3 power transfer HV | LV ("> 0),
Pout = P !
WA (3.71)
Vin = nV; %
Vou = Vi power transfer LV | HV ("< 0).
Pin = P2 2
Pout = P21 '

Figure 3.26 depicts P, and P, for the DAB with L =26:7 H, R =0:76
(according to the total conduction losses detailed in Sections 4.1 and 4.2),
n =19, V; = 340V, and V, = 12V . Obviously, maximum P; and P, are
not obtained for * =  =2. Even more, the phase shift angle for maximum
jP1j, ' 1.max , IS dierent to the phase shift angle ' 2max for maximum jP;j.
Depending on the power transfer direction, ' 1max and ' smax are:

2f sL In

HV I LV " 1maxa = R , ' 2maxA = " LmaxA

R
1+e 20 s
2

2f gL In eis
LV I' HV: ' 2maxg = R ' imaxB = ' 2maxB -
(3.72)

The technically useful range for ' is ' 1maxg < ' <' 2maxa . Outside
these limits, the output power, P, decreases with increasingj' j.

No closed-form expression exists for the phase shift angle’ with respect
to a certain output power. Thus, ' is obtained with (3.70) using a numerical
solver.
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Figure 3.26: Transferred power for the DAB designed in Section A.2, phase
shift modulation, V; = 340V, V, = 12V, n = 19, L = 26:7 H, and
R =0:76 (according to the total conduction losses detailed in Sections 4.1
and 4.2). Due to the conduction losses, di erent power level s P, and P, occur
and the maxima of jP1j and jP,j occur for' 6 =2 [cf. (3.72)].

Due to the conduction losses, the RMS value of the inductor current, I,
depends on the direction of power transfer (Figure 3.27). Further, a slightly
higher maximum RMS current of 293 A occurs atV: =450V, V, =11V, and
P1 = 2kW, compared to the lossless DAB model (283 A, Figure 3.6).

Alternative Modulation Schemes

For the triangular and trapezoidal current mode modulation schemes (cf.
Section 3.1.3), closed-form expressions exist for the dutycycles D; and D»
with respect to the phase shift angle ' ; however, no closed-form expression
exists for the phase shift angle' , required to obtain a certain output power
[i.e. P2 or P, depending on the direction of power transfer, cf. (3.71)]. In
general, for the derivation of Dy, D, and ', six dierent cases need to be
considered:

1. triangular current mode modulation with Vi >nV,, HV | LV,

2. triangular current mode modulation with Vi <nV,, HV | LV,
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P, =1kW Py =-1kW
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12v JeoA| 12V Sy
11V 11V
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Figure 3.27: LV side transformer RMS currents for phase shift modulation
and operation within the speci ed voltage ranges: (a) P> = 1kW , (b) P; =

1kW, (c) P, = 2kW, and (d) P = 2kW; n =19, L = 26:7 H, and
R=0:76

3. trapezoidal current mode modulation, HV ! LV,
4. triangular current mode modulation with Vi >nV,, LV | HV,
5. triangular current mode modulation with Vi <nV,, LV I HV,
6. trapezoidal current mode modulation, LV ! HV.

However, due to the symmetry of the regarded DAB model, only o ne power
transfer direction needs to be investigated (e.g. HV ! LV), and the equations
for the reverse direction are obtained with

T

Vi Vo P P, D1 Dy ! nVz Vi=n P> P, D, D ' T

(3.73)
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Triangular Current Mode Modulation with Vi>nV, (HV | LV).
With the considered DAB model and with given phase shift angl e’ , the duty
cyclesD; and D, become:

V1 nVs

D, = fgl .74

! sin Vi nVpe=(fs) ’ (3.74)

D=Di1+'= . (3.75)
The maximum phase shift angle for this operation mode is:
=2t s)

"4 max,A = E 1 2fsin Vi nVve (1 el ) (376)

Vi

The port 1 power level P, the port 2 power level P», and the inductor
RMS current |, are equal to:

VAR
P, =2fsVi i (Dl - v, y, A, 3.77)
Q
z Di=fg ZDZZfS #
P, =2fsnV; iL(t)ij:\/l v dt + iL(t)ij: nvzdt ,
0 Di=fg
(3.78)
Vi #
P ZDlsz . ) 2 ZDz=fs ) ) 2
IL =" 2fs iLMiyg=v, nv, dt+ iL(iyg= v, dt.
0 Di=fg
(3.79)

With (3.64), (3.66), and i_(0) = 0, closed-form expressions are feasible,
though, rather complicated expressions result. Moreover, neither for P; nor

for P, closed-form expressions with respect to the phase shift ande ' exist

and thus, the phase shift angle required for a certain output power P; is

obtained using a numerical solver.

Triangular Current Mode Modulation with Vi <nV, (HVY ! LV).
With given phase shift angle ' , the duty cycles D; and D, are equal to
' Vie (T 9 npy,
= —+ .
D, f sin VAREYA and (3.80)
DZ = Dl '= ; (381)

the expression for the maximum phase shift angle is:

Vi, (nV2 Vi) = fs)
nVz nVs

‘4 max,B = f sin (382)
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P1, P2, and | are calculated according to:

z Di=fg z Dy=fg #
P1=2fsV1 iL (t)jVR:V1 dt + iL (t)ij:V1 v dt , (3.83)
0 Di=fg
VAR
P, =2fsnV, iL (t)ijzv1 v, dt, (384)
v Di=fg
%L:II ZD1=fs ) ) 2 ZDzzfs ) ) 2 "
L =" 2fs iL(t)jy,=y, dt+ iLMiyg=v, nv, dt
0 Di=fg
(3.85)

with (3.64), (3.66), and i (0) =0 and again, a numerical solver is needed in
order to determine the phase shift angle ' required to obtain a certain output
power P,.

Trapezoidal Current Mode Modulation (HV I LV). With given
phase shift angle' , the duty cycles

1 Vi + nV,et=@fs)

D; = 5 —* fsin Vidiz = =791 nv, and (3.86)
1 Vi+ nVpe @72 = )=(fs)

Do= 35 —+ fsln Vie CETO T IV, (3.87)

result; maximum power transfer is achieved for

( "
"Amax = f s N Vi@2nVa Vi) + nVa(nV,  Vi)et@'s)

- _ 2
+ Ve VIV ) (nvp)?et@ T

I #

1
2

+4nV72Ve Vi + nV,e@hs)

N(2nV2) In Vie ¥@"s) 4+ ny, | (3.88)
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P1, P2, and | are calculated according to:

" #
f Z(4 po=rs Z 0yt
P, = 2fsV i ()] + i (0]
1 SV1i 0 IL(t)JvR:V;l dt (% D)=t s IL(t)Jszvl nv, dt ’
) (3#39)
Zp, =g Z 1-21g)
P2 = 2fsnv2 iL(t)ijzvl nv, dt+ iL(t)jVR: nv 2 dt !
(3 D2)=fs Da1=fs
oo (3.90)
24 bots 2
L= 2fs iL(lyp=y, dt+
0
ZATEN 2 Z 1=(ts) 2 i
i (1)), . dt + i (i, - dt
(% Do)=fg VRV oVa D;=fg " "
(3.91)

with (3.64), (3.66), and i_ (0) = 0 ; a numerical solver is needed to determine
the required phase shift angle' for a certain output power P».

Resulting Inductor RMS Currents. The operation with n =19, L =
187 H, and R = 0:76 results in the LV side referred inductor RMS cur-
rents nl_ depicted in Figure 3.28: compared to the lossless model (catulated
maximum RMS current: 235 A), a maximum current of 245 A is calc ulated for
Vi1 =450V, V, =11V, and P, = 2kW. Moreover, due to the conduction
losses, dierent inductor RMS currents result for the dier ent directions of
power transfer.

Optimal Modulation

Similar to the modulation with minimum inductor RMS current |, presented
in Section 3.1.3, a modulation scheme with minimum |, exists for the R-L
model of the DAB (Figure 3.25). However, due to the higher mod el complex-
ity, the control parameters D; and D, required to obtain minimum 1, for
a given phase shift angle' , need to be determined using a numerical solver.
With the numerical solver, though, not only the conduction | osses but ad-
ditional loss components (e.g. switching losses) can be cosidered in order
to determine the control parameters required for minimum po wer dissipation.
Thus, a more comprehensive optimization of the employed modulation scheme
is presented in Section 5.2.
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Figure 3.28: LV side transformer RMS currents for the combined triangula r

and trapezoidal current mode modulation and operation with in the speci ed

voltage ranges: (&) P, =1kW , (b) P1 = 1kW, (c) P, =2kW , and (d) P, =
2kW; n=19,L =18:7 H,and R=0:76
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3.3 Model Including the Magnetizing Inductance

The transformer magnetizing inductance Ly causes reactive power in the
high frequency AC part of the DAB, in addition to the reactive  power that
originates from the main converter inductance L, and may considerably in u-

ence the DAB transformer currents iac1 and iac2 . The employed simpli ed

transformer model depicted in Figure 3.29 disregards the e ect of parasitic
capacitances (winding capacitances, capacitance betweenprimary and sec-
ondary side) and assumes equal (HV side referred) stray inductances

Ly = nthrz; (392)

the resistance valuesRy1 and Ry2 are obtained from calculations and mea-
surements (Appendix A.2.4, Table A.9). This transformer mo del replaces the
transformer depicted in Figure 3.30. In Figure 3.30, however, two additional

inductors, Ly and Luv , are shown: Ly considers the LV side parasitic in-
ductance of the high frequency path (Appendix A.2.4) and Luy is needed in
order to achieve the required total inductance L, i.e.

Lav. L Lu  n*(Lez + L) (3.93)

(for the assumption Lyz + n%(Lyz + L) Lwm). Accordingly, in the ex-
tended DAB model depicted in Figure 3.31, the inductors Li, Lo, and Ly
model the inductive nature of the HF network, the resistor Ryn models the
transformer core losses (cf. Section 4.1.2), and the resisbrs R, and R, con-

Ly1 Rn n:l L Re

Vir2

ideal transformer

Figure 3.29: The considered transformer model with HV side stray induc-
tance Ly, LV side stray inductance Ly, and magnetizing inductance Ly .
The resistors Ry1 and Ry2 model the winding losses and the resistor Ry
models the core losses (cf. Appendix A.2.4 and Table A.9).
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I Recep |2
O — 1 O
s +
Rs1 [i] Rs1 Rs2
S S

Vl = CDC]_ CDCZ = V2

HV Side LV Side

Figure 3.30: The DAB circuit used to obtain the DAB model depicted in
Figure 3.31; the transformer needs to be replaced with the tr ansformer model
shown in Figure 3.29.

iac1 =i, L. R n-L, "Ry iaca/N=i,/n

Figure 3.31: The extended DAB model, which includes the e ects of the
magnetizing inductance, conduction and copper losses, andcore losses.

sider the conduction losses (cf. Section 3.2):

Li=1Ln +Lmn, (3.94)
R1=2Rs1+ Ry + Rut, (3.95)
Lo=Lu + L, (3.96)
R2 = Rz +2Rs2 + Rpcea + Recap (3.97)

(RL,y is the copper resistance of the additional inductor Ly ).
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iac1 =i, Iz, Zi2 iac2/N=iL/n
—
+ 1213 1253 +
Vact  Zi3 Z>3 N-Vacy

Figure 3.32: The recon gured Delta model of the reactive HF network of
the DAB.

3.3.1 Inductor Current and Power Transfer

The DAB power values at the HV port and at the LV port are again ¢ alculated
using the instantaneous power values,

p1(t) = vaci (1) i, (t) and p2(t) = vacz (1) iL,(1), (3.98)

and the expressions (3.5) and (3.6). Obviously, dierent in ductor currents
iL, and i, occur on the HV side and on the LV side, which need to be
known prior to the calculation of P; and P,. However, third order di erential
equations need to be solved to determinei., (t) and i., (t); consequently, very
complicated expressions result fori., (t) and i, (t).

In a more practical approach, the given reactive HF network i s recon g-
ured using the Wye-delta transformation (Figure 3.32). Thi s considerably re-
duces the e ort to calculate i_, and i_,, since the voltagesvaci , Vac2 , and
VR = Vact  Vacz2 , applied to Z,5, Z,;, and Z,,, are known in advance. The
expressions forZ ,,, Z,5, and Z 5,

n2(Ry+ sLi) (R2+ sLy)

Z,=R ’R L 2L }

Ly, 1+ N°Ra+s (Li+ n°Ly)+ Rl (SLw) . (3.99)

Z..= Ri+sLi+(Ruj(sL 1+ _ratsh 3.100

Zj3=Ri+ sLi+(Rumji(sLm)) m ) (3.100)
2

Zy = nz(Rz +sL2)+(Rwmjj(sLm)) 1+ M i (3.101)

Ry + sL1

however, contain higher order elements and need to be simplied. For the
assumptions

R1 SL1, R2 SLz, RM SL|\/|, (3102)
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Z1,, 243, and Z,; become

2
;12 Ry + n2R2 + S L+ nng + n::ile = Rz + sLia, (3103)
M
L
Z,; (Ri+sli) 1+ ﬁ +sLy = Rig + SLis, (3.104)
2
Z,, n?(Ro+sly) 1+ '-L_M +sLy = Ras + sLas, (3.105)
1

each being equal to a series connection of an inductor and a rsistor. Conse-
quently, the currents i, and i_, are calculated with

i|_1 = i;u + i;13 and i|_2 = I"I(iz_12 iz_za)’ (3106)

using the solutions to the rst order di erential equations  for iz ,, iz, and

iz_23 '
T T .
i;12 (t1)=e T; iélz (to)+ 1 e T; VRIS;(; ) (3.107)
T T .
iz, (t)=e Bz, (t)+ 1 e & %, (3.108)
T T .
iz, (t)=e =iz, (t)+ 1 e = %, (3.109)

Ti=1t1 to, 12=L12=Ru2, 13 = L13=Ruz, 23 = L23=Ruzs. (3.110)

Due to the discussed simpli cations, a certain error result s for the currents
iL, (t) and i_,(t), illustrated in Figure 3.33 for the inductor RMS currents
I, and I_,, phase shift operation, V1 = 340V, V., = 12V, and P, = 2kW
[L =26:7 H, cf. (3.93), n =19, fs = 100kHz]. There, for Ly = 2:7mH
and Ry =13:6k , a relative error of -0.12% occurs for i, , (t) and less than

0:01% for i, (t);® the error increases with decreasinglL v .

With the extended DAB model (Figure 3.31), due to the lossy co mponents
R1, Rz, and Ry, dierent power values P; and P, are obtained, which are
calculated using (3.5), (3.6) and (3.98):

YA Te=2 z Tg=2
S . 2 s .
Pl = — Vaci (t) ILl(t)dt and Pz = — Vac2 (t) ILZ(t)dt.
Ts Ts

0 0
(3.111)

SRy is calculated for the assumption that solely nvacz causes transformer core losses
(cf. Appendix A.2.5). For phase shift operation and V, =12V , transformer core losses of
4.3 W are calculated and thus, the HV side referred resistanc eRy =13:6k results. The
magnetizing inductance Ly is given in Appendix A.2.4.
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Relative Erro Relative Erro
2% - © 2% ©
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0 - = U0 o 6o 0 T § 4%
1% -1% =
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Figure 3.33: Relative errors of the calculated RMS currents 1., and I,
due to the simpli cations (3.103), (3.104), and (3.105): (a ) e1 = (lL,;calc
|L1;sim):|L1;sim and (b) e =( I, :calc I'L,;sim ):|L2;sim L cale and I, :calc
denote the calculated inductor RMS currents that are subjec t to errors; the
reference valuesl_,:sim and I.,;sim are obtained with a circuit simulator.

For the assumption of constant voltages Vi and V-, the solutions to the inte-
grals

Z 1= Z 1522 Z 1522
S S S
ilet = i;u dt + i;13 dt and (3112)
0 0 0
Zrg=2 Z 1g=2 Z 1g=2
iy, dt = iz, dt iz, dt (3.113)
0 0 0

are sucient to solve for Pi and P, using piecewise integration
[cf. Section 3.2.1 and (3.64)]. The steady-state values

iz,00= iz, () oy (3.114)
izy500 = iz (1) oy (3.115)
125500 = iz, (1) (g (3.116)

required to evaluate (3.112) and (3.113), are calculated with (3.67).

The RMS currents |, and I, are given with:
s s

—7 R A re—
2 TS—Z. 2 TS—Z.
I, = T ig dt and I, = T iz, dt, (3.117)
z
ty ty
t it dt= t i3, +2iz,iz,, +i2 dt, (3.118)
z z
1 t1
ig,dt = i3, 2z,iz, +i,, dt. (3.119)



106 Steady-State Operation of the Dual Active Bridge (DAB)

The quadratic terms of (3.118) and (3.119) are solved with (3.66) and the
solution to the remaining integral in (3.118) is:

Z,,
. . _ VR (t0+ )VA01 (tO" )
to 12 125 00 Ri2Ru3 Tt 12+ 13
2 iz, (to)R12 1
12 oy
VR (to+)
iz, (to)iz,, (to)R12R13
+ 12 13 1
VR (to+ )VA(;;L (t0+ ) 4
v 2 iz, (to)Rus 1
Vaci (t0+ )
12 7@12 (to)R12 le Tl_lz
VR (to+)
i T
13 12,0 (to)R13 le )
Vact (to+) )
2 13z, (t0)Ra2 iz (Rs ) 1y et
2+ 13 VR (to+ ) Vaci (to+) ’
(3.120)

R
the same expression results for :01 iz,,1z,,dt with 13, Ris, and vac1 (to+)

being replaced by 23, R2s, and vacz (to+ ).

3.3.2 Implications on the Modulation Schemes
Phase Shift Modulation

Similar to Section 3.2.2, analytical expressions exist for P1(" ) and P2(" ),
however, these expressions are very complicated. Moreover no closed-form
expression exists for the phase shift angle’ required to obtain a certain value
for Py or Py; for this purpose, a numerical solver is needed.

With Lw =2:7mH, the resulting inductor RMS currents (Figure 3.34) are
similar to the inductor RMS currents obtained in Section 3.2 .2 (Figure 3.27).
The maximum RMS current is 15.5 A on the HV side and 292 A on the L V side
and occurs for V1 =450V, V., =11V, and P, = 2kW.

Considerably di erent inductor RMS currents result if a red uced magne-
tizing inductance, Lm = 200 H, is employed (Figure 3.35). Compared to
Figure 3.34, a reduction of the maximum current is achieved on the LV side
(I, = 275A at V1 =450V, V, = 11V, and P, = 2kW), however, the
HV side inductor RMS current, |.,, increases (maximal 15.8 A atV, =450V,
Vo, =11V ,and P, = 2kW). Thus, with the selected transformer turns ratio,
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Figure 3.34: Inductor RMS currents for phase shift operation within the
speci ed voltage ranges: (a) and (b) HV side, (c) and (d) LV si de; P, = 2kW
in (@) and (c); Pr= 2kW in (b) and (d); n=19,L =26:7 H [cf. (3.93)],
Lm =2:7mH.

the magnetizing inductance Ly facilitates a reduced maximum value of I,
at the expense of a higher maximum value of I, .

Alternative Modulation Schemes

For the modulation parameters D1, D2, and ' , employed for the triangu-
lar and trapezoidal current mode modulation (cf. Section 3. 1.3), no closed-
form expressions exist any more;D1, D2, and ' need to be determined using
a numerical solver. The employed numerical solver algorithm discussed in
Section 4.6.1, however, allows to include the additional e ects discussed in
Chapter 4 in order to increase the accuracy of the calculated modulation pa-
rameters. Therefore, the alternative modulation schemes (i.e. the triangular
current mode modulation, the trapezoidal current mode modu lation, and the
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Figure 3.35: Inductor RMS currents for a reduced Ly =200 H and phase
shift operation within the speci ed voltage ranges: (a) and (b) HV side, (c) and
(d) LV side; P, =2kW in (a) and (c); P1 = 2kW in (b) and (d); n =19,
L =26:7 H [cf. (3.93)].

modulation scheme with minimum losses) are revisited in Chapter 5.

3.4 Conclusion

This Chapter explains the working principle of the DAB conve rter and details
3 di erent electric converter models: the lossless converter model, which facil-
itates a simpli ed calculation of the transformer currents and the transferred
power, and two extended converter models which consider the impacts of the
conduction losses and the magnetizing currents on the transformer current
and on the converter's power transfer characteristics. Di erent modulation
schemes are detailed; in particular, in Section 3.1.3, optimal modulation pa-
rameters D1, Do, and ' (with respect to minimum transformer RMS currents)
are derived for the lossless DAB converter model.
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The presented converter models enable the calculation of the transformer
currents (instantaneous values and RMS value) and the calculation of the
transformer ux density. The currents and the ux density ca Iculated with
the nal electric model of the DAB (Figure 3.31) are input qua ntities to the
converter loss model detailed in Chapter 4.






Chapter 4

Accurate DAB Loss Model

In order to facilitate a thorough optimization of the DAB (e. g. with respect to
the employed modulation scheme and the converter design), the voltage and
current stresses of the di erent DAB components (i.e. semic onductor switches,
transformer, high current PCB, and DC capacitors) and the re spective power
dissipation need to be determined. Both, the voltage and the current stresses,
are obtained using one of the previously presented DAB models (Chapter 3).

With a simple loss model, the calculated losses prove to be iraccurate
(Section 4.1). Therefore, in Sections 4.2, 4.3, 4.4, and 4.5 di erent re ne-
ments of the loss model are discussed. In particular, the rapidly changing
DAB transformer current is identi ed as the key property and needs to be
determined precisely in order to allow for an accurate calculation of the con-
verter losses (Section 4.6.1). In Section 4.6.2, a comparien of the predicted
losses and the experimental results is presented and a high acuracy of the
theoretical results is veri ed.

The converter loss model detailed in this Chapter is developed for the DAB
converter designed in Appendix A.2. In summary, the basic te chnical data of
the employed DAB converter is:

" PCB: four layer PCB, 200 m copper on each layer,
" LV side:

DC capacitor: 96 10 F=25V=X7R in parallel,
Switches: 8  IRF2804 in parallel,

111
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~ HV side:

DC capacitor: 6 470nF=630V in parallel,
Switches: SPW47N60CFD,

" Transformer core: two planar E58 cores (ferrite),
~ Transformer turns ratio and DAB converter inductance:

phase shift modulation: n=19:1, L =26:7 H.

trapezoidal and triangular current mode modulation scheme s: n =
16:14 L =155 H.

minimal loss mode modulation: n=16:1, L =22:4 H.

For all calculations and measurements in this Chapter, a reference tem-
perature (T = 25 C) has been used to avoid that two e ects, namely the
electric losses and the additional in uence on the total los ses due to com-
ponents with di erent temperatures, occur at the same time. With this, a
clear distinction between the di erent losses (e.g. copper losses, conduction
losses, switching losses) of the power components is achiead. The shown ex-
perimental e ciency results have therefore been obtained at 25 C with the
run time of the converter being limited to 30 seconds in order to assure that
no heating of the components occurs. In a future step, the discussed model
can be extended with a coupled electro-thermal converter model that includes
the in uence of raised component temperatures on the e cien cy in order to
accurately calculate the expected component temperatures [104, 105].

4.1 Losses Calculated with a Simple Loss Model

The most simple loss model uses the lossless electric DAB modl (Figure 3.2)
to determine the converter stress values listed below.

" RMS currents in the semiconductor switches, the transform er windings,
and the inductor windings;

" instantaneous currents during switching;
" peak inductor currents;

voltage-time areas applied to the transformer core.

With known stress values, the respective losses are calculted.
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4.1.1 Power Switches

The calculation of the power dissipated in the switches considers two di erent
loss mechanisms: conduction losses and switching losses.

The RMS currents through the switches determine the respective conduc-
tion losses. In steady-state operation, every switch conducts current during
half a switching cycle Ts and the waveform i (t) (cf. Figure 3.2) repeats with
negative sign after one half-cycle [i.e.i. (t) = iL(t Ts=2)]. Thus, each of
the 4 switches on the HV side (T1, T2, T3, and T4) carries the RMS current

Is1,
L

ls1 = p=, 4.1
s1 P—Z (4.1)

and each of the 4 switches on the LV side (Ts, Ts, T7, and Tg) carries the
RMS current

>
NI

| sS2 = (4.2)

[IL is the RMS value of i (t)].

According to (4.1), the switches on the HV side generate the total conduc-
tion losses

Psi,cond =4 Rs1l él (4.3)

and due to (4.2) all switches on the LV side cause the total conduction losses

Ps2cond = 4Rs2l ;. (4.4)

In power electronics, the in uences of high frequency skin and proximity
e ects are typically neglected for power semiconductor dev ices. The DC switch
resistances of the selected MOSFETs (cf. Appendix A.2) are obtained from
the data sheet values:

Rs1 = Ros(on),spwarneocro = 70m (4.5)
Rs2 = Rpspn)rFesos =8 =2:2m =8 =275 (4.6)

(on the LV side, 8 MOSFETs are operated in parallel; junction temperature
considered for Rs; and Rsz: T; =25 C).

The calculation of the switching losses is more demanding, snce these not
only depend on the selected power MOSFETs themselves; in paticular, the
surrounding parasitic components (e.g. PCB stray inductan ces) considerably
a ect the switching losses.

If ZVS (Zero Voltage Switching, Section 4.3.2) is achieved on the HV side,
very low switching losses result. These can be neglected wihin the most simple
loss model:Ps1,sw = 0. In contrast, hard switching operation of the HV MOS-
FETs leads to excessive semiconductor losses and must be avded in any
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Figure 4.1: (a) LV side full bridge with the parasitic MOSFET lead induc-
tancesLs and Lp; (b) estimated switching losses on the LV side.

case (e.g. using advanced modulation methods, cf. Section 5or additional
circuitry [82,106]).

On the LV side, soft switching (i.e. ZVS) is e ectively not ac hieved, due to
the energy stored in the parasitic drain and source lead inductancesLp and
Ls. Accordingly, the switching losses which occur if the condition for ZVS is
satis ed can be estimated with [93]

Vpk

_ 4.7
s @.7)

Es2sw = %Z(LD + Ls) 10w
(I's2,sw denotes the instantaneous MOSFET current at the switching i nstant).
The parameters Vpk, Lo, and Ls, needed to evaluate (4.7), are determined
with data sheet values, calculations (e.g. nite element si mulations) or mea-
surements; for the given setup, the total parasitic inducta nceLp+Ls =2:4nH
and the peak voltage Vpk = 32:7 V have been identi ed using measured switch-
ing losses. If the LV MOSFETs are operated with hard switchin g, compa-
rably low switching losses occur, which is detailed in Section 4.3.3. Thus,
regarding the most simple loss model, hard switching lossesare neglected,
there. The total estimated switching losses are shown in Figure 4.1 (b); there,
Isosw O denotes hard switching and | sosw > 0 denotes the operation with
ZVS, cf. Section 4.3 and, in particular, Table 4.1, Figure 4. 5, and Figure 4.10.
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In steady-state, i, [cf. Figure 4.1] repeats with negative sign after one half-
cycle; thus, for the assumption of equal parasitic component values, Ts and
Te generate equal switching lossesE s, asw ; accordingly, Tz and Tg generate
equal switching lossesEs,psw (for phase shift modulation Eszasw = Eszpsw
applies). Consequently, for the full bridge depicted in Fig ure 4.1 (a), the total
switching losses

Pszsw = 2fs(Eszasw + Esapsw) (4.8)

result.

4.1.2 Transformer, Inductor

With the elementary electric DAB model (Figure 3.2), the tra nsformer copper
losses are obtained from

Pircond = (R + nZRtrZ )|E (4.9

(Ry1 and Ry2 denote the respective resistances of the HV side wind-
ing and of the LV side winding, determined at the switching fr equency,
cf. Appendix A.2.4 and Table A.9).

The transformer core losses are calculated with the Steinmetz equation,
Ptr,core Vtr,core kf S Btr,peak ’ (4-10)

with the Steinmetz parameters k, , and (Appendix C: Table C.2 and
Figure C.4), the total core volume Vi core , and the peak magnetic ux density
Btr,peak ’

max[ « ()] min[ « ()] 1

Birpeak = > 8 0«<t Ts (4.11)

Atr,core
using
z ! Vm (tint )
v(t)=  ——=dtinx + (0) (4.12)
o N1
(N1 is the number of turns of the HV side winding, Aucore iS the core cross
sectional area, and vy denotes the voltage applied to the magnetizing in-
ductance, i.e. vu nvacz for the given DAB hardware prototype, since
the predominant part of the DAB inductance L is placed on the HV side,
cf. Appendix A.2.5).

The copper losses of the external inductor are calculated with
PLyy cond = Riyy |E; (4.13)

the calculation of the inductor copper resistance, R.,, , is outlined in
Appendix A.9.4. The inductor core losses are estimated with the peak in-
ductor current |, peak USiNg the Steinmetz equation,

PL Hv ,core VL Hv ,core kf S BL Hy .peak ? (4-14)
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with

L v ,peak _ L HV I L 1,peak
BL,y peak = (4.15)
NL HV AL Hv .core NL HV AL Hy .core

(Nr,y @ number of turns, AL, .core : inductor core cross sectional area).

4.1.3 Total Losses Predicted E ciency

The total losses include all the discussed power losses as wveas the auxil-
iary power required on the HV side (P1aux ) and on the LV side (P2aux ): the
HV side auxiliary supply powers the DSP plus the HV side gate d rivers and
the LV side auxiliary supply provides power to the LV side gat e drivers. Ap-
proximately constant power consumption has been measured (s = 100 kHz =
const.),

Piax =6:2W and Paax = 9:5W. (4.16)

Thus, the total losses P; are calculated with

Pt =Praux + Psicond + Psisw + PLyy cond + PLyy core +
Ptrcond + Pircore + Ps2cond + Ps2sw + Pzaux : (4.17)

The most simple loss model evaluates all required charcteristics (e.g. RMS
current values) at a given input power, Pi,, in order to include the impact of

the losses on these quantities. The e ciency = Pou =Pin is then calculated
with the output power Pow = Pin  P:. The result (Figure 4.2, dotted lines)

shows, that a very poor matching is obtained between the losses calculated
with this simple model and measured losses. Main reasons are

1. The converter quantities (e.g. switch RMS currents) calc ulated with the
lossless DAB model (Figure 3.2) signi cantly deviate from m easured
values, since losses are completely neglected, there.

2. Inaccurate modeling of the conduction losses leads to a wong estima-
tion of the dissipated power. This occurs mainly on the LV sid e, where
high currents at high frequencies generate considerably mae losses than
predicted with (4.17).

3. Switching losses cause a large part of the total losses andherefore the
switching losses need to be known in detail. It further turns out, that,
depending on the operating point, the switching action may ¢ hange the
transformer current considerably.

4. Due to losses that are not considered in the electric DAB model
(e.g. switching losses, core losses), the input and output power levels
Pin and Py, calculated with the electric DAB model, are di erent to
the input and output power levels obtained with the DAB hardw are
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Figure 4.2: Calculated and measured DAB e ciencies for di erent operat -
ing points [negative power: power transfer from the LV portt o the HV port,

cf. (3.14)], phase shift operation, L = 26:7 H, and n = 19; dotted lines:

conventional analysis (Section 4.1), dashed lines: includes accurate conduc-
tion losses (Section 4.2), dashed and dotted lines: accuraé conduction and
switching losses (Section 4.3); the boxes, , indicate measured values.

prototype. Consequently, the calculation uses slightly di erent control
parameters in order to obtain the speci ed output power, whi ch results
in inaccurate DAB converter quantities (e.g. switch RMS cur rents).
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4.2 Accurate Conduction Losses, High Frequency Ef-
fects

The accurate calculation of the power dissipation employs t he detailed DAB
converter model depicted in Figure 3.31.

Still, the conduction losses of the HY MOSFETSs are calculate d using the on-
state resistances of the selected MOSFETs and the RMS currert |, [cf. (4.1)]:

Psicond =4Rsilé; ls1= FL (4.18)

o

Measurements con rm a considerable impact of high frequency e ects on
the resistances of the inductor winding, the transformer wi ndings, the PCB,
and the LV MOSFETSs (Figure 4.3, Figure 4.4, and Figure A.21, F igure A.23,
and Figure A.59). However, the copper losses generated by tre inductor have
a low proportion of the total losses and are calculated with t he RMS current
I, and the DC resistance of the litz wire winding (cf. Appendix A .9.4):

PLiv cond = Riyy 17, (4.19)

The accurate loss model considers the current harmonics to determine the
copper losses of the transformer and the PCB and the conduction losses of
the LV MOSFETs:

X
Putcond =  Ru (Kfs)[IL, (kfs)]? (4.20)
k=1
Pu2,cond = Rir2 (Kf s)[1L, (kf s)]2 (4.21)
k=1
Xn 2
Prcaacond = Recea (Kfs)[IL, (kfs)] (4.22)
k=1
Pszcond =  Rsz2(kfs)[1s2(kf s)]? (4.23)
k=0
Xn 2
PpcBb,cond = Recep (Kfs)[12(kfs)] (4.24)
k=0
using
ls2 = LQL—% (425)

[for k> 0O, Ip(lif s) is the RMS value of the k-th harmonic of i(t), i.e. | (kfs) =
I peak (Kfs)= 2; 1(0) represents the DC component of i(t)]. The calculated
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Figure 4.3: AC resistances measured atT =25 C for (a) Rpcga and (b) the
sum Rpcga + Rpcep (Rpcea and Rpcgp are shown in Figure 3.24); the
measurement employs a 13:1 measurement transformer in orde to obtain
reasonable impedance values for the Agilent 4294A Precisim Impedance An-
alyzer; at 100 kHz the calculated maximum measurement error is  13% for
Rpcea and 7% for (Rpcea + Recep ) (calculated according to [152]). The
values shown for Rpcga (f) are the average values of the resistances mea-
sured if Ts and T7 are replaced by a short circuit [Rpcga1 (f)] and the re-
sistances measured ifTs and Tg are replaced by a short circuit [Recg a2 (f)];
the measurement results obtained for Rpcga1 (f) and Rpceaz (f) are nearly
equal. The values shown for Rpcg.a (f )+ Rpcep (f) are the average values of
Rpceani (f) (Ts and Tg are replaced by a short circuit) and Rpcganz (f) (Te
and T are replaced by a short circuit); the measurement results obtained for
Rpceani (f) and Rpcganz (f) are nearly equal.
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Figure 4.4: AC resistances measured atT =25 C for the on-state resistance
of a single IRF2804 MOSFET with a gate to source voltage of 10V (provided
from a battery); the on-state resistance is measured at the drain and source
pins of the MOSFET, with a distance of 6 mm to the package; the m easure-
ment employs a 13:1 measurement transformer in order to obtain reason-
able impedance values for the Agilent 4294A Precision Impedance Analyzer;
at 100 kHz the calculated maximum measurement error of Rpson),irRr2s04 IS
3% (calculated according to [152]).

results include the harmonic components up to m = 20. The calcula-
tion of the transformer winding resistances Ry (kfs) and Ry (kfs) is out-
lined in Appendix A.2.4 and is based on measurement values (Figure A.21,
Figure A.23).

4.3 Accurate Switching Losses

4.3.1 Measurement Setups

Besides the conduction losses, the switching losses amounto a signi cant part
of the total losses. Therefore, a precise description of the switching losses
obtained from measurements is required in order to accurat ely determine
the power dissipated in the semiconductor switches.

HV Side

The switching losses of a single half bridge [MOSFETs T:1 and T» in
Figure 4.5 (a)] are measured on the nal converter PCB to obta in accurate
results. Moreover, the MOSFETs are mounted on a heatable metal plate
(temperature controlled) in order to measure the switching losses at di erent
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Figure 4.5 (a) Switching loss measurement setup, HV side; (b) employed
double pulse signal; (c) respective gate signals forT, and T».

junction temperatures T; (for the switching loss measurement, equal case and
junction temperatures are assumed).

During the switching process, a signi cant amount of the sto red energy may
be transferred from one switch to another. Therefore, the dr ain currents ip, 7,
and ip, v, and the blocking voltages vps, v, and vps, 1, Of the respective half
bridge need to be measured simultaneously in order to calculate the energies
dissipated during switching:

tZId IZ,d
ET1 = VDs, T, iD,Tldt and ET2 = VDS, T, iD'TZdt. (426)

t begin t begin

The instants tpegin and tend denote the beginning and the end of the switching
process, respectively;thegin @nd teng are selected such that a decrease ofyegin
and an increase ofteng do not change the measured switching losses.

In steady-state operation each switch of the DAB converter i s turned-on
during one half-cycle; moreover, the signs of the transformer currents change
after each half-cycle. Therefore, identical turn-on and tu rn-o switching op-
erations of the MOSFETSs of a single half bridge result (provi ded that equal
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MOSFETs are used for a single half bridge). The proposed switching loss
measurement correctly accounts for the generated switching losses:

if stored energy is transferred from one MOSFET to another ( soft
switching, Section 4.3.2) the released energy, which has ben absorbed
in the preceding half-cycle, appears as negative switchinglosses and the
absorbed energy as positive losses (Figure 4.12); for the asumption of
equal MOSFETSs, the di erence between released and absorbedenergies
is the dissipated energy;

during hard switching operation (Section 4.3.2) the measu rement ac-
cording to (4.26) does not account for the dissipation of the energy
stored in the MOSFET that is turned on (e.g. T1). However (4.26) in-
cludes the energy stored in the remaining MOSFET (e.g. in T2), which
will be dissipated during the switching operation of the sub sequent half-
cycle. Thus, for the assumption of equal MOSFETSs, the correct total
switching losses are measured.

The measurement of the switching losses employs the double plse signal
depicted in Figure 4.5 (b), which consists of 4 di erent time intervals.

Time interval | is used to generate the required current i_,(t1a); at
t = tia, the condition for Zero Voltage Switching (ZVS, cf. Section 4.3.2)
is ful lled.

During the freewheeling time interval Il, the current i_, remains ap-
proximately constant.

During time interval 11, i_, increases again; att = t,,, the condition
for hard switching is ful lled (Section 4.3.2).

For t >t s, the current i, freewheels through T, and eventually de-
creases to zero.

In order to avoid a current shoot-through in the half bridge, a dead time,
Tgeadime = 200ns, is used [Figure 4.5 (c)].

The switching loss measurement employs a digital oscillosope (LeCroy
WavePro 950) to determine the energy dissipated during the switching pro-
cess, high voltage probes (00 : 1, 2kV) to measure the drain-to-source volt-
ages, and wide bandwidth current sensors to measure the dran currents. The
schematics of the employed current sensors is depicted in Fgure 4.6. With
the employed MOSFETs (SPW47N60CFD), very fast voltage and c urrent
transients occur (cf. Figure 4.12) and therefore, the frequency response of the
employed current sensors is measured using the measuremensetup depicted
in Figure 4.7. Figure 4.8 illustrates the equivalent circui t of this measurement
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Common mode choke:
Ferrite core: VAC T60006-L2030-W423-0
2x R6.3/T38 47! 5 turns

1! —l_ nF_l_330pF —l—GSpF : vi;_;l(t)

1:27 5turns

Figure 4.6: Schematics of the current sensors employed to measure the dain
currents ip, 1, and ip,t,. The current transformer is made of two stacked
ferrite cores (R6.3, material: T38) and 27 turns (wire diame ter: 0:3 mm) on the
secondary side. The depicted capacitors are used to compenate the frequency
response of the current sensor and a common mode choke is usetb suppress
common mode noise; the47 +1  resistors approximately provide a 50
termination. The respective channels of the oscilloscope ae operated with an
input impedance of 50

Network Analyzer 4396A
RF OUT A
i
HV 5
Current | v(t)
Sensor| -

50!

Figure 4.7: Measurement setup used to determine the frequency responseof
the employed current sensors: a network analyzer generatesa frequency sweep
and measures the output power of the current sensor at the exdtation fre-

quency (port A). Prior to the measurement, the network analy zer is calibrated
with a coaxial cable of the correct length (i.e. the length of the coaxial cable
connected between the oscillator and the primary side of the current sensor)
in order to calibrate the magnitude measurement and to elimi nate the e ect

of the propagation time delay caused by the input cable; the c able connected
between the current sensor and port A is part of the current se nsor circuit

itself and thus, the respective propagation time delay needs to be considered.
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Network analyzer,
oscillator

5turns

Network
analyzer,
measuremeryi
port A

1:27  1.330F 68pF 5 turns

Figure 4.8: Equivalent circuit of the measurement setup depicted in
Figure 4.7 including the current sensor circuit of Figure 4. 6. The input
impedance of measurement port A is 50

setup: the oscillator of the network analyzer generates a frequency sweep and
at the measurement port A the output voltage vi(t) is measured with re-
spect to magnitude and phase. The primary side of the current sensor is
terminated with 50  since the primary side input impedance of the current
sensor is much smaller than50 . The sensor gain, which is expected to be
measured with this setup (oscillator power: Prg = 0dBmW ) and with the
employed current sensor, is calculated based on the equivaént circuit shown
in Figure 4.8 using the RMS values | and V; of i(t) and v;(t), respectively:

r

r r
Pre . 0dBMW _  1mW

| = = =4:47mA 4.27
50 50 50 mA (4.27)
Vi = 2'—7 1 1 =82:8 V, (4.28)
2

resistive  voltage

divider due to the

50  termination

) - 2

P _ 828 V=0 _a70w-  es6dB. (4.29)

Pre 1mw

The capacitors depicted in Figure 4.6 are used to improve the frequency re-
sponse (Figure 4.9) of the employed current sensor: for freqiencies below
50 MHz a gain error of less than 0:5dB occurs; with a gain error of 3dB be-
ing tolerated, the current sensor can be used for frequencies of up to 100 MHz.

The time skew between voltage and current measurements is mesured with
the same oscilloscope the switching losses are measured wit For the time
skew, a value of 1ns is determined (the current measurement slightly lags
behind the voltage measurement).
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Figure 4.9: Frequency response of the current sensors (Figure 4.6) measred
with the setup depicted in Figure 4.7; (a) gain response, (b) phase response.

LV Side

The LV side switching losses are measured using one of the twdfull bridges of
the nal converter with 4 MOSFETSs being operated in parallel  (Figure 4.10);*
the MOSFETs are mounted on a heatable and temperature contro lled metal
plate. Again, the double pulse signal [cf. Figure 4.5 (b)] is employed with a
dead time of 240ns. For each of the MOSFETSs, the drain current and the

lon the LV side, the nal converter operates two full bridges i n parallel,
cf. Appendix A.2.3.
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Figure 4.10: Switching loss measurement setup, LV side; for the switch-
ing loss measurement, one of the two full bridges (cf. Appendix A.2.3) is
employed, i.e. 4 MOSFETs are connected in parallel to form one switch.
On the assumption of equal MOSFETs Tsa :::Tsp and Tea :::Tep, the
parasitic inductances 2Lp, 15 = Lb, 154 jiLp, Tsg JiLp T5c liLD, Tsp » 2LsTs =
LsTsa jilsTse liLsTsc JiLs sy etc. result. Consequently, the total parasitic
inductances areLp, 15, Ls,t5, Lp 74, and Ls,74.
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ferrite core:
ip,TsA(D) R6.3/T38

ViD.Tst(t)

I 100m!
$ o -

Figure 4.11: Schematics of the current sensors employed to measure the
drain currents ip,t5, . iD,Tgs » ID,Tsc, @Nd ip 155 a@Nd ip, Tga , ID,Teg »
ip,Tec » @nd ip, T4 - The current transformer is made of a ferrite core (R6.3,
material: T38) and 27 turns (wire diameter: 0:3 mm) on the secondary side.
The 51 jj2:2k resistors provide a 50 termination. The respective chan-
nels of the oscilloscope are operated with an input impedance of 50

drain-to-source voltage is measured simultaneously in order to determine the
respective switching losses.

The switching loss measurement employs a digital oscillosope (LeCroy
WavePro 950) to determine the energy dissipated during the switching pro-
cess, conventional voltage probes @0 : 1, 600Vpk) to measure the drain-
to-source voltages, and current sensors to measure the dran currents. The
schematics of the employed current sensors is depicted in Fgure 4.112

The time skew between voltage and current measurements is mesured with
the same oscilloscope the switching losses are measured wit For the time
skew, a value of 2ns is determined (the voltage measurement slightly lags
behind the current measurement).

4.3.2 HV Side Switching: Results
Soft Switching (ZVS)

Soft switching occurs at t = tia in Figure 4.5 (b). There, the upper switch,
T, is turned o with current ip v, in forward direction and thus, its body
diode blocks. Consequently, the inductor current, i.,, charges the drain-to-
source capacitance of T; and discharges the respective capacitance ofT;
(Figure 4.12). This process continues until either the body diode of T, starts
to conduct or until T» is turned on.

2The frequency response of these current sensors has not been compensated, since
the employed LV MOSFETs (IRF2804) cause considerably slowe r voltage and current
transients than the employed HV MOSFETs
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Very low switching losses are achieved with this kind of operation, since
T, is turned o with vps 1, O (zero voltage turn-0 ), ® and on the as-
sumption of Tgeadgime = ti1b tia being selected long enough T is turned
on with vps,1, = Vp 0 (zero voltage turn-on; typically, the losses due to
the forward voltage drop vp of the body diode can be neglected during the
short time the diode conducts). Thus, this switching operat ion is termed Zero
Voltage Switching (ZVS) or soft switching (Figure 4.12).

Hard Switching

At t = t2a, the lower switch depicted in Figure 4.5, T, is turned o, however,
its body diode continues to conduct due to the negative value of ip,1,. The
MOSFET T, is turned on at t = t, and the drain current of T starts to
increase after the turn-on time delay expired at t = tyc >t 2, (Figure 4.13).
The current through the body diode of T, accordingly decreases, crosses zero
att = tyg >t o, becomes negative due to reverse recovery e ects, and reachs
the peak of its reverse recovery current at t = tye in Figure 4.13. At t = tx
the diode starts to block and the reverse current, which is still present in T,
decreases to zero.

This switching operation is referred to as hard switching op eration and
typically generates high switching losses (cf. Figure 4.13: there, a maximum
instantaneous power dissipation of more than 16 kW is measured att = to,
V1 =400V and Isisw = 10A). During hard switching, due to parasitic line
inductance, quickly changing drain currents cause excess wltages superim-
posed on the nominal drain-to-source voltages of the blocking semiconductor
switches, which may damage these semiconductors. Furthernore, high volt-
age slopesdvps, 1, =dt and dvps, t,=dt (up to 80kV= s are observed with the
given hardware setup) and ringing on vps, 1, and Vps, 1, causes serious EMI
issues.

Hard switching as well occurs if the inductor current i_, is zero during
switching, since the drain-to-source capacitances of the respective MOSFETs
need to be charged or discharged. Therefore, withi_, = 0, the drain-to-source
voltages vps, 1, and vps, 1, remain constant during the dead time interval;
after the dead time interval has elapsed, the activated swit ch provides the
required current to change vps, v, and vps, 1,, which particularly causes turn-
on losses (Figure 4.14).

3 Zero voltage turn-o is achieved due to the parasitic drain- to-source capacitances of
the employed MOSFETs. The non-linear dependence of these ca pacitances on the respec-
tive drain-to-source voltages additionally supports the s uccessful practical implementation

of zero voltage turn-o.
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Figure 4.12: HV side switch currents and voltage waveforms for soft switc h-
ing operation, V1 =400V and Isisw =20A: (a) T1 and (b) T». During the
switching process, negative switching losses occur forT», since the inductor
L discharges the parasitic drain-to-source capacitance of T .
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Figure 4.13: HV side switch currents and voltage waveforms for hard switc h-
ing operation, Vi =400V and Isisw = 10A: (a) T1 and (b) T.. The verti-
cal dashed line indicates the turn-on time of T1, tac [>t 2, in Figure 4.5(c)],
identi ed from the rising switch currents. At t = tyq the switch current ip, 1,
approaches zero, thus diode reverse recovery occurs duringq <t <t . At
t = toe, the drain current ip, v, 44 A causes an instantaneous power dissipa-
tion of more than 16 kW in T1; the peak voltage slope ofdvps, 1, =dt reaches
80kV=s.
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Figure 4.14: HV side switch currents and voltage waveforms for hard switc h-
ing operation, V; =400V and Isisw = 0: (@) T1 and (b) T»; a peak drain
current ip, 7, max Of 14 A is required to charge the parasitic drain-to-source
capacitance of T», which causes a maximal instantaneous power dissipation

of 5kW in Ti; the peak voltage slope dvps, v, =dt reaches

(cf. Figure 4.13).

30kvV=s



132 Accurate DAB Loss Model

HV Side, Edge Type of vaci I s1,5w Sedge
Rising edge of vaci (t = tew) Isisw = QL (tsw) Sedge = 1
Falling edge of vaci (t = tsw) Isisw =+ i, (tsw) Sedge = +1
LV Side, Edge Type of vac2 I s2.sw Sedge
Rising edge of vacz (t = tew) I's2.sw =+ iL,(tsw) Sedge = +1
Falling edge of vaca (t = tsw) Isosw = L, (tsw) Sedge = 1

Table 4.1: Expressions required to obtain Isisw and lszsw from the re-
spective instantaneous inductor currents i, (tsw) and i., (tsw) at a switching
instant tsy; €.g. in Figure 3.4, att =0, a rising edge ofvac1 occurs and thus,
the HV side full bridge switches the current lsisw = iL,(0) [ iL(0)]. The
respective sign adjustment [e.g. in (4.30)] employs Sedge -

Measured Switching Losses

In Figure 4.15, the sum Et, + E1, = Esiasw IS shown for a single switching
process and for di erent switching currents |s1sw, di erent operating voltages
V1, and a junction temperature, T;, of 25 C. Negative switching currents in
Figure 4.15 indicate hard switching operation of the half br idge circuit where
signi cant losses occur due to the slow MOSFET body diodes. For positive
switching currents greater than 2 A, the circuit is successfully operated with
ZVS giving very low switching losses. Low currents (0A I's1sw 2A)
are insu cient to charge and discharge the respective drain -to-source capac-
itances within the dead time interval, which causes the turn -on losses to in-
crease. Figure 4.16 depicts the switching losses measured taT; = 125 C;
due to the raised component temperatures, the switching losses increase by

30%:::40%. The instants tpegin and tend, Needed to evaluate (4.26), are
selected such that neither a reduction of tpegin NOr an increase oftend changes
the measured switching losses; the duration of the measurenent time interval
tend  thegin iS between 100 nsand 300 ns

Table 4.1 summarizes the expressions required to determinel 1 sw from the
actual inductor current i, (tsw) at the switching instant ts.

Detailed Consideration of the Switching Losses

Depending on the switching current of the full bridge, two di  erent polynomial
functions one for hard switching and one for soft switching are tted to
the switching losses using a least mean square approximatim. However, the
switching losses are measured with constant inductor current i_, (t) during
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Figure 4.15: HV side switching losses measured atT; = 25 C for a sin-

gle switching action. lsisw is the instantaneous current during switching:
Isisw < O denotes hard switching and for Isisw > O the ZVS condition is
satis ed.
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Figure 4.16: HV side switching losses measured atT; = 125 C for a sin-

gle switching action. lsisw is the instantaneous current during switching:
Isisw < O denotes hard switching and for Isisw > O the ZVS condition is
satis ed.
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the dead time interval what may not be true in practice. Thus, wrong results
are obtained for certain operating points, if the current ca Iculated at the
switching instant, Isisw, iS directly applied to the switching loss function

[Figure 4.17 (c)]. In order to improve the results, the soft s witching case and
the hard switching case need to be looked at separately, due b essentially
di erent switching processes.

For the soft switching case (Isi,sw > 2A in Figure 4.15), the voltage vaci
changes within the dead time interval, whereas a certain charge must be
supplied in order to achieve ZVS [i.e. to charge and discharge the respective
MOSFET junction capacitances, Figures 4.17 (a) and (b)],

tige
Q (V1) = Sedge iL, (t)dt (4.30)

l0
(to denotes the MOSFET turn-o time and tedge iS the time when vac:
changes; seqge denotes the sign adjustment according to Table 4.1). The
amount of charge depends on the employed power MOSFETS, e.g.Q(V1)
220nC+ Vi, 218 pF for the SPW47N60CFD at room temperature (estimated
using data sheet information). With known Q(Vi1), iL, (t), and tedge, the turn-
o time t, , thatis required in order to fully charge and discharge the M OS-
FET drain-to-source capacitances, can be calculated *

For the hard switching case (Isisw < O in Figure 4.15), the voltage vaci
changes after the dead time interval has elapsed. On the assmption of neg-
ligible turn-on and turn-o delays, the MOSFET turn-o time is determined
with to = tedge  Tdeadtime -

It nally turns out that the calculated switching losses bec ome considerably
more accurate if the switching loss function employs the average of the current
iL,, evaluated over the time interval t, <t<t eqge [Figure 4.17 (b) and (c)],

teRe
Sedge i, (t)dt
— t
| = 2 . 4.31
Shew tedge to ( )

The resulting switching losses of the HV side full bridge comprise of the
switching losses caused by the two half bridgesT1, T2 and T3, T4,

Ps1,sw =2fs Esisw |_Sl,a,sw + Esisw |_Sl,b,sw (4-32)

(Tsiasw denotes the average switching current of T1 and Tz; Tsipsw de-
notes the average switching current of T3 and T4; for phase shift modulation
I'stasw = I'sipsw applies).

“Whenever t, <t edge Tgeadime  OCcUrS, the injected charge during the dead time
interval is not su cient to achieve soft switching ( 0 <l sisw < 2A in Figure 4.15);
consequently, t, needsto be limited t0 teqge  Tdeadtime
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Figure 4.17: Implemented HV side switch current estimation, illustrate d
for the results obtained from a rst converter design with n = 24 and
L = 30:8 H. There, at low power levels (jP1j < 1000 W), the instantaneous
inductor current during HV side switching is insu cient to f  ully charge and
discharge the respective MOSFET drain-to-source capacitances, which causes
the HV side switching losses to increase. (a) Calculated voltage and current
waveforms for V1 =240V, V, =11V, and P1 = 2kW (power is transferred
from the LV port to the HV port); (b) the magni ed time interva [ to <t<t 3
depicts the turn-o process for a HV MOSFET with involved cha rge Q(Vi1)
and the current 1sysw: the MOSFET gate is turned o at t, and the drain-
to-source voltage changes atteqqe ; (C) achieved improvement of the e ciency
prediction (solid line: calculation uses I's1sw, dashed line: iL, (tedge) is used
to determine the switching losses).
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Measured Time Delays

Gate driver delays, internal delays of the semiconductor switches, and capac-
itive charging processes cause a total time delay which need to be consid-
ered in order to achieve the designated transformer currents and the required
output power with the modulation parameters ( D1, D2, and ' ) of the mod-
ulation schemes discussed in Chapter 3 and Chapter 5 [103]. The employed
measurement setup [Figure 4.18 (a)] allows the measurementof the total time

delay between the initiation of the switching process and th e actual change
of the respective drain-to-source voltage, using the control signals depicted in
Figure 4.18 (d).

The measured switching time delays predominantly depend on the switch-
ing current Isysw (= I, in Figure 4.18); the minimal time delay, Ts1,d,min
100 ns is achieved for ZVS operation with maximal current (i.e. lsisw = 25A
in Figure 4.19); maximal time delay, Tsi,dmax 350ns occurs for hard
switching operation with maximal negative current (i.e. lsisw = 10A in
Figure 4.19). In the range 2A < | s1sw < 7A, the relation between Ts;4 and
Is1.sw is highly non-linear, since the time to charge and discharge the drain-to-
source capacitances of the MOSFETSs increases with reduced arrents sy sw -

Measurements with di erent voltages V; within the speci ed voltage range,
240V Vi 450V, show virtually unchanged time delays Tsiq; thus, Tsid
is considered independent ofV;. Increased semiconductor temperatures cause
the time delays to increase slightly, i.e. if the junction te mperature rises from
T, =25 Cto T; = 125 C, the time delay increases by 20nsin the soft
switching range (Isisw > 0) and by 15ns in the hard switching range
(Figure 4.19).

4.3.3 LV Side Switching: Results
Soft Switching

With the double pulse signal being applied to the half bridge depicted in
Figure 4.10, the switch Ts is turned o at t = ti, with positive drain current,

ip,7s > 0. Thus, the body diode of Ts blocks and the inductor current T,
charges and discharges the parasitic drain-to-source capaitances of Ts and
Te, respectively. Due to the low voltage and high current operation, however,
the parasitic stray inductances Lp, 1, Ls1s, Lp, 74, and Lst4 (Sums of the
lead inductances, the inductances of the bonding wires, and the inductances
of the wiring on the PCB) cause the drain-to-source voltage of Ts to consider-
ably exceed the supply voltage (Figure 4.20). For Ts, a large drain-to-source
voltage and a large drain current occur simultaneously and t hus, large turn-
o losses result (Figure 4.22). Consequently, compared to the soft switching
process on the HV side discussed in Section 4.3.2, ZVS operédbn is e ec-
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Figure 4.18: (a) Setup employed to measure the time delay between the
turn-o gate signal (i.e. gate signal of Ti) and the edge of the bridge output
voltage (i.e. vps, 1, OF Vps, 1,); (b) typical waveforms, ZVS operation; (c) typ-
ical waveforms, hard switching operation; (d) employed gat e signals for T
and T».

tively not achieved for the LV side full bridge. ® For high switching currents,

5The switching losses in the ZVS range can be reduced by increa sing the drain-to-
source capacitances of the MOSFETs. However, since the indu ctances of bonding wires
and connecting leads are a large proportion of the total para sitic inductances Lp, 14 +
Lstg:Lp1g+Llstg. Lo 1,+Lst,,and Lp 14+ Ls g (cf Figure 4.10), the additional
capacitances would be required to be closely placed to the ch ips of the MOSFETSs. If the
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Figure 4.19: Measured HV side switching time delays with respect to the
switching current |sisw, constant supply voltage, Vi = 340V, and di erent
junction temperatures T;.

L, (t1a) 0, the switching losses due to the parasitic inductances can be
estimated with (4.7).

Hard Switching

At t = tp, [Figure 4.5 (b) and Figure 4.10], T is turned o with negative drain
current, ip, 74 < 0; hence, the body diode of T¢ conducts during toa <t <t 2.
At t = ta, Ts is turned on and, due to the parasitic stray inductances, jip, 1]
decreases andjip, 1] increases (Figure 4.21), i.e. the magnetic energy stored
in Lp, 14 and Ls 1 is transferred to Lp, t5 and Ls 1. Reverse recovery e ects
still occur and mainly cause ringing; the resulting reverse recovery losses are
comparatively small, due to the low operating voltage of the full bridge, the
small MOSFET reverse recovery charge (Qr 100nC at room temperature
and di=dt = 100 A= s), and the parasitic stray inductances, which limit the
slew rates ofip, 15 and ip, 1,. Thus, in contrast to the HV side (Section 4.3.2),
the full bridge on the LV side generates low losses during hard switching
(cf. Figure 4.22).

additional capacitors are solely placed in parallel to the p ackaged MOSFETSs, only a minor

improvement of the switching losses is achieved with the exi sting hardware prototype

(e.g. with C = 4:7nF in parallel to each LV MOSFET, the switching losses decrease by
10%).
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Figure 4.20: LV side switch currents and voltage waveforms for soft switc hing

operation, V1 =12V and I szsw = 200A (50 A per switch): (a) Ts and (b) Te;

the drain-to-source voltage of Ts, Vbs, 14, considerably exceeds the supply
voltage due to parasitic stray inductances.
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Figure 4.21: LV side switch current and voltage waveforms for hard switch -
ing operation, V; =12V and ls;sw = 200A ( 50 A per switch): (&) Ts and
(b) Te; the vertical dashed line indicates the turn-on time of Ts, toc (>t 2 in
Figure 4.5), identi ed from the rising switch currents. At t = tyq the switch
current ip, 75 is zero and during tog <t <t 2, diode reverse recovery occurs
and causes ringing. The drain-to-source voltage of Ts, Vps, 7, iS considerably
larger than zero during tac <t <t 2 (mainly due to the employed gate to
source voltage of 10 V: with a higher gate voltage, a reduction of vps, v could
be achieved during tzc <t <t 2 and therefore, lower turn-on losses would
result).
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Figure 4.22: Measured switching losses at T; = 25 C for a single

LV side switching action. |szsw is the instantaneous current during switching;
Is2sw < 0 denotes hard switching and for s sw > 0the ZVS condition is sat-
is ed; Isoswopt denotes the switch current with respect to minimal switchin g
losses, needed in Section 5.2.2.

Measured Switching Losses

Figure 4.22 presents the measured and scaled switching losss of one half
bridge of the fully equipped LV side full bridge (i.e. 8 paral lel MOSFETs

per switch) for a junction temperature T; of 25 C. Figure 4.23 presents the
switching losses forT; = 125 C. Hard switching occurs for 1s2sw < 0 and soft
switching for Isasw > 0. For I s2sw > 0, the switching losses are mainly caused
by the energies stored in the parasitic lead inductances [cf (4.7) and [93]]
and are therefore almost independent of the MOSFETS' juncti on tempera-
tures. The measurement results further show that, in case of hard switching

operation (Iszsw < 0), the switching losses are almost independent of the
MOSFETSs' junction temperatures, too. °

In accordance to the switching processes discussed above, igh switching
losses result for Ispsw > 0 (soft switching) and comparably low switching
losses occur forlszsw < 0 (hard switching). With the LV side full bridge,
lowest switching losses are achieved forl sosw 0.

5The lower and the upper integration limits thegin and tenq , Needed to determine the
switching loss energy [cf. (4.26)], are selected such that n either a reduction of  tpegin NoOr an
increase of teng changes the measured switching losses; the duration of the m easurement
time interval  teng thegin IS between 200ns and 1 s.
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Figure 4.23: Measured switching losses at Tj = 125 C for a single
LV side switching action. |szsw is the instantaneous current during switching
(cf. Figure 4.22). For lsosw > 0, the switching losses are mainly caused by
the energies stored in the parasitic lead inductances [cf. 4.7) and [93]] and
are therefore almost independent of the MOSFETS' junction t emperatures.
The depicted measurement results further show that, in case of hard switch-
ing operation (Isz2sw < 0), the switching losses are almost independent of the
MOSFETSs' junction temperatures, too.

Detailed Consideration of the Switching Losses

Similar to the HV side, two di erent polynomial functions ar e tted to the
measured switching losses. Again, the switching losses aremeasured using a
constant inductor current Ti,(t) during the dead time interval. However, due
to high currents and low voltages, the switching process either commences
directly after turn-o ( lszsw > O in Figure 4.22) or directly after turn-on
(I's2,sw < 0) and thus, the switching losses can be accurately evaluatedusing
the instantaneous current T, (tsw) at the switching instant tsw [cf. Table 4.1
with T, (tsw) = i, (tsw)]

Impact of the Switching Process on the Transformer Current

Due to the parasitic inductances connected in series to the smiconductor
switches Ts, T, T7, and Tg, a considerable voltage spike occurs onvacy if
the LV side full bridge of the DAB is operated with ZVS (Figure 4.24); this
voltage spike causes the absolute values of the inductor curents ji_,j and
jiL,] to drop and decreases the converter e ciency.
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Figure 4.24: (a) LV side overvoltage due to the parasitic MOSFET and PCB
inductances (magni ed detail of the measured waveforms of a rst design of
the DAB with n =24 and L =30:8 H, V. =240V, V, =11V, P, = 2kW
and power being transferred from the HV port to the LV port); ( b) measured
voltage time areas for di erent switch currents |s2sw and phase shift modu-
lation. The bold line denotes the voltage time area approxim ated for phase
shift modulation: 2Vower Tover = 3:66 NVS=A Is2sw (the factor 2 is due to the
phase shift modulation: there, two half bridges switch simu Itaneously); for a
switching process of a single half bridge, Vover =10:2V is considered.

The eect of the voltage spike on vacz is derived for a full bridge
[Figure 4.25 (a)] operated with ZVS, a constant supply volta geV,, and a su -
ciently large inductor current ji_,(t)j 0 within the considered time interval.
The presented analysis considers the lossless electric DABmodel depicted in
Figure 3.2,i.e.T., = L, = ni., and assumes equal total parasitic induc-
tances Lps,

Lbs = Lp + Ls, (4.33)

for all 4 switches Ts, T, T7, and Tg; the forward voltage drops due to the
MOSFETs' body diodes are neglected.

Initially, Ts and Tg are in the on-state and Te and T~ in the o -state.
At t = tia, Ts is turned o and vps, 14, quickly drops until the body diode
starts to conduct at t = tig. However, su ciently large currents and a small
time interval tin <t <t ig are assumed in order to estimate the worst
possible current drop in Ti,, i.e. the time interval tia <t <t 13 shown in
Figure 4.24 (a) is neglected.
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Figure 4.25: (a) Inductively loaded full bridge (LV side) with parasitic  in-
ductances Lp and Ls; (b) equivalent circuit of the LV full bridge used to
exclusively investigate the implication of vower on the inductor current i ,.

During tig <t <t ic, the excess voltagevoer (1) > 0 is superimposed on
VDS, Ts,
VDS,T5 = V2 + Vover (t) (434)

Consequently, vover (t) = Vps, 75(t) V2 is partly applied to the parasitic lead
inductances of Ts [Figure 4.25 (b)]:

L .
VEDSB = VED’5 + VESE = Lu:Z Vover  With (4.35)
Lita = Lps + Losjj(Loas + Lbs) (4.36)

(° denotes currents and voltages that are generated due tovoer ). Furthermore,
Vover Causes a voltage drop across the lead inductors ofTs:

0 _ 0 0o _ Lbs
Vipse = Vipg + Vige = 1

Vover - (437)

L total

The voltage v bss » @Pplied to Ls and Lp, causes the currenti%v T, t0 decrease
according to:

1 Lobs

Los Liota
tig

iD,75(t) = iD, 75 (t15) Vover (tint ) dtine, tie  t  tic. (4.38)
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With the condition i%st(tlc) =0, the integrated overvoltage becomes:

A
Vover (tint ) dtine = ig,T5(tlB) Liotar = i(L)),T5(tlB)

tig

Los (2Lpas +3Lps)
Loas +2Lbps '

(4.39)
With (4.37), the inductor current,

A

. ) 1 L
TEz(tlc) = TEz(tlB) Loas + Los 1 Lt(::: Vover (tint ) dtine , (4.40)

tig
is derived at t = tic. Thus, the inductor current drops by

i, (ts) = %TEZ(MB)
(4.41)
[using (439), iD,T5(tlB) = sz(tlB)’ and L:n2 = Lpag + 2LDS], indepen-
dent of vover . Moreover, according to (4.40), an arbitrary waveform Voyer (t)
that satis es (4.39) can be used to accurately calculate TEZ. The employed
numerical solver (Section 4.6.1) superimposes a rectangudr voltage with the
constant magnitude Vger = 10:2V and the variable duration tic tis,

Lbs
Loas +2Lbps

T, =10, (tic) 10,(ts) =

_ 179psA ls2sw if lspsw > 0,
tic tis = 0 if 1so.ow < O, (4.42)

on vacz (t) after a single switching process on the LV side (Figure 4.24,
Figure 4.28).

Switching Time Delays

The total time delays between the initiation of a switching p rocess and the
actual change of the respective drain-to-source voltage are measured with the
LV counterpart of the measurement setup depicted in Figure 4 .18.

The measured switching time delays predominantly depend on the switch-
ing current |szsw; the minimal time delay, Ts2.dmin 220ns is achieved
for maximal positive current (i.e. Iszsw = 500A in Figure 4.26); maximal
time delay, Ts2dmax 560 ns occurs for hard switching operation with max-
imal negative current (i.e. lsosw = 500A in Figure 4.26). In the range
O0A <I s2sw < 50A, the relation between Tsy4 and I szsw is highly non-linear:
for low current levels, the time to charge the drain-to-sour ce capacitances of
the MOSFETSs increases (cf. Section 4.3.2).

Measurements with di erent voltages V- within the speci ed voltage range,
10V V., 16V, show slightly di erent time delays (i.e. the time delay var ies
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Figure 4.26: Measured LV side switching time delays with respect to the
switching current |s2sw and with constant supply voltage, Vi = 12V, and
di erent junction temperatures T;.

within 20 ng); however, compared to the dependence onl sz sw , the in uence
of V, is considered to be negligible. Increased semiconductor tenperatures
cause the time delays to increase slightly, i.e. if the junction temperature rises
from T; =25 Cto T; = 125 C, the time delay in the soft switching range,
Is2sw > 0, increases by 30ns in the hard switching range, the time delay
increases by 10 ns (Figure 4.26).

4.3.4 Gate Driver Losses

The gate driver circuits handle the charging and dischargin g processes of the
parasitic gate-to-source and gate-to-drain capacitances of the MOSFETSs in
order to turn the MOSFETs on or o . The employed gate drivers s imply use
series resistances to charge or discharge the e ective inpt capacitances of
the MOSFETs. With this circuit, the related power dissipati on can be cal-
culated using the total gate charge Q¢ of the MOSFET (datasheet value),
the steady-state gate-to-source voltage Ves during turn-on, and the switch-
ing frequency [107]. The HV side auxiliary power supply thus provides the
resulting total gate driver power Psi gate ,

Psigate =4 Qc1Vesifs, (4.43)
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for all 4 HVY MOSFETSs. Similarly, the LV side auxiliary power s upply provides
the total gate driver power Ps2gate ,

Ps2gate =32 Qg2 Ves2fs, (4.44)

for all 32 LV MOSFETs. Thus, Piax already includes Psigae and Pgzaux
includes Ps2 gate -

4.4 Core Losses

For the given converter, the losses predicted with (4.10) and (4.14) are consid-
ered accurate enough, since the core losses are found to acaoat for less than
10% of the total losses (at rated output power). However, for di erent speci-

cations, core losses may become more important and thus a more advanced
method, e.g. the modi ed Steinmetz equation [108], nite el ement analysis or
the use of measurement results [109], may be required.

4.5 Accurate Input and Output Power Calculation

According to Section 4.1.3, all quantities required to calc ulate the e ciency

(e.g. RMS current values) are determined at a certain input p ower Pi, . How-
ever, the port power levels calculated with the electric DAB model [e.g. (3.111)
for the DAB converter model with conduction losses and magnetizing induc-
tance] are inaccurate, since the losses considered within he DAB model are
di erent to the accurately calculated losses. Consequently, the calculated ef-
ciency is inaccurately mapped to the considered input and o utput power
levels.

A reference power level P is introduced in order to achieve a more accu-
rate calculation of the actual input and output power levels . Py is calculated
based on the HV side DAB power obtained with the electric DAB m odel,
P1 = V1 |1, and the HV side conduction losses’

Pt = P1 Ry I7). (4.45)
The more precise values of the HV port power, P1prec , and the LV port power,
P2prec , are then obtained with
Piprec = Pref + Praux + Psicond + Psisw
+ PL,y cond + PLyy core + Putcond + Puconda =2 and (4.46)
Poprec = Pret (Pucore =2+ Pu2.cond + PrcBiacond

+ Psz,cond + PSZ,sw + PP(:B,b,cond + P2,au>( )1 (4-47)

"Prs could as well be calculated using P, = Val,. However, overvoltage switching
transients are regarded on the LV side and therefore P, partly contains switching losses;
it is thus more intuitive to use P, for the presented calculation.
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whereas evenly shared transformer core losses between LV de and HV side
are assumed. The expressions (4.45), (4.46), and (4.47) aréndependent of the
direction of power transfer, however, negative values resut for Prer, P1prec ,
and P2prec if power is transferred from the LV port to the HV port.

4.6 Calculated and Measured E ciencies, Phase Shift
Modulation

4.6.1 Numerical E ciency Calculation

A numerical solver calculates the transformer currents i, (t) and i, (t) in
steady-state operation using piecewise constant voltagesvac: (t) and vacz (t),
which may change several times during a switching period and which repeat
with changed sign after one half-cycle. By way of an examples Figure 4.27 (a)
illustrates vaci (t) and vacz (t) for Vi =240V, V, =16V, D; =0:45 D, =
0:4,and ' =60 .

The employed numerical solver algorithm applies vaci and vacz to the most
complete electric DAB model discussed in Section 3.3 (Figure 3.31) in order
to calculate the waveforms i, (t) and i., (t) [Figure 4.27 (b)].® Furthermore,
current dependent overvoltage spikes due to switching processes on the LV side
(Section 4.3.3) are added tovac> to consider their impacts on the currents i,
andi_, (Figure 4.28; an iterative loop within the solver algorithm determines
the actual duration of the overvoltage spikes).

With the proposed method, excellent matching to measured current wave-
forms is achieved (Figure 4.29). The RMS currents, harmonic current com-
ponents, instantaneous current values, and input and output power levels
obtained from i, (t) andi., (t) [cf. (3.111) and (3.117), Section 3.3], are then
applied to the methods discussed in this Chapter in order to d etermine the
converter losses.

4.6.2 Comparison to Measured E ciency Values

With increasing level of detall, the calculated e ciency be comes more and
more accurate (Figure 4.2): Table 4.2 compares the predicted lossesP; to the
measured lossedmeas (the absolute di erences in Table 4.2 are equal to jP;
Pimeas j, the relative di erences are calculated with jP;  Pimeas j=Ptmeas ). In
particular, the accurate consideration of the conduction | osses including high
frequency e ects and the accurate consideration of the swi tching losses result
in a major improvement and reduces the relative error from 44 .0% to 6.3%

8The current waveform calculation employs (3.106) (3.110) , (3.114) (3.116),
and (3.67).
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Figure 4.27: (a) Considered voltage waveforms and (b) calculated current
waveforms after the rst run of the numerical solver using Vi = 240V,
Vo, =16V, D; =0:45 D, =0:4,' =60 ,n =19, L; + n’L, = 26:7 H,
R1+ n?R, =0:76 and a low magnetizing inductance of Ly =100 H (to
emphasize the e ect of the magnetizing current); during the rst run, over-
voltage spikes due to LV side switching are not considered.

in average. Additional little improvement to 6.0% average e rror is achieved
with the correct consideration of input and output power lev els according
to Section 4.5.

In Figure 4.30, measured e ciencies are compared to calculated e ciencies
for di erent operating points. Very good agreement between the results ob-
tained from the theoretical model and the experimental valu es is observed.
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Figure 4.28: (a) The nal voltage waveforms and (b) the nal current
waveforms calculated with the numerical solver algorithm i nclude overvolt-
age switching spikes according to Section 4.3.3; the illustrated waveforms are
calculated using the same parameters used to obtain Figure 427.

Moreover, Figure 4.30 illustrates the strong dependence of the e ciency val-
ues on the operating point. Interestingly, these e ciency v alues also depend
on the direction of power transfer (e.g. for V1 =240V and V, = 11V ), even
though the DAB topology shows a symmetric structure. The mai n reason for
this di erence is the transformer current reduction due to L V side switching
according to (4.41). For power being transferred to the LV po rt (mode A),
this current reduction occurs at the beginning of the main en ergy transfer in-
terval (interval 1l in Figure 4.29), which consequently red uces the amount of
transferred power. Thus, the phase angle' = ' o must be increased in order
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Figure 4.29: (a) Calculated and (b) measured voltage and current wavefor ms
for phase shift modulation, Vi = 340V, V., = 12V, P, = 2kW , and power
being transferred from the HV port to the LV port; n =19, L = 26:7 H.
At this operating point, the instantaneous switch currents during a switching
process of the LV side are close to zero and therefore, the ovevoltage switch-
ing spikes contained in the calculation of vacy (t) (Section 4.3.3) are almost
negligible.

to obtain the required output power P2 aprec . FOr power being transferred to
the HV port (mode B), the current reduction due to LV side swit ching occurs
at the end of the main energy transfer interval. Hence, a lower phase angle
i' 8] < j' aj is required for the same output power level jP1gprec ] = P2, prec
which results in less circulating currents and lower switch ing losses.



152 Accurate DAB Loss Model

Lo0% 240V 111 V L00% 11V 1240 V
b —e— o ¢
90%| 71 Eﬁ\“’\n\ 07 i B |
80% 80%
[0) 0,
0% 5501000 1500 2000 '°” 500 -1000 -1500 -2000
P,/ W P,/ W
Lo0% 340V112 V L00% 12V1340 V
90% //e/a"“ L 90% - |
80% 80| 7
0, 0,
0% 5551000 1500 2000 ‘0¥ 500 1000 -1500 -2000
Pyl W Py /W
Lo0% 450V 116 V L00% 16V1450 V
90% o B 90% B
80% // 80% //
0, 0,
0% 5561000 1500 2000 'C”° 500 1000 -1500 -2000
P,/ W Py /W

Figure 4.30: Predicted e ciencies (solid lines) and measured e ciencie s ( )
for di erent operating conditions; the e ciencies are calc ulated with the im-
proved DAB loss model which includes all methods discussed n this Chapter.

The presented loss model facilitates the prediction of the power loss distri-
bution in the converter. In Figure 4.31 the losses for nominal operation are
presented for the PCB, the low and high voltage side MOSFETs, the trans-
former, the inductor, and the auxiliary power supplies that provide the gate
driver power. The LV MOSFETSs dissipate 31 W, for the HY MOSFET s, total
losses of 24 W occur, and the transformer has 22 W of losses.

However, the presented loss model does not include the e ectof the tem-
perature rise on the e ciency. Thus, besides the discussed dectric model, a



Calculated and Measured E ciencies, Phase Shift Modulatio n 153

thermal converter model, which contains accurate informat ion on the temper-
ature dependency of the losses, would be required in order tocalculate the
expected component temperatures [104, 105].

For nominal operation of the DAB, high e ciency of more than 9 0% is
achieved. The e ciency decreases for operating points that diverge signi-
cantly from the nominal operating point (Figure 4.30). The m ain reasons for
the additional power loss arise from the conduction losses due to circulating
transformer currents and increased switching losses on thelV side. A consid-
erable improvement of the converter performance is achieved with optimized
modulation methods where circulating transformer current s and switching
losses are reduced, which is addressed in Chapter 5.

The development of the loss model has shown that the critical parts of the
converter are the resistive losses on the LV side as well as s¥tching losses.
The losses on the LV side are considerably higher than on the HV side, even
though the LV side contains eight switches in parallel and oc cupies twice the
volume of the high voltage side.

Therefore, the following issues must be considered carefuly in the design
of a low voltage and high current converter to achieve high e ciency:

" Circulating transformer currents should be as small as possible.

" The impact of high frequency skin and proximity e ects must be con-
sidered (transformer and PCB).

" LV side switching should occur at low currents.

Maximum Maximum Average Average
relative absolute relative absolute
di erence di erence di erence di erence

Simple Model 56.4% 135w 44.0% 56.3W
Accurate conduction 46.1% 67W 31.1% 39.8W
losses
Accurate conduction | 7 /o, 47TW 6.3% 8.1W
and switching losses
Full model 17.1% 16W 6.0% 71W

(Figure 4.30)

Table 4.2: Dierences between calculated and measured losses.
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Figure 4.31: Calculated distribution of the power losses for operation at
V; =340V, V, =12V, and P, =2kW .

One important aspect is the layout of the LV side PCB in order t o achieve
good current distribution in the PCB and between the paralle | connected
MOSFETs (cf. Appendix A.2.3). On the LV side, the transforme r wind-
ing termination needs to be designed carefully due to high frequency losses
(Appendix A.2.4). A model with calculated resistance and sw itching loss val-
ues can be used in a rst step to design the system and can be rened with
measurement results from a prototype.

4.7 Conclusion

An accurate power loss model for a bidirectional DC-DC converter with a

high current/low voltage port is developed. It shows that sw itching losses
and the LV side conduction losses are most critical for the design of the
converter. Calculated results are compared to measurement obtained from
a 2kW experimental system in order to verify the loss model. B ased on this
model the expected converter e ciency as well as the distrib ution of the power
losses in the converter are calculated. This in-depth knowledge facilitates the
development of e ciency optimized modulation schemes (Section 5.2) and
enables the e ciency optimized converter design presented in Appendix A.2.
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Even though, the discussion's focus is on a high current DAB, the general
nature of the presented methods enables an accurate predicton of the power
losses of other DC-DC converter topologies operated at high switching fre-
quencies; the presented approach is particularly suitable for power converters
that exhibit large current ripples. The method could thus as well be applied to
automotive power converters with high power density [88] or resonant DC-DC
converters with a high current port (Appendix A.4).






Chapter 5

Advanced DAB Modulation Schemes

According to Chapter 3, high transformer and switch RMS curr ents result if
the DAB converter employs the conventional phase shift modu lation. Alter-
native modulation schemes, e.g. the triangular and trapezoidal current mode
modulation schemes (Section 3.1.3, Section 3.1.3, [97]) ad the modulation
schemes with minimum transformer RMS current (Section 3.1. 3), cause lower
RMS currents and thus, lower converter losses are expected.

The DAB converter, however, not only generates conduction | osses: depend-
ing on the actual operating point (given Vi, V2, and Pou ), switching losses
may contribute a considerable percentage of the total losses (Chapter 4).

In the present chapter, in Section 5.1, a suitable extension of the triangular
and trapezoidal current mode modulation schemes is discus&d (Section 5.1.1)
and applied to the DAB loss model (Section 5.1.2). The result ing modulation
schemes are further improved in Section 5.2 based on the ndings obtained
from a thorough optimization of the DAB modulation method wi th respect
to the total converter losses.

5.1 Extended Triangular and Trapezoidal Current Mode
Modulation

Figure 5.1 depicts the converter e ciencies calculated for dierent mod-
ulation schemes, dierent operating voltages, and dieren t power levels
P,. Obviously, compared to phase shift modulation, a major imp rovement
is achieved with the triangular and trapezoidal current mod e modulation
schemes [Figures 5.1 (c) and (d)]} With these modulation schemes, however,

1The e ciency calculation employed to obtain the results dep icted in Figure 5.1 con-
siders the e ect of the linear interpolation, used by the DSP , to determine the actual

157
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Figure 5.1: Comparison of the e ciencies calculated for di erent modul a-
tion schemes and di erent power levels P,; (a) and (b) phase shift modu-
lation (n =19, L = 26:7 H); (c) and (d) triangular and trapezoidal cur-
rent mode modulation schemes according to [97] @ = 19, L = 18:7 H);
(e) and (f) extended triangular and trapezoidal current mod e modulation
schemes (Section 5.1n =19, L = 18:7 H); (g) and (h) suboptimal modula-
tion schemes (Section 5.2.2;n =19, L = 26:7 H). The calculation considers
the e ect of the linear interpolation used by the DSP to deter mine the ac-
tual modulation parameters (Appendix E.2). The e ciency is calculated for
T; =25 C (cf. Chapter 4).
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hard switching processes at zero transformer current occur, which cause high
switching losses on the HV side (cf. Section 4.3.2, Figure 414). The extended
triangular and trapezoidal current mode modulation scheme s discussed in this
Section operate the HV side full bridge with ZVS and thus, fur ther e ciency

improvements are achieved [Figures 5.1 (e) and (f)]. Finally, with the subopti-

mal modulation schemes discussed in Section 5.2.2, conveer e ciencies close
to the optimum e ciencies are achieved [Figures 5.1 (g) and ( h), Figure 5.28].

5.1.1 Working Principle

According to Section 3.1.3, the triangular and trapezoidal current mode mod-
ulation schemes employ 3 di erent operating modes of the DAB :

Mode a: triangular current mode, Vi >nV, » 0< jP] P4 amax

Mode b: triangular current mode, Vi <nVz » 0< jPj Pa pmax

Mode c: trapezoidal current mode,
(V1 >nVy N Py amax < ]PJ PD,max ) —_
(Vi<nVy N Pg pmax < jPj PD,max )

Within the subsequent sections, the 3 operating modes are sgarately im-
proved with respect to converter e ciency; the resulting mo dulation schemes
are termed extended triangular and trapezoidal current mod e modulation
schemes. Due to the implemented changes, however, the trangion conditions
change:

Mode a: extended triangular current mode,
Vaiim >V2 » 0<jPj Ps amax

Mode b: extended triangular current mode,
Vaim <V2 » 0<jPj P4 pmax

" Mode c: extended trapezoidal current mode,
(M2iim >V2 » Ps amax <P Pomax) _
(V2jim <V2 * P4 pmax < JjPj Pamax)

Thus, besides dierent values for Ps amax , P4 bmax , @nd Pp ma , the new
variable Vym is introduced [cf. (5.7) and Figure 5.24].

Since this Section focuses on the working principles of the enployed ex-
tended triangular and trapezoidal current mode modulation schemes, the
lossless electric DAB model is used to generate all equatiors and Figures.
Accordingly, equal power levels occur for port 1 and port 2,i.e.P1 = P, = P.

modulation parameters (Appendix E.2). This causes the irre gular characteristics of the
depicted contour lines.
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Again, positive power values denote a power transfer from port 1 to port 2
(HV to LV) and negative power values denote a power transfer f rom port 2
to port 1 [cf. (3.14)].

Triangular Current Mode Modulation Revisited

Mode a, Vzjm >V2. The unmodied triangular current mode modulation
scheme generates transformer currents according to the curents depicted in
Figure 3.7 and Figure 3.8, i.e. the LV side full bridge solely switches at zero
transformer current causing low switching losses (cf. Section 4.3.3); once per
half period, the HV side full bridge switches zero transform er current, too,
which causes high switching losses (Section 4.3.2).

With respect to low total switching losses, the modulation s cheme needs
to be modi ed, such that the LV side full bridge continues to s witch at zero
current and the HV side full bridge is operated with ZVS. The r equired modi-
cation to the modulation scheme introduces circulating tr ansformer currents
(Figure 5.2), needed to achieve ZVS on the HV side (for the given hardware
prototype, the reduced switching losses more than outweigh the slightly in-
creased conduction losses, cf. Section 5.2.1, Figure 5.17)

With this modi ed triangular modulation scheme, the maximu m achieved
power is far below the maximum possible power of the DAB [cf. (3.27),
Section 3.1.3]. However, di erent to the original triangul ar current mode mod-
ulation, no direct transition to a high power modulation sch eme (e.g. trape-
zoidal current mode modulation) exists; the transition bet ween low and
high power operation rather includes an intermediate modul ation scheme
(Figure 5.3) which considerably increases the complexity of the modulator.

Figure 5.4 depicts a dierent extension of the triangular cu rrent mode
modulation scheme which also enables the actual hardware pmototype to
achieve a high converter e ciency (i.e. considerably highe r than the e ciency
achieved with the unmodi ed triangular current mode modula tion scheme).
The modulation scheme shown in Figure 5.4 furthermore facil itates a seamless
transition to high power modulation schemes (e.g. the extended trapezoidal
current mode modulation scheme discussed below, cf. Figure5.6). There, a
certain transformer current remains during the freewheeli ng time interval,
ts <t < T s=2, which enables ZVS of the HV side full bridge at t = Ts=2; at
t = t1, the LV side full bridge switches at zero transformer curren t is achieved
at t = t;. The implemented modi cation, however, increases the tran sformer
RMS current and causes the LV side full bridge to perform hard switching
processes att = tz and t = t7. Still, with this extended triangular current
mode modulation, increased converter e ciency is achieved (compared to the
original triangular current mode modulation), since the fu Il bridge on the
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Figure 5.2: Modied triangular current mode modulation which enables
HV side ZVS and LV side switching at zero transformer current ; Vi =340V,
V,=12V,P =1kW ,n=19,L =18:7 H, and fs =100kHz.

LV side causes comparably low switching losses when operatd with hard
switching (Figure 4.22).

Based on the lossless electric DAB model, the required duty cycles and the
required phase shift angle are determined with:

1 nVs P ZfSL( |0)
= = + i
D: Vi v, Vi (5.1)
B Vi
D, = VA anl is (5.2)
i s #
fsllo iPj
"= V V Vi (V- V 1+ P .
VYA 1 nV2 1(Vi  nVa) FsLl 2 sgn(P) (5.3)
8 V2 < V2,Iim " P4 ,a,min < ]PJ P4 ,a,max (5-4)

(with given operating voltages Vi and V>, the DAB power level P, and the
current lo = i (0) required to achieve ZVS on the HV side).
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Figure 5.3: Sequence of DAB operating modes required to transit from
low power levels (modied triangular current mode modulati on scheme,
Figure 5.2) to high power levels (extended trapezoidal current mode mod-
ulation scheme, Figure 5.6): (a) maximum power achieved wit h the operating
mode depicted in Figure 5.2 and with T; = 500 ns; (b), (c), and (d) contin-
uously increasing DAB power levels, achieved with the extended triangular
current mode modulation depicted in Figure 5.4; (e) continu ous transition to
the extended trapezoidal current mode modulation (Figure 5 .6); V1 =340V,
V, =12V, n =19, L =18:7 H, and fs = 100kHz; a minimum freewheeling
time of Tf =500 ns is selected in order to obtain a clear illustration.
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Figure 5.4: Extended triangular current mode modulation scheme ( mode a),
which enables ZVS on the HV side and allows for a direct transition to the
extended trapezoidal current mode modulation scheme; Vi = 340V, V, =
12V,P =1kW,n=19,L =18:7 H, and fs = 100kHz.

The operating range is limited according to:

nvV.
P4 amn = \/17:1\/2st| 3, X (5.5)
(an)Z(Vj_ an) V1 nVs
= - - - 4+
P4 amax TRAYA A sL(1  2fsTr)( lo) YAVA
) 2 23VE  3nViVo + (nVy)?!
1 2fsTe)® 4(fsL)I§ ViV ERCYAAE , (5.6)
1
NVzjim = Vi+ — i T (5.7)
L+
Vi L( To) 2fs( To)L

(Ts denotes the minimum length of the freewheeling time interval,
cf. Figure 5.3 (e), [97]).

Mode b, Vaim < V2. For triangular current mode modulation with

Vaim < V2, the HV side full bridge solely switches at zero transformer current
and the LV side full bridge alternately switches at zero curr ent, i.e. I sosw =0,
and at I spsw > O (Figure 3.10 and Figure 3.11; cf. Table 4.1 regarding | s2.sw ).
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Figure 5.5: Extended triangular current mode modulation scheme ( mode b),
which enables ZVS on the HV side for Vo im < V2; Vi =240V, Vo, = 16V,
P=1kW,n=19,L =18:7 H, and fs =100kHz.

Similar to mode a a reduction of the switching losses on the HV side
(i.e. ZVS operation) is achieved with the extended triangul ar current mode
modulation scheme (mode b) depicted in Figure 5.5: the freewheeling current
during t> <t < T s=2 enables ZVS operation on the HV side, however, in-
creases the transformer RMS current and causes hard switching processes on
the LV sideat t = t; and at t = ts.

For a given operating point (given Vi, V2, and P), the required duty cycles
and the phase shift angle are:

_ 1 nVs . 2st( |o)
D1 = nVs Vlj ! nVs V1 ’ (58)
1 Vi L. 2fsL( lo)
D, = = ! s 5.9
257w, v ! V2 Vi . 5-9)
st( |o) nVs V1 ij
RS SR A 1+ —— P NI
Vi vt N feng S0P (5.10)

8 (V2<Vaim “jPj Paamn)_ (V2 Voim *jPj Pas pmax ) (5.11)

[using the lossless electric DAB model, the current 1o = i, (0) required to
achieve ZVS, and (5.7)]. The useful range of the above equatons is limited
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Figure 5.6: Extended trapezoidal current mode modulation scheme, which
enables HV side ZVS and high power operation of the DAB; Vi = 340V,
V, =12V ,P =2:5kW,n=19, L =18:7 H, and fs =100kHz.

with (5.5) and

2 Voo 1 AT (Vo Vl)l 25T,

P4 pmax =4fsLl§ n_Vz 4 sL( o) 4fsL( o)
(5.12)

Extended Trapezoidal Current Mode Modulation

The trapezoidal current mode modulation scheme (Figure 3.12, and
Figure 3.13) requires the HV side full bridge to alternately switch at 1s1.sw =0
(hard switching process) and at Isysw > 0 (ZVS). Similarly, the LV side full
bridge alternately switches at lsy;sw =0 and at Ispsw > O.

In order to avoid hard switching processes on the HV side, the current
lo = i, (0) is shifted accordingly, which, however, causes the transfamer RMS
current to increase and introduces hard switching processes on the LV side
att = t3 and at t = t7 (Figure 5.6). (Again, a minimum freewheeling time
Tr = Ts=2 t3 may be used to avoid overlapping of the transformer voltages
vaci and vacz att = kTs=2, k 2 Z, caused by di erent time delays of the
employed semiconductors; cf. Section 4.3.2 and Section 4.3.)
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Based on the lossless electric DAB model, the modulation parameters of
the extended trapezoidal current mode modulation scheme (mode ¢) for a
given operating point ( V1, V2, and P) are calculated with:

nV2(1 2fSTf)+2fSL( |0) nVs -
D; = A
L Vi + NV, i+ vl b (.13
Vi@ 2fsTy)  2fsL( lo) Vi
D, = TR AL (5.14)

. 2, 2
VZ T ViV,  (V3)? fsTi (VL +(nV2)9)
#

LVE 2L o)V nVa)+(nV2)? (Vi Vo) T

) sgn(P)
(5.15)
8 (V2 < V2,Iim A P4 ,a,max < ]PJ PD,max )_
(V2 V2,Iim A P4 ,b,max < ]PJ PD,max )v (5-16)
using (5.6), (5.7), (5.12), and
f = nVi\e +4st( |0)[V1 nvV; 3st( |o)]
. .Vlz + nViVo + ( nV2)2
4f sLjPj RYAVA

+4fSTf[2fSL( |0)(nV2 V1)+ nV1V2(fsTf 1)] (5.17)

The maximum possible power is limited according to:

nV1Vz

Prmax = AsL(L 2fsT( lo)(Va NV
B = FFLVZ + VaVs ¥ (nvpz] et AU To)(Venvz)

12(FsL)?18 + nViVa(l  2fsTy)? .

(5.18)
Summary of the Extended Triangular and Trapezoidal Current
Mode Modulation Schemes
Very low power operation. At DAB power levels close to zero, the opera-

tion using the mode bextended triangular current mode modulation is always
possible [Figures 5.7 (a) and (b)].2

2 According to Figures 5.7 (a) and (b) almost a trapezoidal cur rent i, results at very
low power operation, due to the current 1o, which is required to achieve ZVS.
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V=400V, V,=11V, P=10W V=240V, V,=16V, P=10W
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Figure 5.7: Extended triangular current mode modulation ( mode b) at very
low power levels: (a) V1 =400V, V, =11V, P =10W and (b) V1 =240V,
V, =16V, P =10W;lo= 4A,n=19,L =18:7 H, and fs = 100kHz.
Only the rst half-cycle is shown; the waveforms repeat with opposite sign
during the second half-cycle. The inductor current i. is almost trapezoidal
at very low power levels, due to the current |, which is required to achieve
ZVS.

Low and medium power operation. With increasing power levels, the
current 1, depicted in Figure 5.8 (a) decreases and becomes zero ajPj =
P4 amin [Figure 5.8 (b)]; simultaneously, t, increases and becomes equal to
Ts=2 TiatjPj = P4 pmax - FOr Vo = Vo im , the power limits P4 amin , P4 amax »
and P4 pmax are all equal, i.e. the useful range ofmode a becomes zero. Con-
sequently, mode a applies for Vo < Vajim and Psamin < jPj < P4 amax
[Figure 5.9 (a)] and mode b applies for V> Voiim and jPj < P4 pmax
[Figure 5.9 (b)].

High power operation. For DAB power levels exceeding P4 amax Of
Pabmax (for Vo < Vajm or Vo Vaim , respectively), the trapezoidal cur-
rent mode modulation scheme (mode ¢) is employed.

Selection of 1o

With the employed HV MOSFETS (CoolMOS SPW47N60CFD) and the s e-
lected dead time used to avoid a shoot-through in the half bri dge (Tgeadime =

200n9, o could be set to 2 A, based on the switching losses depicted in
Figure 4.15. However, di erent to the switching loss measur ement, the current

in the actual DAB may considerably change during the dead tim e interval and

thus, o < 2A is required to obtain ZVS (cf. Section 4.3.2).
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V=240V, V,=11.8V, P=50W V=240V, V,=11.8V, P=415W
400V : 40A 400V | 40A
—Vac1 Vaci

200V = 20A 200V == N - Vg 20A
s =1 N .

T~ L 1—: L

o P 0 L 10
-200V —— -20A  -200V |- T 1 -20A
-4oov0 t‘ ‘t = /240A -4oov0t1 t‘_l_-A}%A
) 1 B2 1ps s () 1 1us 2ls

Figure 5.8: Extended triangular current mode ( mode b) modulation at low

power levels: (&) V1 =240V, Vo = Vajim =11:8V, P =50W <P 4 pmax and
(b) V1 =240V, Vo = Voim =118V, P = Papmax = 415W; o = 4A,
n=19,L =18:7 H,and fs =100kHz. For Vo = V,im and P = P4 pmax , t2
becomes equal toTs=2 T; and |1 = iL (t1) becomes zero. Only the rst half-

cycle is shown; the waveforms repeat with opposite sign during the second
half-cycle.

V=400V, V,=11V, P=500W V=240V, V,=16V, P=500W
400V 40A 400V 40A
Vac1 ‘ CVacl ‘ ]
N - Vaco -N - Vac2
200V i 20A 200V 20A
'4\_ iL / i|_
|0’ | | I O |0’/ | 0
-200V : : : -20A  -200V : -20A
400V —+— L -40A  -400V 1 -40A
(a) Otl t2 t3 1“3 Ts/Z (b) 0 tl tz llJ.S Ts/ 2

Figure 5.9: Extended triangular current mode modulation at medium powe r
levels: (a) mode a Vi = 400V, V, = 11V, P = 500W and (b) mode h
Vi =240V, V, =16V, P =500W; lo = 4A,n=19,L =18:7 H, and
fs = 100kHz. Only the rst half-cycle is shown; the waveforms repeat wit h
opposite sign during the second half-cycle.

The measurement setup depicted in Figure 5.10 (a) is used to determine
reasonable values forlo. During tep <t <t 1a, the full bridge circuit applies
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Figure 5.10: (&) Full bridge measurement setup used to obtain reasonable
values for lo; (b) measured waveforms vaci (t) and i (t) for Vi = 350V,
iL(tz) = 10A, L =20 H, and T; = 25 C: with the selected MOSFETs
(SPW47N60CFD), lo = i (t3) 4 A occurs; (c) gate signals required to
obtain the depicted voltage waveform vaci (t).
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positive voltage to the inductor L in order to increase i, . The subsequent
freewheeling time interval (tia <t <t ) is used to accurately adjust i (t2),
since the inductor current slightly decreases due to resistive losses. Att = t»,
T4 turns o and the body diode of T3 conducts during t <t <t 3 with
ip,T5(t) = iL(t). Consequently, negative voltage, vac1 (t) = Vi, is applied
to L, which causes the inductor current to drop quickly. At t = ts, the diode
reverse recovery charge is removed, the drain-to-source cpacitances of Tz and
T, are charged or discharged, and thus,vaci (t) changes from V; to zero.

The value of the peak reverse current determines the actual value of |g
[i.e. 1o = iL(t3)]; 1o depends on the supply voltage Vi, the current slope
di_ =dt, the initial diode current i_(t2), and the junction temperature T;
(Figure 5.11). Similar to the switching loss measurements, the polynomial
function

lo(diL=dt; V1;iL (t2); Tj) =

a+ by di =dt + b Vi + bz i (t2) + T +
caVidip=dt + coiL(t2)dic=dt + c3Tjdi.=dt +
CaViig (t2) + s V1T + CeTjiL(tz)
(5.19)

with the constant coe cient a, 4 linear terms with the coe cients by, by, b,
and by, and 6 product terms (coe cients c¢;:::Cs), is tted to the measure-
ment data by means of least mean square optimization. The minimum of the
average over all absolute values of the relative error,

X P | 0,calc ;i I 0,meas ;i
Cag = — j@j, g = -2@cl _omesi (5.20)
m iz1 | 0,meas ;i

(m = 99 denotes the total number of measurements; lomeas: and
locac ;i denote the i-th measured and calculated values of I, respectively),
min(eag) 2:5%, is obtained for

a= 269mA,

b =132ns, b, = 5:09mMA=V, b3 =79:8mA=A, b, =0,
¢t = 119psV, ¢, =5:08nsA, c3 = 222 ps=K,

¢ =0, =772 A=(VK), c= 139 10 K . (5.21)

With di_p=dt = Vi=L and for constant L, Tj, and i. (t2), the relation between
Vi1 and o becomes almost linear (Figure 5.12), e.g. forL = 18:7 H, T; =
125 C, and i (t2) = 2A,

lo(Vi)j s 7 1w = LI19A 882mA=V Vi (5.22)
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Figure 5.11: Measured peak reverse currentsi (t3) for dierent supply
voltages Vi, dierent inductances L and dierent junction temperatures Tj;
the measured values are obtained from the full bridge circuit depicted in
Figure 5.10 with CoolMOS SPW47N60CFD MOSFETs being employe d. The
solid lines are calculated with (5.19).
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Figure 5.12: Evaluated polynomial function (5.19) using di_=dt = V=L,
L = 18:7 H, and dierent values for i_(t2) and T;: for constant L, i.(t2),
and T; an almost linear relation between Vi1 and |, results.

results;® for L = 26:7 H, T, =125 C, and i (t2) = 2A, lo(V1) is approxi-
mately given with

lo(Vi)iL cp6 7 1 = O97A  T:4LMA=V Vi, (5.23)

5.1.2 Application of the DAB Loss Model

According to Chapter 4, the lossless DAB model (Figure 3.2) is insu cient
to accurately predict the actual DAB output power Poy [cf. (3.71)]. Conse-
quently, the equations to calculate the DAB control paramet ersDi, D2, and

for a given output power presented in Section 5.1.1 (based onthe lossless
DAB model) cause the DAB hardware prototype to inaccurately setPo,: and
lo.

More precise values for D1, Dz, and ' are achieved with the numerical
solver discussed in Section 4.6.1. On-line parameter calclation, however, is
not feasible due to the limited DSP processing power. Therefore, in a more

3The actually required value of jloj may be lower due to a lower jdi_ =dtj at the
switching instant (i.e. for power being transferred from th e HV port to the LV port,
cf. Figure 5.4 and Figure 5.5); however, for the opposite pow er transfer direction and once
per half-cycle, a switching process similar to the process a tt = ts, depicted in Figure 5.10,
occurs. Thus, in order to cover the worst case, I o is selected according to (5.19) by setting
di_ =dt = V;=L.
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practical approach, the DSP stores the control parameters D1, D,, and ',
precalculated for dedicated output power levels Poy: and voltages Vi and V,,
in three-dimensional tables and employs a fast linear inter polation algorithm
to compute the actually required control parameters (Appen dix E.2).

The o -line calculation of the control parameters consider s the 3 di erent
operating modes of the DAB (i.e. 2 triangular current modes a nd 1 trapezoidal
current mode), separately.

Mode a , triangular current mode (cf. Figure 5.4). In order to reduce

the computational e ort, the time T,, = t1 0O, required to enable ZVS, is

approximated with

Ljloj
Vi

T, = (5.24)

and thus, o
D;=D, 1JaioT,fs (5.25)

applies (cf. Figure 5.4 and Figure 3.3). A numerical search algorithm seeks
for suitable values D, and ' that meet the requirements
Pout (D1;D2;" ) = Pouta , (5.26)
lo(D1;D2;" ) = log (5.27)
8 Va2 < V2,Iim Aj Pout, 4 ,a,min ] < jPoutj J Pout, 4 ,a,max ] (5-28)
in order to achieve the designated output power Powq and the designated
freewheeling current 14 4

The numerical solver as well computes Pout, 4 amin  @nd Pout, 4 ,amax : for
Pout, 4 :amin » D1 D2 = Ty, fs applies; thus, using (5.25),

[lo(D1;D2;" )= log " D1= D2+ Ti,fs™' = Ti,fssgn(Poutd )]
, Pouwt(D1;D2;" )= Pou, 4 :amin , Search variable: D», (5.29)
needs to be solved with respect toPout, 4 :amin - At Pout = Pout 4 ,amax »
N A, = I A 1
[lo(D1;D2;" )= lgg " D1=D2 —+2T,fs” D2 >

, Pouwt(D1;D2;" )= Pout 4 amax , Search variable:' , (5.30)

(Tip + T)fsg]

applies.

The calculation of V,im is discussed in the next paragraph, sinceV, =
V,im causes the DAB to operate exactly at the border between mode a and
mode h

“Dierent to Section 5.1.1, the values of the limiting power | evels Pou, 4 amin »
Pout, 4 amax + Pout, 4 bmax ,and P .~ . now depend on the direction of power transfer.
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Mode b, triangular current mode (cf. Figure 5.5). With (5.24),

D,=D, 1! (5.31)

results; a numerical search algorithm determines the appropriate values for
D; and ' that satisfy (5.26) and (5.27) within

(VZ < V2,Iim Aj Poutj J Pout, 4 ,a,min ]) _ (VZ V2,Iim Aj Poutj J Pout, 4 b,max ])

(5.32)
The maximum allowable power Pou, 4 pmax 1S Obtained from
Ty Al - 1 AR - i
lo(D1;D2;" )= log ~ D1 = > Tifs"D2=D1 —
. Pout (D1;D2;" )= Pou, 4 pmax , S€arch variable:' . (5.33)

A slightly more complex procedure is needed to obtain Vym : unlike (5.7),
Vojim how as well depends on the actual value of Pouq , due to resis-
tive losses and due to the magnetizing current. First, Pout, 4 vaimmax =
Pout, 4 bmax (V2 = Vaim ) is calculated; there (5.29), (5.30), and (5.33) are
simultaneously valid (cf. Section 5.1.1) and with (5.24) an d constant Vi, a
constant phase shift angle and constant duty cycles result. The numerical
solver hence needs to varyV; in order to determine Poy, 4 vaimmax and the
corresponding Vzim (Pout, 4 v2immax ) in compliance with

h
lo(D1;D2;5V 2) = log »

- 1 A - 1 A= !
Di=3 Tifs"D2=35 (To+T)fs™' = Tiofsson(Poua)

h i
v V2 = Voiim (Pout, 4 valimmax ) ™ Pout (D1;D2;"V 2) = Pout, 4 vaimmax
search variable: V,. (5.34)

For jPoutd ] | Pout, 4 vaimmax ], (5.34) already determines the correct Va,jim -
For jPoutd j < jPout, 4 vaimmax j and with (5.24) and (5.31),

h
Pout (D1;D2;V 2) = Poud ™ lo(D1;D2;%V 2) = log *
- i
D>, = D1 Ve o T, Fssgn(Poutd )
, V2 = Vajim (Poutd ) 8 JjPoutd J < jPout, 4 vaimmax j
(search variables: D1, V2) (5.35)

applies, which is used to compute Va2 jim (Poutd )-
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Mode c , trapezoidal current mode (cf. Figure 5.6). The trapezoidal
current mode modulation scheme employs

Di+Do=1 1 omfs (5.36)
8 (VZ < V2,Iim Aj Pout, 4 ,a,max ] < ]PJ J Pout, [, max ])_

(V2 Vaim "jPout, 4 bmax ] < jPj J Pout nmax i) (5.37)
whereas the maximum possible output power, jPy, 1 max j, iS obtained using

a numerical maximum search. For practical reasons, the sum D1 + D, and
the weighting factor a,

D12 = D1+ Dg, (5.38)
D1

a= —, 5.39

DL (5.39)

are used instead ofD; and D,. With (5.36) and (5.38), the numerical solver
adjusts ' and a in order to meet (5.26) and (5.27).

5.1.3 Measurement Results

In Figure 5.13, the waveforms of vaci (t), vacz (t), and ii1 (t), calculated with
the numerical solver outlined in Section 4.6.1, are compared to the measured
waveforms at Vi = 340V, Vo, = 12V, and P, = 2kW (extended triangular
current mode modulation). The very good matching of calcula ted and mea-
sured waveforms [in particular regarding the current i 1 (t)] is essential with
respect to an accurate prediction of the expected converter e ciency.

The converter e ciencies achieved for the DAB converter des igned in
Appendix A.2 (i.,e. n =16 and L =15:5 H) and with the extended triangular
and trapezoidal current mode modulation schemes are depicted in Figure 5.14
(measured at Tj 25 C, cf. Chapter 4): compared to phase shift modulation
(Figure 4.30), increased converter e ciencies are achieved for most operating
points, in particular at power levels considerably below th e rated power of
2kW.

5.2  Minimum Loss Modulation

The extended triangular and trapezoidal current mode modul ation schemes,
developed in Section 5.1, facilitate a considerably more e cient converter op-
eration than phase shift modulation (for most operating poi nts, in particular

at low power levels). The extended triangular and trapezoid al current mode
modulation schemes, however, are developed based on the ndhgs discussed
in Section 4 rather than on an extensive e ciency optimizati on; in retrospect
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Figure 5.13: (a) Calculated (cf. Section 4.6.1) and (b) measured voltage
and current waveforms obtained with the extended triangula r and trapezoidal
current mode modulation schemes forV; =340V, V, =12V ,and P, = 2kW ;
for all measurements, the e ciency optimized DAB design wit h n = 16 and
L =15:5 H is employed (cf. Appendix A.2).
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Figure 5.14: Predicted e ciencies (solid lines) and measured e ciencie s ( )
obtained with the extended triangular and trapezoidal curr ent mode modu-
lation schemes (Tr = 50 ns) and for di erent operating conditions; the e -
ciencies are calculated with the full DAB loss model discussed in Section 4;
for all measurements, the e ciency optimized DAB design wit h n = 16 and
L =15:5 H is employed (cf. Appendix A.2); the e ciency is measured ac-
cording to Chapter 4, i.e. T; 25 C.
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on the ndings presented in Chapter 3 it is conceivable that m ore e ective
DAB modulation schemes exist.

For a particular operating point (i.e. given Vi, V2, and Poy ), the optimal
DAB converter parameters ', D1, and D, (with respect to maximum e -
ciency) are calculated according to the optimization proce dure discussed in
Section 3.1.3 using the numerical solver discussed in Sectn 4.6.1. The re-
sult of this optimization procedure reveals, that the optim al operation of the
DAB within the speci ed operation ranges ( Vi, V2, and Poy ) requires fun-
damental mode transitions, which cause steps in the control parameters (' ,
D;, and D) and consequently increases the controller complexity.> However,
with a minor decrease of the DAB e ciency being tolerated, es pecially at
low output power, suboptimal modulation schemes with conti nuous control
parameter functions are feasible, and still, converter operation close to maxi-
mum e ciency is achieved.

5.2.1 Numerical E ciency Optimization

In order to determine a modulation strategy with respect to m aximum con-
verter e ciency, 100 particular operating points (Table 5. 1) are optimized
using the numerical solver and the loss model discussed in Setion 4. The
presented discussion summarizes the obtained results baseé on 12 represen-
tative operating points:

"V, =340V, Vo =12V, Pow = 200W (Figure 5.17),

" Vi =340V, V2 =12V, Pou 1kw (Figure 5.15),
" Vi =340V, V2 =12V, Pow = 2kW (Figure 5.16),
" Vi =240V, V2 =11V, Pow = 2kW (Figure 5.19),
" V1 =240V, V2, =16V, Poyt =200W [Figure 5.20 (a)],

" V1 =240V, Vo, =16V, Pow = 1kW [Figure 5.20 (b)],

" Vp =240V, Vo =16V, Pox = 2kW (Figure 5.21).

5Due to the discontinuities in the control parameter functio ns, the inductor currents,
the switching currents, the transformer magnetization, an d the DAB e ciency change
discontinuously, as well. The mentioned mode transitions t hus need to be carefully con-

sidered in order to achieve a stable DAB operation.
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Optimal DAB operation at V1 =340V and V, =12V

If the DAB is operated with maximum e ciency at Vi =340V, V, =12V,
and Poyt = 1KkW, a DAB inductor current waveform i_, (t) similar to the
inductor current achieved with the extended triangular cur rent mode mod-
ulation scheme results (Figure 5.15); merely, the LV side switch current at
t = t1 in Figure 5.15 (a) is equal to

I S2,sw,0pt 20A (5.40)

giving minimum switching losses (Figure 4.22).

The DAB exceeds the power limit of the triangular current mod e mod-
ulation at rated output power, Pow = 2kW (Figure 5.16), however, the
obtained optimal modulation strategy is di erent to the tra pezoidal current
mode modulation, but rather similar to the optimal transiti on mode modula-
tion presented in Section 3.1.3. For Pouww = 2kW, the optimization algorithm
employs D, = 0:5 and adjusts D1 and ' in order to simultaneously obtain
the required output power, low conduction losses on the LV side, and low
switching losses on the LV side (i.e. minimum LV side inducto r RMS currents
are achieved, taking | s2,sw,opt 20 A into account).

At low output power levels, the most e cient modulation meth od
(Figure 5.17) is similar to the method illustrated in Figure 5.2, due to low
switching and conduction losses: compared to the extended triangular cur-
rent mode modulation, only a small inductor current circula tes during the

V1 Vo Pout
1 340V 12v 200w, 500w, 1kw, 1L5kw, 2kw
2 240V 11V 200w, 500W, 1kwW, 15kW, 2kw
3 240V 135V 200w, 500w, 1kw, 1L5kw, 2kw
4 240V 16V 200w, 500W, 1kwW, 15kW, 2kw
5 345V 11V 200w, 500w, 1kw, 1L5kw, 2kw
6 345V 135V 200W, 500W, 1kwW, 15kW, 2kw
7 345V 16V 200w, 500W, 1kwW, 15kW, 2kw
8 450V 11V 200w, 500w, 1kw, 1L5kw, 2kw
9 450V 135V 200w, 500W, 1kwW, 15kW, 2kw
10 450V 16V 200w, 500w, 1kw, 1L5kw, 2kw

Table 5.1: For these 100 operating points, the optimal control paramet ers
D1, D2, and ' are calculated with respect to maximum e ciency; the result s
are given in Table 5.2.
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Figure 5.15: Calculated waveforms vaci (t), vVacz (t), and i, (t) for maximum
eciency at (&) Pouw = P2 = 1kW, and (b) Pouw = P1 = 1kW; V; =
340V, V, =12V, n =19, L =26:7 H, and fs = 100kHz; due to the large
magnetizing inductance (Lm =2:7mH), i, iL,=n applies.
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Figure 5.16: Calculated waveforms vaci (t), vVacz (t), and i, (t) for maximum
eciency at (&) Pouw =2kW , and (b) Powx = 2kW;V; =340V, V, =12V,
n=19,L =26:7 H,Lm =2:7mH, and fs = 100 kHz.
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V1 =340V, V,=12V, P,=200W V; =340V, V,=12V, P, =-200W
I I
-V, V,
300vH—H 30A  300VHF 30A
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100V | 10A 100V | 10A
i1 .

0 = Ly N i </ -t 0 ‘-/ILZL"\‘ i/\\ -t
-100VH—+——— +—{-10A -100V|—+—|+—— ; -10A
200Vt {204 200V} it {-20A
-300VH—+ -30A  -300V}|—+—+ -30A

i % ; T ; % ; T —|
(a) Otl Lt Tslz 21s TS (b) 0 1, Lt T5/2 21s Ts

Figure 5.17: Calculated waveforms vaci (t), vVacz (t), and i, (t) for maximum
eciency at (a) Pouw = 200W, and (b) Pox = 200W; V; =340V, V, =
12V, n=19,L =26:7 H,Lyw =2:7mH, and fs =100kHz.

freewheeling time interval [t3 <t<T =2 in Figures 5.17 (a) and (b)] and the
LV side full bridge switches with | s2,sw,0pt . With this modulation scheme, how-
ever, discontinuous control parameters D1, D2, and ' result [Figure 5.18 ()
for Pout between800 W and 900 W], which presents di culties to the practical
implementation (e.g. a particular sequence of di erent mod ulation schemes
needs to be implemented in order to avoid the depicted discontinuities,
cf. Figure 5.3). Therefore, at low power levels, the extended triangular current
modulation scheme depicted in Figure 5.15 is preferred.

Optimal DAB operation at Vi1 =240V, Vo, =11V, and Powt = 2kW

At V; =240V, V., =11V, and Po,: = 2kW, the DAB operates close to its
maximum possible power [cf. Table 1.4 and (3.15)]. There, according to the
optimization procedure discussed in Section 3.1.3, phase hkift modulation is
employed to achieve minimum inductor RMS currents. The actu al e ciency
optimization based on the DAB loss model (Section 4), however, identi es
D1 = 0:5 and D, < 0:5 to yield most e cient converter operation at very
high power levels (Figure 5.19), due to a reduction of the LV side switching
losses.
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Figure 5.18: (a) Duty cycles D1 and D» required in order to achieve maxi-
mum converter e ciency for Vi =340V, V, =12V, and power being trans-
ferred from the HV port to the LV port: for Poy between 800 W and 900 W,
a large step occurs [a second step oD, occurs between1:6 kW and 1:7 kW,
which is, however, covered using linear interpolation, cf. (5.50)]; (b) D1 and
D, for maximum converter e ciency, Vi =240V, V, = 16V, power being
transferred to the LV port: for Pou between 1:2kW and 1:4 kW, D2(Pout )
changes considerably. Employed DAB: n =19, L =26:7 H.
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V1 =240V, V,=11V, P,=2kW V, =240V, V,=11V, P, =-2kW
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Figure 5.19: Calculated waveforms vaci (t), vVacz (t), and i, (t) for maximum
eciency at (&) Pow =2kW , and (b) Pour = 2kW;V; =240V, V, =11V,
n=19,L =26:7 H,Lm =2:7mH, and fs = 100 kHz.

Optimal DAB operation at V1 =240V and V, =16V

At Vi = 240V, Vo, = 16V, and Poyw = 200W or Poyw = 1kwW
(Figure 5.20), the optimization algorithm suggests the DAB operation
mode 1b [Figure 3.15(i)] to be used, since minimum switching losses are
achieved, there. However, similar to the DAB operation at Vi = 340V,
Vo, =12V, and Po,« = 200W, di culties arise with respect to the practical
realization and the complexity required to calculate the mo dulation param-
eters increases [e.g. forPo between 1:2kW and 1:4 kW in Figure 5.18 (b)].
Since the e ciency achieved with the extended triangular cu rrent mode mod-
ulation (mode b, Section 5.1.1, Figure 5.5) is close to the maximum achievable
e ciency [cf. Figure 5.28 (b) for Pox < 1:2kW], the less complex extended
triangular current mode modulation is preferred over the mo dulation method
suggested by the numerical optimization algorithm.

The DAB exceeds the maximum possible output power of the extended
triangular current mode modulation (mode b) at V; =240V, V, =16V, and
Poit = 2kW. There, D1 =0:5 and D, < 0:5 result for maximum e ciency
(low conduction losses and low switching losses are achieve, cf. optimal DAB
operation at V, =240V, V, =11V, and Pouit = 2kW).
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Figure 5.20: Calculated waveforms vaci (t), Vacz (t), and i, (t) for maximum
eciency at (a) Pow =200W, and (b) Pouw =1kW ; V; =240V, V>, =16V,
n=19,L =267 H,Ly =2:7mH, and fs = 100kHz.
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Figure 5.21: Calculated waveforms vaci (t), vVacz (t), and i, (t) for maximum
eciency at (&) Pow =2kW , and (b) Powx = 2kW;V;=240V,V, =16V,
n=19,L =26:7 H,Lm =2:7mH, and fs = 100 kHz.
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5.2.2 Suboptimal Modulation Schemes

The discussions presented in Section 5.2.1 enable the devepment of subop-
timal modulation schemes, which facilitate the DAB to be ope rated close to
its maximum e ciency.

The proposed modulation schemes try to minimize the impact o f the most
important DAB loss mechanisms:

" conduction losses,
" HV side switching losses (ZVS is required), and

" LV side switching losses [during switching, large current s should be
avoided; switching processes withlszsw = I s2,swopt » Cf. (5.40), generate
minimum switching losses].

Suboptimal DAB Operation at Low Power Levels

According to Section 5.2.1, the extended triangular curren t mode modulation
scheme is employed at low output power levels. The results ofthe optimization
procedure discussed in Section 5.2.1 suggest to select thealue of the circu-
lating current, 1o, as small as possible to achieve low conduction losses and
ZVS on the HV side; | is therefore selected according to (5.23). The results of
the optimization further suggest to employ LV side ZVS with sz sw,opt , SiNce
lowest losses occur, there. Thus, a modi ed value is used forT,, [cf. (5.24)],

L (jloj + %)

-|—|0 = V1

(5.41)

(on the assumption of negligible magnetizing currents and negligible losses
during 0<t<T ;).

The applicable power range of the extended triangular curre nt mode mod-
ulation is given with (5.28) and (5.32):

(J Poutj J Pout, 4 ,a,max j/\ Va2 < V2,Iim )_ (J Poutj J Pout, 4 b,max j/\ V2 V2,Iim )
(5.42)

Suboptimal DAB Operation at High Power Levels

For power levels exceeding the limits given with (5.42), the modulation
modes 3b or 7b (depending on the direction of power transfer) are em-
ployed [cf. Figures 3.15 (k) and (I)]. ¢ Thus, the minimum freewheeling time T,

6The presented explanation con nes to a power transfer direc tion from the HV port
to the LV port.
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needed to obtain Poyt, 4 amax and Pout, 4 bmax , iS Set to zero in order to facili-
tate a seamless transition between the extended triangular current mode mod-
ulation schemes and the suboptimal high power modulation schemes based on
modulation modes 3b or 7b. The proposed high power modulation schemes
furthermore require the calculations of D1, D,, and ' to be considered sepa-
rately for V, V2,Iim and V; < V2,Iim .

Vo V2,Iim (Figure 522) At Pout = Pgu[' 4 b,max and with T; = 0, the
duty cycles D; =0:5 and D, < 0:5 result [Figure 5.22 (a)]; furthermore, hard
switching occurs onthe LV side at t = t1 = 0 with lsosw, 4 bmax = iL,(0) < O.
With increasing output power D» and ' increase, and the current i, (t1)
becomes equal tol s2swopt @t Pout = Poutoptb,min  [Figure 5.22 (b)]:
[iL,(D1;D2;5t =0)= log MiL,(D1;D2;t = t1) = lsaswopt » D1 =0:5]
, Pou(D1;D2;" ) = Poutoptbmin , Search variables:D2, ' . (5.43)

For jPout, 4 bmax | < jPoutj | Poutoptbmin J, @ numerical search algorithm
seeks for suitable values ofD, and ' (Di remains equal to 0.5) in order to
satisfy

Pout (D1 =0:5;D2;" ) = Pouta ,
iL,(D1=0:5D2;t =t1)= lsaswd
8 V2  Vajim "jPou, 4 pmax | < jPout] ] Pouoptomin j (5.44)
employing a linear transition for the LV side current i_, (t1),

Isoswd = ls2sw, 4 bmax + (I S2,sw,0pt I s2,5w, 4 b,max )

Pout,d Pout, 4 ,b,max

(5.45)

Pout,opt,b,min Pout, 4 b,max

The maximum achievable output power, Poumax , iS approximately deter-
mined using phase shift modulation and a numerical maximum s earch:

(D1 =0:52D,=0:5), Poutmax max[Pout (D1;D2;" )], search var.:" .
(5.46)
For output power levels between Poutoptbmin ~ @and Poutmax , D1 = 0:5 re-
mains and D, and ' are adjusted in order to obtain the required output
power and maximum e ciency, provided that the LV side switch ing current
is2(t1) = iL,(t1) remains greater or equal than lszswopt [Figure 5.22(c)],
i.e. a numerical search algorithm seeks forD, and ' in order to satisfy:
Pout (D1;D2;" ) = Poutd .
(D1;D2;" )=max[ (D1;D2;" )],
iL,(D1;D2;5t = t1) > 1 s2.swo0pt
8 V2 V2,Iim Aj Pout,opt,b,min J < jPoutj J Pout,max ] (5-47)
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Figure 5.22: Calculated waveforms vaci (t), Vacz (t), and i., (t) for Vi
240V and V., = 16V, using the suboptimal modulation schemes: (a) Pout
L:AKW, (b) Powt =1:5kW,and (¢) Powt =2:5kW;n =19,L =26:7 H,Ly =
2:7mH (thus, iL, iL,=n applies), and fs = 100 kHz; Figures (a) and (b) de-
pict the limits of the respective operating modes: (@) Pout = Pout, 4 bmax ;
(b) Pout = Pout,opt,b,min
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Vo < V2,Iim (Figure 523) At Pout = Pgu[' 4 amax » D; < 0:5and D, <
0:5 result (due to the time interval 0 <t < T ,,, required to generate the
freewheeling current 1o). Moreover, hard switching occurs on the LV side,
e.g. att = 0, with Ispsw 4 amax = iL,(0) < O [Figure 5.23(a)]. If jPoutj
exceedsjPoyt, 4 amax J, the conditions D, = 0:5, i., (0) lod, and i, (t1) =
Is2swopt Need to be satis ed in order to achieve low conduction losses and
low switching losses; the respective minimum power level Poutoptamin IS thus
determined using

[iL,;(D1;D2;t =0)= loag " iL,(D1;D2y"t = t1) = Iszswopt » D2 =0:5]
, Pout (D1;D2;" ) = Poutoptamin , Search variables:D1;' . (5.48)

The resulting voltage and current waveforms for V; =340V, V, =12V, and
Pout = Poutoptamn  are depicted in Figure 5.23 (b). For output power levels
between Pou, 4 amax and Poutoptamin , the modulation parameters D1, Do,
and ' are calculated using

Pout (D1;D2;" ) = Poutd ,
iLl(Dl;Dz;';t =0): lo,
iL,(D1;D2;t = t1) = Is2swd

8 V2 < V2,Iim Aj Pout, 4 ,a,max ] < jpoutj J Pout,opt,a,min J (5-49)

For the LV side current i, (t1), a linear transition is employed:

I Ss2,sw,d = | S2,sw, 4 ,a,max + ( | S2,sw,0pt I S2,sw, 4 ,a,max )
Pout,d Pout, 4 ,a,max
. (5.50)
Pout,opt,a,min Pout, 4 ,a,max

With increasing output power, D, = 0:5 is kept constant and D1 and '
are calculated in order to satisfy

Pout (D1;D2;" ) = Poutd .
iL,(D1;D2;5t = t1) = Is2swopt
8 V2 < V2,Iim Aj Pout,opt,a,min ] < jpoutj J Pout,opt,a,hi J (5-51)

At jPout j = jPoutoptani j, D1 is equal to 0.5 [Figure 5.23 (c)]:

[iLz(Dl; DZ; ';t = tl) = |S2,sw,opt n D1 =0:5" D2 = 05]
, Pout(D1;D2;" ) = Poutoptani . Search variable:' . (5.52)

If the required output power level exceeds Poytoptahi , D2 < 0:5 is em-
ployed in order to reduce the LV side switching losses [Figure 5.23 (d)]. With
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Figure 5.23: Calculated waveforms vaci (t), Vacz (t), and i, (t) for DAB
operation at V1 = 340V and V, = 12V, using the suboptimal modulation
scheme: (@) Pouw = 1:7kW, (b) Powr = 1:8kW, (¢) Pow = 2:1kW, and
(d) Pouw =2:5kW; n =19, L =26:7 H,Lm =2:7mH (thus, i, iL,=n
applies), and fs = 100 kHz; Figures (a), (b), and (c) depict the limits of the

respective operating modes: (a) Pout = Pout, 4 ,amax ; (0) Pout = Poutoptamin ;
(€) Pout = Poutoptahi
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Operational Modes of the DAB faf; = 260V
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= Mode d: (Pout,!,b,max <Pout" Pout,opt,b,mir) * (VZ > V2,|im)

Figure 5.24: DAB operating modes for V; = 260V, dierent voltages V-,
di erent output power levels Pout, N =19, and L =26:7 H; mode d denotes
the voltage sequences 3b or 7b [depending on the direction ofpower transfer;
Figures 3.15 (k) and (I)]; mode c would denote the trapezoidal current mode
modulation and is not used for the suboptimal current mode mo dulation.

decreasing D», however, the inductor RMS currents 1., and I, increase.
Thus, D, and ' are determined with respect to maximum total e ciency:
Pout (D1 =0:5;D2;" ) = Poutd »
(D1 =0:5;D2;" )=max[ (D1=0:5;D2;")l,
iL,(D1=0:5D2; 5t = t1) > s2swopt
8 V2 <Vajim "jPoutoptahi j < jPoutj j Poutmax j. (5.53)

Summary on the Suboptimal Modulation Schemes

Figure 5.24 presents an overview over the di erent operatin g modes employed
for the suboptimal modulation schemes detailed in this Section (Vi =260V,
11V Vo 16V,0 Pou L:5kW).



Minimum Loss Modulation 191

At low power levels (i.e. jPoutj < Pou, 4 amax OF jPout] < Pou, 4 bmax )
the extended triangular current mode modulation schemes are employed (ei-
ther mode a for Vo < Vyjm or mode b for Vo > Vaim ). At high power
levels, the voltage sequences 3b or 7b [depending on the diretion of power
transfer; cf. Figures 3.15 (k) and (l)], denoted with mode d in Figure 5.24,
are used. The maximum power achieved with the extended trian gular current
mode modulation schemes, however, is slightly smaller than the minimum
power achieved with the high power modulation schemes (i.e. jPout,optamin  j Or
JPoutoptbmin ], depending onV2=V; im ) and therefore, the missing power levels
are covered usingmode d converter operation and linearly interpolated mod-
ulation parameters. Furthermore, for V. < Vyim , the casesjPoutoptamin | <
jPout] | Poutoptani Jand jPoutj > jPoutoptani J are treated separately in order
to achieve a reduction of the switching losses on the LV side.

5.2.3 Results

In order to compare the improvement achieved with the extend ed triangular
and trapezoidal current mode modulation schemes and the suboptimal mod-
ulation schemes, the average e ciencies, calculated over the operating points
listed in Table 5.1, are depicted in Figure 5.25 (the calculated e ciency val-
ues are given in Table 5.2). Furthermore, the losses calculaed at the edges of
the speci ed voltage operating range are depicted in Figure 5.26 for di erent
output power levels and power being transferred to the LV por t.

With respect to the speci ed voltage and power ranges (Table 1.4), phase
shift modulation obviously results in the lowest average e ciency. A signi -
cant improvement is achieved with the extended triangular a nd trapezoidal
current mode modulation being employed; there, the calculated average ef-
ciency [Figure 5.25 (d)] increases from 83:5% to 89:0%. For most operat-
ing points, further e ciency improvements are achieved wit h the subopti-
mal modulation schemes (Section 5.2.2) and the optimal modulation schemes
(Section 5.2.1): the respective average e ciencies increase to — = 90:3% and
— = 91:6% [Figure 5.25(d)]. However, for Vi = 240V, V, = 11V, and
Pout = 2kW , a power dissipation of P, = 253 W s calculated for the extended
trapezoidal current mode modulation scheme whereasP; = 291 W results with
the suboptimal modulation scheme [cf. Figure 5.25(c) and Figure 5.26 (a)].
The reason for this result is the reduced inductance required to achieve
2kW output power for the extended trapezoidal current mode modu lation
(L = 18:7 H). Thus, at a given operating point, xed duty cycles D; and
D,,and L =18:7 H, the employed phase shift angle' is less than the phase
shift angle required for L = 26:7 H. Consequently, at high power levels, a
decrease of the transformer RMS currents may be achieved by educing the
inductance values: with L = 18:7 H, V3 =240V, Vo, =11V, Powt = 2kW ,
and the suboptimal modulation schemes being employed, the total losses de-
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Figure 5.25. Calculated mean e ciencies for the dierent modulation
schemes [phase shift modulation, extended triangular and trapezoidal current
mode modulation (Section 5.1), suboptimal modulation (Sec tion 5.2.2), and
optimal modulation (Section 5.2.1)], averaged over all regarded voltages V;
and V, (cf. Table 5.2) and di erent output power levels: (a) Pow = 200W,
(b) Pour = 1kW, (c) Pouw = 2kW, (d) average e ciency regarding all 100
operating points given in Table 5.2; n =19, Ly =2:7mH, and fs = 100 kHz;
L = 26:7 H applies for Figures (a), (c), and (d); L = 18:7 H applies for
Figure (b).
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Figure 5.26: Calculated total converter losses for the di erent modulat ion
schemes [phase shift modulation, extended triangular and trapezoidal current
mode modulation (Section 5.1), suboptimal modulation (Sec tion 5.2.2), and
optimal modulation (Section 5.2.1)], power being transfer red to the LV port,

and di erent operating points: (a) Vi =240V, V, =11V, (b) V1 = 240V,
V. =16V, (c) V1 =450V, V, =11V, (d) V1 =450V, V, =16V ; n = 19,
Lm =2:7mH, and fs = 100kHz; L = 26:7 H applies for phase shift mod-
ulation, suboptimal modulation, and optimal modulation; L = 18:7 H is
required for the extended triangular and trapezoidal curre nt mode modula-
tion.



194 Advanced DAB Modulation Schemes
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Figure 5.27: E ciencies obtained with Vi =240V, V> =11V, Powt =2kW ,
n = 19, and fs = 100kHz for di erent modulation schemes and di erent
inductance values: at high power levels and low DC voltages Vi and V,, the
losses decrease with decreasingi, due to a reduction of the transformer RMS
currents.

crease from291 W to 162 W (Figure 5.27). A reduction of L, however, causes
a reduced average e ciency at low and medium power levels if t he DAB con-
verter is operated within wide input and output voltage rang es! Therefore,
L is designed with respect to maximum average e ciency (Appen dix A.1).

In Figure 5.28, the e ciency achieved with the suboptimal mo dulation
scheme is compared to the maximum achievable e ciency and th e e ciency
achieved with phase shift modulation. Moreover, two di ere nt operating volt-
ages are considered in Figure 5.28V; = 340V, V., = 12V [Figure 5.28 (a)]
and V1 =240V, V, =16V [Figure 5.28 (b)]. For V1 =340V, V, =12V, and
phase shift modulation, high e ciency is only achieved for Poyw > 2kW. In
contrast, with the suboptimal modulation schemes (detaile d in Section 5.2.2),

" Consider, for example, phase shift modulation at zero outpu t power (i.e. Figure 3.4
with T = 0). There, the inductor current changes according to the se cond equation given
in (3.11) and therefore, the inductor RMS current is proport jonal to jVi1 nVaj=L.
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the DAB converter operates close to the maximum achievable e ciency. Due
to the use of the extended triangular current mode modulatio n at low and
medium power levels the e ciency is approximately 1% to 2% be low the
maximum possible e ciency for Pow: < 1000W and less than 1% below the
maximum achievable e ciency for Poy > 1000 W [Figure 5.28 (a)].

With the calculation procedure outlined in Section 4.6.1, e mployed to ac-
curately predict the converter e ciency for the dierent op erating points,
good matching between calculated and measured waveforms isachieved
(Figure 5.29). Thus, the calculated current RMS values (req uired to calcu-
late the conduction and copper losses) and the instantaneous current values
(needed to calculate the switching losses) are close to the alues obtained with
the DAB hardware prototype.

The converter e ciency is measured for the suboptimal modul ation
schemes and di erent operating points in order to verify the calculated results
(for these measurements the optimized DAB designed in Appendix A.2 with
n =16 and L =22:4 H is employed; the e ciency measurement is conducted
at room temperature according to Chapter 4). Figure 5.30 ill ustrates the re-
sult; the -symbols indicate measured values and solid lines denote tte calcu-
lated e ciencies. The depicted results show good matching b etween calculated
and measured results; accordingly, the employed loss model(Chapter 4) and
the numerical calculation outlined in Section 4.6.1 are adequate for determin-
ing the suboptimal modulation schemes. Finally, the e cien cies calculated
within the input and output voltage ranges specied in Table 1.4 are de-
picted in Figure 5.31 for the optimized DAB with n =16 and L =22:4 H
and for di erent output power levels (cf. Figure 5.1).

5.2.4 Conclusion

With the presented modulation schemes, converter operation close to maxi-
mum converter e ciency is achieved:

" the extended triangular and trapezoidal current mode modu lation
schemes facilitate a comparably simple and intuitive metho d to ob-
tain the modulation parameters D1, D2, and ' ; however, the achieved
average converter e ciency [cf. (A.1)] is slightly less tha n the av-
erage e ciency achieved with the suboptimal modulation sch emes
(Appendix A.2);

"~ the suboptimal modulation schemes achieve a converter e ¢ iency close
to the maximum converter e ciency (Figure 5.28), though, co mpared
to the extended trapezoidal current mode modulation scheme, the cal-
culation of D1 and D is considerably more complex.

The key achievements with these modulation schemes are:
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Figure 5.28: E ciencies calculated for di erent modulation schemes and
two di erent operating points: (&) Vi1 =340V, V, =12V and (b) V1 =240V,
V> = 16V ; the solid line denotes the maximum achievable e ciency cal culated
according to Section 5.2.1, the dashed line denotes the e ciency achieved
with the suboptimal modulation schemes (Section 5.2.2) and the line with
alternating dashes and dots marks the e ciency obtained wit h phase shift
modulation. With the optimized modulation scheme, highly e cient converter
operation, close to maximum e ciency, is achieved (n = 19, L = 26:7 H,
T, =25 C).
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Figure 5.29: (a) Calculated and (b) measured voltage and current wavefor ms
obtained with the suboptimal modulation schemes for Vi =340V, V, =12V,
and P, = 2kW ; for all measurements, the e ciency optimized DAB design
with n =16 and L =22:4 H is employed (cf. Appendix A.2); at the nominal
operating point, the instantaneous switch current during s witching of the
LV side switches is close to zero and therefore, the overvoltage switching spikes
contained in the calculation of vacz (t) (Section 4.3.3) are almost negligible.
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Figure 5.30: Predicted e ciencies (solid lines) and measured e ciencie s ( )
obtained with the suboptimal modulation schemes and for di

ing conditions; the e ciencies are calculated with the full

erent operat-

DAB loss model

discussed in Section 4; for all measurements, the e ciency optimized DAB
design with n =16 and L =22:4 H is employed (cf. Appendix A.2).
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Figure 5.31: E ciencies predicted for the optimized DAB with n = 16
and L = 22:4 H within the input and output voltage ranges specied in
Table 1.4, dierent output power levels, and dierent direc tions of power
transfer (cf. Appendix A.2): (a) LV LV, Powr = 1kW ; (a) HV LV,
Pout = 1kW ; () LV HV, jPoutj = 1kW ; (c) HV LV, Pouwt =2kW ; (d)
Lv HV, jPoutj = 2kW . The e ciency calculation considers the e ect of
the linear interpolation used by the DSP to determine the act ual modulation
parameters (Appendix E.2); this causes the irregular characteristics of the
depicted contour lines.
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1. low transformer RMS currents (low conduction and copper | osses);
2. ZVS on the HV side;

3. switch currents close to zero (if possible) on the LV side (low switching
losses on the LV side).

With the use of these modulation schemes, e ciency improvem ents are
achieved without changing (and in particular extending) th e DAB hardware
(except for the selection of n and L according to Section A.2). Further e -
ciency improvements may be achieved by reducing the magnetizing inductance
Lw : the resulting circulating transformer currents extend th e ZVS range [50]
and thus, a reduction of the HV side switching losses can be atieved, while
the RMS transformer on the LV side can be reduced. An according investi-
gation, however, con rms that this modi cation is only e ec tive at medium
power levels; at high power levels ZVS is naturally achieved with Ly !1
(thus, a reduced magnetizing inductance causes the conducton losses to in-
crease) and at low power levels the voltage-time-area applied to Ly is insu -
cient to obtain the current level required for ZVS. For the pr esented converter,
it was tried to achieve a high e ciency without the use of addi tional hardware
components; if additional power components can be employed a multitude
of di erent hardware extensions, used to achieve ZVS for the full operating
range at arbitrary currents i (tsw), are discussed in literature (e.g. resonant
pole circuits [110,111], auxiliary resonant pole circuits [85,112,113], and ZVS-
FB converters using a modi ed HF transformer with center tap ping [82,83]).

Furthermore, the employed loss model is evaluated at room temperature
(T = T; = 25 C) and therefore, the presented calculations and measure-
ments do not consider the impact of increased component temperatures
(cf. Chapter 4). However, comparably low losses result with the suboptimal
modulation schemes and thus, the e ciencies obtained durin g continuous con-
verter operation are similar to the e ciencies obtained for a limited run time
of 30 seconds (Figure 5.32).
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Figure 5.32: Comparison of di erent e ciency measurements: the  -symbols
denote the e ciencies measured after a short operating time of 30 seconds
(i.e. T 25 C, cf. Chapter 4) and the 4 -symbols denote the e ciencies
measured during continuous converter operation (at room te mperature); Vq, =
340V, V. = 12V, suboptimal modulation schemes; (a) power transfer from
the HV port to the LV port; (b) opposite power transfer (LV ! HV). Due
to the e ective water cooler and the comparably low losses obtained with the
suboptimal modulation schemes, similar e ciencies are obt ained for a short
operating time and for continuous operation.
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Table 5.2: Calculated losses and e ciencies for di erent operating po ints and

for phase shift modulation, extended triangular and trapez oidal current mode

modulation (Section 5.1), optimized modulation (Section 5 .2.2), and opti-

100 kHz;

mal modulation (Section 5.2.1)); n =19, Ly =2:7mH, and fs

and

optimal modulation; L =18:7 H is required for the extended triangular and

L =26:7 H applies for phase shift modulation, optimized modulation,
trapezoidal current mode modulation.
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Calculated losses and e ciencies for dierent oper-

Table 5.2 cont.:

ating points and for phase shift modulation, extended trian gular and
trapezoidal current mode modulation (Section 5.1), optimi zed modulation

(Section 5.2.2), and optimal modulation (Section 5.2.1));

2.7mH, and fs

n =19, Lu

100kHz; L = 26:7 H applies for phase shift modulation,

L =18:7 H is required for

optimized modulation, and optimal modulation;

the extended triangular and trapezoidal current mode modul ation.
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Calculated losses and e ciencies for dierent oper-

Table 5.2 cont.:

ating points and for phase shift modulation, extended trian gular and
trapezoidal current mode modulation (Section 5.1), optimi zed modulation

(Section 5.2.2), and optimal modulation (Section 5.2.1));

2.7mH, and fs

n =19, Lu

100kHz; L = 26:7 H applies for phase shift modulation,

L =18:7 H is required for

optimized modulation, and optimal modulation;

the extended triangular and trapezoidal current mode modul ation.



205

Minimum Loss Modulation

%E'S | %8¢6 | MVST %T1'S %L°¢6 M8ST %6°€ | %V'16 | M/LBT | %S'/.8| MGBZ| MI¢-
%0°S | %V'€6 | MPT %Ly %0°€6 MOST %S'€ | %616 | MLLT | %E'88 | MPY9IC MWiZ
%6°L | %0°€6 | MVTT %S, %9°¢6 MO0ZT %E9 | %V'T6 | MCPT | %1'G8| MEIZ| MIST-
%8°L | %EE6 | MLOT %E’L %8°¢6 MOITT %09 | %916 | MBET | %9'G8 | MESC| MIST
%LCT | %L26| M8L %6°TT %616 M88 | %9°0T | %.06 | MEOT | %008 | M6VZ| MIT-
%8CT | %0°€6 | MIL %6°TT %026 M.L8 | %S0T | %906 | MYOT | %T'08| M8VZ| MIT
%E'EC | %806 | MTS %Y'1¢ %688 MZ9 %8'6T | %EL8| MEL | %SL9| MTYZ| MO0O0S-
%6°€C | %606 | MOS %9°TC %9°88 MP9 %9°'6T | %998 | MLL | %0L9 | ML¥Z| MO0S
%6°LE | %LEB| MG6E %9°€E %E6L MZ2S %ETE | %0°LL| MO9 | %L'SY | MLEZ| MOOC-
%0'8€ | %28 | MV %9°€E %1 8L M SS %E0€ | %0'SL| ML | %L'vy | M.LvZ| MO0O0C
ATT = 2A ' AOSY = TA
%S0 | %L'S6 | M68 %0 %7.°S6 M 06 %00 | %E'S6 | M8B6 | NE'S6| M66 A
%L°0 | %L°S6| MT6 %.°0 %9°G6 MT6 %E0 | %2'S6 | MOOT | %676 | MLOT| AT
%T0 | %096 | MZ9 %00 %096 ME9 %8°0- | %0°G6 | M6L | %6'G6 | MV9 | MWIST-
%E0 | %096 | MZ9 %20 %096 ME9 %¥'0- | %2'G6 | MSL | %8G6 | M99 | MGT
%T0 | %LYV6| MIS %T°0- %6 M6S %L°0- | %8°€6 | M99 | %9¥6 | MLS MWIT-
%10 | %0°G6 | MES %€0- %V v6 M6S %0°T- | %8€6 | M99 | %6'v6 | MVS MIT
%L'T | %S'T6 | MOV %0°'T %806 MTS %00 | %868 | MLS | %868 | MLS | MO0O0S-
%C'C | %0¢C6 | MYy %80 %9°06 MZ2S %E'0- | %V'68 | MBS | %868 | MLS M 00S
%99 | %6°€8| MBE %€ %7°08 M8t %LT | %T'6L| MES | %ELL| M6S | MOOZ-
%S9 | %E'EB| MOY %S'0 %E'LL M6S %P'€- | %EEL| MEL | %89L| M09 | M0OOZ
A9T = °A " AGPE = TA
1do _ 1do _ 1o’ g 1dogns 1dogns wogns 4 T L1 _ m _ 1194 Sd sdigq
H 2:8T="1
H 2:9¢=1 H 2:92="1 uone|npow H 2:9¢=1
uoire|npow uolye|npow apow juaLnd uoire|npow oy
rewndo rewndogns [epiozades pue Wiys aseyd
JejnBuely papusixg

Calculated losses and e ciencies for dierent oper-

ating points and for phase shift modulation, extended trian gular and
trapezoidal current mode modulation (Section 5.1), optimi zed modulation

Table 5.2 cont.:

n =19, Lu

100kHz; L = 26:7 H applies for phase shift modulation,

(Section 5.2.2), and optimal modulation (Section 5.2.1));

2.7mH, and fs

L =18:7 H is required for

the extended triangular and trapezoidal current mode modul ation.

optimized modulation, and optimal modulation;



Advanced DAB Modulation Schemes

206

%S¢ | %676 | M8OT %cC'C %9'v6 MSTT %E'T | %LE6 | MVET | %26 | MVYIT | MIC-
%S¢ | %C'S6 | MTOT %T'¢C %L’ v6 MTTT %C'T | %6°€6 | MOET | %.°26 | MBST MWiZ
%EY | %8V6 | MZ8 %9°€ %T'v6 MV6 %9°C | %2'€6 | M60T | %9°06 | MIST | MWIS'T-
%Vv'V | %676 MO8 %9°€ %cC v6 MEB6 %9°C | %C’€6 | MOTT | %906 | MIST | MIST
%EL | %TY6| ME9 %T'9 %626 ML %T'S | %6'T6 | M68 | %898 MEST| MIT-
%8°L | %C¥6| MZ9 %¥'9 %826 M8L %T'S | %ST6 | ME6 | %98 | MBST| MWIT
%8'YT | %S T6 | MY %TCT %888 ME9 %9°0T | %€'L8 | MEL | %L9L| MZST | MO0O0S-
%0°9T | %V’ 16| MLV %8°CT %¢'88 M .9 %80T | %298 | MO8 | %S'SL| MEIT| MOO0S
%T°LC | %L EB| MB6E %8°0C %S LL M 8S %G'8T | %T'SL| M99 | %L'9G | MEST | MO00C-
%6'8C | %S €8 | MOV %9°TC %T1'9L ME9 %0'8T | %SC¢L| M9L | %S¥S| M/L9T| MO00Z
A9T = 2A ' AOSY = TA
%8€ | %0V6 | M8CT %9°€ %8°€6 MZCET %9°C | %8¢6 | MIST | %Z'06 | MLTZ| MIC-
%8€ | %¥'v6 | MSTT %€ %0176 M/L2T %V'C | %0°€6 | M6EYT | %906 | M90Z | T
%09 | %T'¥6| MV6 %S'S %G'€6 MP0T %'V | %SC6 | MZCT | %088 | MYOZ | MWIST-
%T9 | %EY6| MT6 %S'S %9°€6 MZ20T %'y | %926 | MTCT | %288 | MTOZ| AMGT
%0°0T | %9°€6 | M69 %68 %926 M08 %8°L | %V'T6 | MV6 | %9€8| MI6T | AMT-
%V'0T | %L€6| ML %¢C'6 %G°¢6 MT8 %6°L | %Z'T6 | ML6 | %EE| MO0O0OZ MIT
%0°6T | %ET6| M8V %.L9T %068 MZ29 %C'ST | %S'L8| MZL | %ECL| MZ6T | MOO0S-
%0°0C | %216 | M8V %ELT %G'88 MS9 %E'ST | %S98 | MBL | %Z'TL| MZ0OZ| MO00S
%9°CE | %8E8| M6EE %E"LZ %S'8. MSGS | %0°GZ | %C9L| MZ9 | %C'TS| MT6T| MO0O0Z-
%EVE | %L EB| MBEE %6°L2 %E'LL MBS | %SVZ | %6'€EL| MTL | %¥'6F | MPOZ| MO00OZ
AGIET =N\ " A0SV = TA
1do _ 1do _ 1o’ g 1dogns 1dogns wogns 4 T L1 _ m _ 1194 Sd sdigq
H 2:8T="1
H 2:9¢=1 H 2:92="1 uone|npow H 2:9¢=1
uoire|npow uolye|npow apow juaLnd uoire|npow oy
rewndo rewndogns [epiozades pue Wiys aseyd
JejnBuely papusixg

Calculated losses and e ciencies for dierent oper-
ating points and for phase shift modulation, extended trian gular and

trapezoidal current mode modulation (Section 5.1), optimi zed modulation

(Section 5.2.2), and optimal modulation (Section 5.2.1));

Table 5.2 cont.:

n =19, Lu

100kHz; L = 26:7 H applies for phase shift modulation,

2.7mH, and fs

L =18:7 H is required for

the extended triangular and trapezoidal current mode modul ation.
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Chapter 6

Dynamic DAB Model and Control

In order for the presented converter to operate at a designated power level
and a desired direction of power transfer, a two loop control structure is
employed: the inner control loop adjusts the required curre nt (e.g. on the
high voltage side) and the superimposed voltage control loop regulates the
respective output voltage.® Thus, in order to enable the controller design, the
small-signal model of the DAB converter needs to be determined.

First small-signal models of switching power converters have been calcu-
lated with averaged switched circuits [114]. There, a converter circuit diagram
results, which partly consists of the original circuit (exc ept for switches and
diodes) and additional current sources or voltage sources @ both that model
the low frequency system dynamics. It thus presents the small-signal system
dynamics in a comprehensible way to the engineer. However, ts construction
requires circuit arrangements and is thus not accomplished in a straightfor-
ward way; with the introduction of state space averaging [11 5], the auto-
mated derivation of small-signal transfer functions has be en achieved. Both
methods employ the local average values of all independent gstem properties
(e.g. inductor currents, capacitor voltages) and all input and output variables
(e.g. actuating variable, output current), calculated ove r one switching period
Ts in order to determine the desired transfer functions. A prec ise small-signal
and continuous-time transfer function approximation is th us achieved for fre-
guencies well below1=Ts [114,116] and well below the Iter cut-o frequencies
(negligible current and voltage ripples are assumed). These two methods pre-
sumably compute wrong transfer functions for the given DAB p ower converter

1For power being transferred from the high voltage DC bus to th e 14V DC bus, V2
becomes the output voltage (cf. Figure 6.1). Hence, the volt age control loop may become
very sensitive due to the high electric storage capability o f the 12V battery and the voltage
control loop may be replaced by a voltage inspection and batt ery charging algorithm
and/or battery charging current control.
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Figure 6.1: Dual active bridge (DAB) converter with EMI lters connecte d
to the high voltage (HV) and to the low voltage (LV) ports.
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(Figure 6.1), since the assumption of negligible current ri pple is not satis ed
for the transformer and inductor current i_. A very accurate, but discrete-
time, small-signal model is obtained with the discrete mode ling of switching
regulators [117] which solely assumes a small input signd excitation around
a steady-state value in order to reduce the nonlinear (exact) large signal model
to a linear small-signal model.

Today, many applications still employ continuous-time reg ulators, e.g. low
power and low cost converters that are used for standard applications and
where integrated regulators are available. There, the discrete-time nature of
the transfer function obtained with [117] is considered dis advantageous and
thus, numerous extensions to the discrete-time modeling approach have been
developed in order to achieve a highly accurate continuous-time small-signal
converter model, for instance the so-called sampled data madeling [118]. For
many high power converters, though, digital signal processors (DSPs) are in-
creasingly employed, mainly because today a high computational performance
is available at a comparably low cost. Advantages of a digita | implementation
are a considerably higher exibility compared to analog ele ctronics, a high
EMI immunity, and the enhanced possibility of process and fa ult monitoring
using an external interface or a network connection. Therefore, a digital con-
trol platform is employed for the control of the presented DA B and thus, the
discrete-time transfer function obtained with discrete mo deling could read-
ily be used for the controller design. However, [117] only focuses on simple
DC DC converters (e.g. boost converter) operated with PWM m odulation.
An extension to resonant power converters including modulator constraints
is presented in [119] and a straight forward summary on the construction of a
discrete-time small-signal model for arbitrary resonant ¢ onverters is discussed
in [120]. Merely the time lag that arises due to software and A /D converter de-
lay times is not considered in [120] and could be included using the procedure
discussed in [121].

In this Chapter, an exact discrete-time DAB model including input and
output Iter dynamics is developed and veri ed with results  obtained from
an experimental system. Moreover, a exible control struct ure, which allows
for optimized modulation and control algorithms, is propos ed and detailed.
The e ect of time delays, mainly due to software processing t ime, is identi ed
to be crucial with respect to a su ciently large phase margin . The obtained
results facilitate a signi cantly simpli ed construction  of the DAB control-
to-output transfer function, which can be universally empl oyed to design the
digital controllers.

In Section 6.1, the small-signal model for the DAB is derived ; the employed
control loop is discussed in Section 6.2; and in Section 6.3,the design of the
digital current and voltage controllers is detailed. The ca Iculated results are
veri ed with measured results in Sections 6.2 and 6.3.
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6.1 Small-Signal Model

The proposed control structure, depicted in Figure 6.2, mai nly consists of
digital signal processing blocks: the voltage controller (Gcy ), the current
controller (Gc, ), and the digital lters ( H wer , Hayg) are fully implemented
in a DSP; software and A/D converter time delays ( Grapse , GrdarPca
Gmmeas ) are due to the digital implementation. Besides, the modula tor
function (Gmodps OF Gmodat ) iS realized in the DSP and determines the
required timing values for the DAB [e.g. T- = '= (2f s) for phase shift mod-
ulation based on (3.13)] with respect to the desired control ler set value | 1 moq

and the selected modulation scheme. Variations of these timing values dy-
namically alter the transferred power of the DAB power stage . The resulting
changes of the lter currents i (t), ir2(t) and the lter voltages v (t), vz (t)
(cf. Figure 6.1) are obtained from the DAB small-signal mode | Gpg (the volt-
agesV; and V, remain approximately constant during one switching period

Ts, since very large lter capacitors Cpc1 and Cpc 2 are considered).

The full control diagram (Figure 6.2) indicates two transfe r functions, that
need to be determined in order to further investigate the con trol loop: the
control-to-output transfer function Gpe of the DAB and the transfer function
of the modulator.

6.1.1 DAB Power Stage, Phase Shift Modulation

Phase shift modulation is the most simple as well as the most common mod-
ulation method for the DAB. Therefore, the small-signal tra nsfer function is
rst derived for this basic modulation scheme.

The small-signal calculation method outlined in [120] regards a single half-
cycle (e.g.0 <t Ts=2 in Figure 3.4) and separately considers the time
intervals between two switching events (time intervals | an d Il in Figure 3.4).
Within these time intervals, the time domain expressions fo r all system state
variables (i.e. all time varying inductor currents and capa citor voltages) are
required in order to determine their sensitivity on input si gnal variations.
With the employed method, the state variables at the end of a h alf-cycle
are compared to the state variables at the beginning of the corresponding
half-cycle. This allows for the formulation of the control- to-output transfer
function in discrete-time domain.

Prior to the derivation of the transfer function, system inp uts and outputs
must be de ned. Clearly, the timing parameter T is an input to the dynamic
system. Additionally, the voltages Vi and V> may be considered as inputs, too.
The proposed system outputs are the Iter current in(t) = ina(t) + b (1)
and the lter voltages v (t), nvi(t). Further, it is reasonable to collect the
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Figure 6.2: Investigated control structure including voltage and curr ent con-
trol loops for power transfer from the HV to the LV port as well as the mod-
ulator function which generates the required timing signal s [Tw = T- for the
phase shift modulation or Ty = (T: T» Ts)T for the alternative modula-

tion]; gate signal generation (FPGA) and power electronics are sampled with
sampling time Tpag , While the remaining transfer functions are sampled with

T =10Tpae (due to computing time demands).
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system state variables in a state vector x:
. . . . . T
%=(iL ifa imp iRa=N ipp=n Vg Nvg) . (6.1)

In a next step, the time domain expressions for the system state variables
need to be derived. These may change at each switching instan indicated in
Figure 3.4. For the sake of clarity the time domain expressions during each
time interval i are combined to one single function

Tes:i (% 1; ti)= iui (%6 15 t)

ifai (% 1, ti)  dapi (6 1 t)

. L 6.2
if2a;i (% 1; ti)=n ipp;i (% 1; ti)=n (62)
Vi (%15 ti) NV (% 1, ti) T

In (6.2), t; denotes the time within the considered time interval (i.e.  t;
is zero at the beginning of the i-th time interval) and x; 1 contains the ini-
tial values, so Tes:i (% 1;0) = % 1; the index PS denotes the phase shift
modulation, the index i species the considered time interval. The analysis
considers two di erent time intervals for phase shift modul ation (Figure 3.4), 2

Interval | (i =1): o<t T ! ti=1t, (6.3)
Interval Il (i =2): T <t Ts=2 ! to=t T . (6.4)

In steady-state operation, the system state vector xs (t) (index st denotes
steady-state) repeats cyclically every switching period. The steady-state val-
ues of % (t) are obtained from

2 3

1 0
Xt t+ — =4 1|65 %t (1) = R % (1), (6.5)
6 1 6 6

since the DAB inductor current i_(t) changes its sign every half-cycle in
steady-state [120], whereas the signs of the Iter inductor currents and ca-
pacitor voltages remain the same after one half-cycle. In order to solve for
%st (1) in (6.5), the time domain expressions for %(t + Ts=2) are required as a
function of %(t). The derivation of these expressions is described based onhe
switching sequence shown in Figure 3.4 and starts with the unknown values
in %(t = 0). With (6.2), (6.3), and i =1, the general expression forx(t) at
t=T isequalto

%(T ) = Tes:1 %0; T with %o = %(0). (6.6)
2The derivation of the time domain expressions in Tesi (xi 1; ti) is associated with a
considerable calculation e ort and is preferably carried o ut with a mathematical software

tool that allows for symbolic evaluation (e.g. Mathematica , Maple).
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At t = T the switches T¢, T7 are turned o, Ts, Tg are turned on, and time
interval 1l starts. Since capacitor voltages as well as indu ctor currents cannot
change instantaneously, the initial conditions of time int erval Il are equal to
the nal state variable values of time interval I, x; = %(T- ). With the time
domain expressions for all state variables during time interval Il the state
vector at the end of the half-cycle (cf. Figure 3.4) becomes

'X(Ts:2) = Tps;zh')(l;Tszz T =

i (6.7)
Trs;2 Trs;1 %0; T ;Ts=2 T .

The steady-state values are then obtained from the equation system (6.5)
with (6.7), %s(t) = %(t),andt=0.

Besides for the calculation of the steady-state, (6.7) forms the basis for the
derivation of the discrete-time small-signal model with sa mpling time

Toas = Ts=2=5 s. (6.8)

The proposed model considers small-signal deviations,é\e(t), of the system
state variables %(t) from the steady-state s (t),

()= x(t)  *a (1) (6.9)

(the symbol ~ denotes small-signal variables), by reason of three di erent
kinds of excitations:

" variations of the state variables due to prior excitations of input vari-
ables: %o = %(0) = %(0) %« (0),

“ HV and LV voltage changes: 9.0 = [¥1(0) n¥:(0)]",
~ excitation of the control input:  6ps.o = T (0).

It is important to note, that the proposed discrete-time mod el considers an
excitation of any of these variables exactly at the beginnirg of the half-cycle
and calculates the respective values of the system state vables at the end of
the half-cycle (Figure 6.3). Consequently, all changes of the input variables
Qg(t) and €ps(t) that occur for 0 <t Toas are not at all considered in
%(Toas ). This limitation only regards transfer functions with cont  inuous-time
input signals such as Vi(t), V2(t). It does not a ect the control-to-output
transfer function in a digitally controlled system, provid ed that the digital
controller is synchronized to the power electronics, i.e. T- (t) changes exactly
att =k TDAB,kZ No.

The small-signal deviations ‘s\((TDAB ) at the end of the half-cycle are then
obtained from a linear approximation [120],

;\((TDAB ) A ‘;\(o + Bps Cps;o + C ‘l\}g;o, (610)
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Figure 6.3: Reaction of the DAB to a phase shift excitation T (0) (thick
lines): at the end of the half-cycle, t = Ts=2, the inductor current deviation
L (Ts=2) results. The thin lines depict steady-state operation according to
Figure 3.4 (index st denotes steady-state). The digital ¢ ontrol electronics
determines T- (0) at t =0, which is applied during 0<t<T s=2.

whereas the three termsA 5‘(0, Bps €ps.0,and C %;0 express the small-signal
deviations of the state variables at t = Tpag as a result of excitations in %o,
€ps:0, and "v}g;o, respectively. The expressions forA, Bps, and C are given in
Appendix F.1.1.

Expression (6.10) allows for the derivation of the required small-signal
transfer functions: according to [120] and Appendix F.1.2, the z-domain
control-to-outpuzt transfer fugctions are calculated with

Greps, 1y
Greps = 4Grpeps vy ® = E' (zoas | QRAQ ) ' QRBes, (6.11)
Gpeps, Vi,
iLo) O 3 2 0 3
sgn(iL; o 1
=4 g 16 R =4 165 (6.12)
757 0 I 77 0 |
6 1 6 6 6 1 6 6

and zpas = €570 | |n order to collect the three control-to-output transfer
functions with the output variables In (ZDAB ), Vi (ZDAB ), and nVg (ZDAB ) in
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one matrix Gpgps ,

_ lna(zoas )+ lab (Zoas ) Vi (zoas ) NVia(zoas ) |

3GlPE'PS - T (Zoes ) T (zoas ) T (zpas) ' (6.13)
the matrix E' in (6.11) becomes
2 3
01 1 0 0 0 O
E'=40 0 0 0 0 1 . (6.14)
0O 0 0 00 01

The small-signal transfer functions in (6.11) have been veri ed for various
operating points with results from a circuit simulator (e.g . the control-to-
output transfer function Geeps, 1,, in Figure 6.4). Simulated and calculated
results show very good agreement for all investigated operaing points.

6.1.2 DAB Power Stage, Alternative Modulation Schemes

If the DAB converter is operated with phase shift modulation within wide
voltage ranges, its e ciency drops considerably for certai n operating points
(i.e. for Vi=\, n or Vi=\, n). The average DAB converter e ciency

substantially increases with the use of alternative modula tion schemes (the
index alt denotes all variables regarding alternative mo dulation schemes,
cf. Chapter 3 and Chapter 5).

The derivations of the small-signal transfer functions for phase shift mod-
ulation and the alternative modulation schemes are very similar. However,
phase shift modulation requires only one control input T. whereas three con-
trol inputs Ty, T2, and T3 are needed for the alternative modulation schemes.

Figure 5.4 depicts typical voltage and current waveforms fo r the DAB with
the extended triangular current mode modulation. Again, on e single half-cycle
is segmented into the time intervals where no switching occurs:

Interval | (i =1): 0<t T ! t1 =t
Interval Il (i =2) Ti<t Ti+ To! t2=1t T,
Interval Il ( i =3); T+ Ta<t Ti+To+ T3

! t3=1 (T1 + Tz),
Interval IV (i =4) Ti+ T+ Ta<t Ts=2

! ta=t (Ta+ T2+ Ta).

This, together with (6.1) and the time domain expressions fo r all state vari-
ables within time interval i, Tati (% 1; ti) [cf. (6.2)], facilitates the deriva-
tion of the system state values at the end of the half-cycle (Figure 5.4),

%¥(Ts=2) = Tar:a Tar;3 Tar2 Tawr %05 T1 ;T2 Tz 5 Ta (6.15)
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Figure 6.4: Simulated step response (solid lines) and calculated step esponse
(dashed line) of i1 (t) for phase shift modulation, a time step, T, of 100ns,
nominal operating point, and power being transferred from t he HV to the
LV port. The circuit simulator generates a continuous-time waveform i (t)
which is sampled after every half-cycle, t = k Tpag , in order to facilitate the
comparison to the step response obtained from the discretetime small-signal
transfer function Geeps, 1, . The solid line forms a linear connection of the
sampled values of the simulated waveform it (t) to facilitate the comparison
with the calculated values i (KTpag ) (dashed line). This solid line is thus
di erent from the local average of i (t).

whereasTs = Ts=2 (T1+ T2+ Ta).

The solution to the equation system formed with (6.5) and (6. 15) deter-
mines the steady-state values for %« (t) = %(t) att =0.

Equation (6.15) as well denotes the starting point for the sm all-signal trans-
fer function derivation. In contrast to the phase shift modu lation, the control
input variable is now vector valued,

S0 =[T10) 200 T5(0)]"; (6.16)

the small-signal vectors %o and Qg;o remain unchanged. Consequently, the
system states at the end of the half-cycle can be approximately calculated
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with
;\((TDAB ) A %o+ Ban %alt:O +C ‘og;o- (6.17)

(A, Bat , and C are derived in Appendix F.1.1). The control-to-output tran  s-
fer functions are collected in the matrix
h i
3GsPE,aII = Gpeat ;1 Gpeat 2 Gepeat ;3 » (6.18)

I't1a (Zpag )* lt1b (Zoas ) Vi (Zoas ) NVi2(Zpas ) T
Ti(zpas ) Ti(zoas ) Ti(zpas )

GPE,aIt H i

(i = 1;2;3) which is derived based on (6.17) with (6.12) and (6.14),

G pear = E" (zoae!| QRAQ ) * ORB a. (6.19)

The small-signal transfer functions in (6.18) have been veri ed with a cir-
cuit simulator. Very good agreement between simulation and calculation has
been obtained for all investigated operating points [e.g. for nominal operation
in Figure 6.5 and Figure 6.6 which show the step responses of he control-
to-output transfer functions Geear1, 1, for the extended triangular current
mode modulation and the suboptimal modulation, respective ly, with input
Tl(ZDAB ) and OUtpUt Is1 (ZDAB )]

6.1.3 Modulator

The modulator calculates the control variables depending on the applied mod-
ulation scheme, the set current i1 meq , and the measured valuesvi; and n vy,
obtained from vy and nvy . The modulator function for phase shift modula-
tion,

Cps = T =fmodps [irmod (KT); Vi (KT); NV (KT)], (6.20)

can be derived from (3.13) for a lossless DAB [the sampling time T is de-
ned with (6.24), k 2 Z, and variables with lowercase letters denote time
domain functions, e.g. i1mod (KT) is equal to the sum of the steady-state
DC component |1medst and the small-signal disturbance Z *fl1moq (2)g:
itmod (KT) = loimodst + Z flimod (2)g]. The expressions for the alterna-
tive modulation schemes,

€t =(T1 T2 Ts)" = Tmodat [inmod (KT); Vi (KT); NV (KT)] (6.21)

are rather complicated, hence their evaluation in the DSP is avoided. Instead,
precalculated values stored in DSP memory tables are used ta@ether with
the fast linear interpolation algorithm presented in Appen dix E.2. Since the
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ifl(kTDAB), sim.
if1(t), sim.
ifl(kTDAB)y calc.

Figure 6.5: Simulated step response (solid lines) and calculated step esponse
(dashed line) of i (t) for the extended triangular current mode modulation
if a time step T1 = 100ns  (t) is applied and T2 = T3 = 0, at nominal
operation, and for power being transferred from the HV to the LV port.
The continuous-time waveform i (t) is again sampled after every half-cycle
in order to facilitate the comparison to the step response obtained from the
discrete-time small-signal model. The solid line forms a linear connection of
the sampled values of the simulated waveform i (t) to facilitate the compari-
son with the calculated values in (kTpag ) (dashed line). This solid line is thus
di erent from the local average of i (t).

modulator function is static, the small-signal transfer fu nction is simply de-
termined with the respective derivatives at the operating p oint. Thus, the
transfer functions for phase shift modulation are

@mod PS @mod PS @mod PS
G = — : . , 6.22
modPs @1,mod @n @nvr) (6.22)

and for the alternative modulation schemes

— @mod alt @mod alt @mod alt
G modatt = od, : At (6.23)
3 gmosel @i mod @n @nvp)

Gmodps and Gmogar are evaluated at the operating point with the steady-
state values of i1 mod , Viz, and Vi, .
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ifl(kTDAB), sim.
if1(t), sim.
ifl(kTDAB)y calc.

Figure 6.6: Simulated step response (solid lines) and calculated step esponse
(dashed line) of in1 (t) for the suboptimal modulation if a time step Ty =
100ns (t) is applied and T, = T35 = 0, at nominal operation, and for
power being transferred from the HV to the LV port. The contin uous-time
waveform iq (t) is again sampled after every half-cycle in order to facilita te
the comparison to the step response obtained from the discrde-time small-
signal model. The solid line forms a linear connection of the sampled values of
the simulated waveform i (t) to facilitate the comparison with the calculated
valuesin (KTpag ) (dashed line). This solid line is thus di erent from the loca |
average ofin (t).

6.2 DAB Digital Control Loop

In the given laboratory setup, the average DAB output voltag e is controlled
(e.g. Vr in Figure 6.2 for power transfer from HV to LV). The proposed
control loop consists of an inner loop with a Pl-controller G¢, that controls
111 (z) and an outer loop with another Pl-controller Gcy , which controls the
output voltage. Depending on the power transfer direction, the average output
voltage can be either Vi, (z) for power transfer from the HV port to the LV
port or V (z) for the opposite direction.

According to Figure 6.2, the current controller Gc, outputs |1moed () and
connects to the modulator G4 . The modulator then calculates the DAB
timing parameters in order to achieve the required power tra nsfer. Since the
current controller solely operates on the di erence between T4 (z) and | 1 ref (2),
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Gpae is a single input, single output transfer function with set ¢ urrent input
I 1mod (z) and HV side current output T1,(z). However, there is internal feed-
back in the transfer function Gpag , since Vi (z) and nVy, (z) are required for
the modulator; this must be considered in order to determine Gpag .

Except for the DAB small-signal transfer function matrix Gpe (equal to
Gpeps Or Gpear ), all transfer functions in Figure 6.2 are part of the dig-
ital system and either reside in the DSP or in the FPGA. Relati vely simple
z-domain transfer functions result for the modulator Gmeq (Section 6.1.3),
the time delays Grapsp , Gmrrca , and Grameas , the moving average
lters Her and Hayg as well as for the controllers Gev and Gg, . This sec-
tion focuses on these transfer functions in order to complete the derivation of
Gpag - The obtained transfer function is nally compared to a tran sfer func-
tion based on a simpli ed DAB model that allows for a signi ca ntly reduced
calculation e ort.

6.2.1 System Sampling Rate

The small-signal model of the power stage results in a z-doman transfer func-
tion with sampling time Tpas [cf. (6.8)]. Due to the required DSP calculation
time, the DAB timing parameters are only updated every 10Tpag , therefore
the DSP sampling time is

= DAB = S z=¢e" . i
T=10T 50 sT 6.24

Hence, all transfer functions with faster update rate, such asGpeg and voltage
and current measurements (Figure 6.2), need to be resampled(e.g. with the
method outlined in Appendix F.2).

6.2.2 Time Delays

The implemented software acquires three measurements durng one calcula-
tion period T in order to achieve higher noise immunity. The resulting tim e
delay in Grymeas 1S 10Tpag for the rst measurement, 8 Tpag for the second
and 6Tpag for the third measurement. The FPGA ( Gmrrca ) Causes an
additional time delay of 2Tpag in order to apply the new timing values to
the power electronics. FPGA and measurement time delays sum up to a total
time delay of 12Tpag for the rst measurement, and 10Tpag and 8 Tpas
for the two subsequent measurements. The DSP calculates theaverage of the
three measured values and

12 10 8
z +z +z
Gremeasure  (Zpas ) = DAB DgB DAB Gre (Zpag ) (6.25)

results for that part of Gpag Wwhich is updated with the higher sampling rate
Toas (Figure 6.2). The sampling rate of this transfer function n ally needs
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to be converted to the system sampling rate T (cf. Appendix F.2),

GpEmeasure  (ZDAB ) resa!lmple Grpemeasure  (Z). (6.26)

The DSP causes another time delay of T in order to carry out all calcula-
tions, therefore

Grapseps (2)= z 1, (6.27)
Gupspat (z)=diag z %z ;z (6.28)
for phase shift or alternative modulation, respectively.

6.2.3 Moving Average Filters

The z-domain transfer function of the implemented N -th order moving aver-
age lter,
1 Xt
Havg (2) = N z ', (6.29)
i=0

calculates the average over N previously measured values x(0),
X(T):::x[(N 1) TJ; the present software implementation uses N =5. The
moving average lter is applied to 1#(2), Vu(z), and nVi(z). The lIter
regarding | is included in Gpag (Section 6.2.4), and the feedback transfer
function H r contains the remaining two lIter functions,

Hier (z)=diag(Havg;Havg) . (6.30)

6.2.4 DAB Control Plant Gpas

The transfer function Gpag is calculated according to Appendix F.3,

Goas = n=l1mos = Hag Goo + GarH (I GsH) 'Gso , (6.31)
with Goo, Gor, Gsr, and Gso sumzmarized in tge matrix G,
G = 4600 ?0'55 (6.32)
Go S, |

[cf. (F.13) in Appendix F.3]. According to Figure F.1 and Fig ure 6.2, G and
H become

G = G pEmeasure,pS Grd,psP,Ps Gmod,ps
) 1 ’ ’ ) i 6.33
H=H Iter ( )
for phase shift modulation and
G = G pEmeasurealt G 1d,0sPalt Gmodalt
’ ) i 1 ¥ ¥ 6.34
H=H Iter ( )

if the alternative modulation is employed.
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6.2.5 Experimental Veri cation

The control-to-output transfer function  111=l1moa (cf. Figure 6.2) is measured
using a sinusoidal current sequence superimposed on the stedy-state modu-
lator current value |1moast (Figure 6.7 and Figure 6.8). The proposed mea-
surement sequence consists of three di erent time interval s (Figure 6.7):

" Time interval | is used to settle the desired converter operating point.
Therefore, controlled converter operation is needed during time inter-
val I.

" At the beginning of time interval Il , the steady-state value |1 mod,st

is stored in the DSP and thereafter, current and voltage cont rollers

are turned o . Hence, the converter is operated in open loop during
time interval Il. The stored value |i1modst and a superimposed sinu-
soidal time seriesZ fl1moa (2)g, calculated in the DSP, with a given

amplitude and the desired excitation frequency are used to generate a

sinusoidal current excitation around the steady-state ope rating point.

The DSP measures the current inn which results in the time series

Trns + Z fly(2)g. During time interval 11, however, the DSP discards

the measured current values in order to eliminate transient e ects.

" During time interval Il , the DSP continues to generate the DC shifted

sinusoidal time series (Figure 6.7 and Figure 6.8) and stores the gener-

ated modulator current values limodst + Z *flimed (z)g and the mea-
sured current values T + Z fli(2)g in an on-chip table; the mea-

surement sequence completes after time interval Il has elapsed. In a

post processing pass, the tabulated current values are re ned with a

FIR Iter in order to suppress noise and to accurately obtain gain and

phase of the control-to-output transfer function at the emp loyed excita-

tion frequency. The outlined procedure is repeated for each data point

depicted in Figure 6.9, Figure 6.10, and Figure 6.11.

The results obtained for phase shift modulation (Figure 6.9 ), and for the
extended triangular current mode modulation scheme (Figur e 6.10) show a
good matching between calculated and measured transfer furctions. A notice-
able di erence between measured and calculated gain resporse is observed
for the suboptimal modulation scheme (Figure 6.11). This er ror is attributed
to the instantaneous inductor currents i, (t1) and i_ (t2) being close to zero
[cf. Figures 5.23 (a) and (b) and Figure 5.29]: there, the characteristics of the
delay of the LV switches is highly non-linear (Figure 4.26). For all depicted
results and for frequencies below 7 kHz, a maximum gain di erence of less
than 1:5dB is achieved; the phase di erences are smaller than 10 .
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Figure 6.7: Current waveforms for the proposed measurement of the control-
to-output transfer functions: during time interval |, the ¢ onverter settles the
desired operating point, time interval 1l is used to avoid tr ansient e ects,
and during time interval 1ll gain and phase are measured (cf. Figure 6.8).
The converter is voltage and current controlled during time interval | and
is operated in open loop during time intervals Il and Ill with a sinusoidal
waveform Z f11md (2)g being superimposed onlimedst - The depicted ex-
ample employs an excitation amplitude of 500 mA at a frequency of 51 Hz
and has been measured on a previous setup of the DAB withL =31 H and
n=24;V, =340V, V, = 12V, P, = 2kW , phase shift modulation. The
waveform i (t) is measured with an analog current probe in order to allow
for a comparison between digital and analog signals. Time interval Il is not
fully depicted; its duration is equal to 50 ms.
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Figure 6.8: Measurement method employed to determine the DAB transfer
function: during time interval 11l (cf. Figure 6.7), amplit ude and phase of the
generated sinusoidal time seriesZ 1fl1moq (z)g are compared to amplitude
and phase of the measured time seriesZ *fl (z)g in order to obtain gain
and phase shift for one frequency of the control-to-output t ransfer function
(for this, only AC components are regarded the DC component S |1 mod,st
and Ty are not considered). The depicted example employs an excitaion
amplitude of 500 mA at a frequency of 1 kHz and nominal convert er operation.
The waveform i (t) is measured with an analog current probe in order to allow
for a comparison between digital and analog signals.
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[l1 /11 modl /dB Phase Shift Modulation
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Figure 6.9: Calculated and measured DAB frequency response for phase stit
operation [(a) gain and (b) phase]; the Nyquist frequency 1=2T) = 10kHz
limits the maximum possible frequency; the solid line denot es the calculated
frequency response and the boxes mark the measured values. fie DAB is
operated with Vi = 340V, V, = 12V, and with a reduced output power
P, = 1:5kW [at P, = 2kW , the inductor current i, (T-) is approximately
zero (Figure 3.4) and, consequently, the time delays of the LV side switches
become highly dependent on the actual current i (T- ) (Figure 4.26); even
though, these time delays are considered in the employed modilator function,

a reduced gain has been measured for phase shift modulation & V1 =340V,
Vo, =12V, and P, = 2kW ; the e ect of these time delays is detailed in [122]].
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[lf1 /11 m0dl /dB  Extended Triangular Current Mode Modulation
5

0 O O e

-5
-10

O measured
calculated

-25 [ [ TT1TT0 f/Hz
@ 10 20 50 100 200 500 1k 2k 5k 10k

arg(1 /11mo0) /° Extended Triangular Current Mode Modulation

180
90
\
0 =8 e )
-E~EL L 1l
[
90+ o measured &&\
— calculated \ y
-180 T T 1117 f/Hz

(b) 10 20 50 100 200 500 1k 2k 5k 10k

Figure 6.10: Calculated and measured DAB frequency response for the ex-
tended triangular current mode modulation [(a) gain and (b) phase]; the
Nyquist frequency 1=(2T) = 10 kHz limits the maximum possible frequency;

the solid line denotes the calculated frequency response ad the boxes mark
the measured values. The DAB is operated with V; =340V, V, =12V, and

with 2 KW output power at the LV port.
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Figure 6.11: Calculated and measured DAB frequency response [(a) gain ard
(b) phase] for the suboptimal modulation scheme depicted in Figures 5.29; the
Nyquist frequency 1=(2T) = 10kHz limits the maximum possible frequency;

the solid line denotes the calculated frequency response ad the boxes mark
the measured values. The DAB is operated with V; =340V, V, =12V, and
with 2 kW output power at the LV port.

The error between measured and calculated frequency respose is at-
tributed to instantaneous inductor currents i (t1) and i, (t2) close to zero
[cf. Figures 5.23(a) and (b) and Figure 5.29]. There, the characteristics of
the delay of the LV switches is highly non-linear (Figure 4.2 6). Still, for fre-

quencies below 8kHz, the maximum absolute gain error is lessthan 1:5dB
and the relative gain error is less than 20%.
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Figure 6.12: Simplied circuit of the DAB: the two current sources re-

place the switches, the inductor L, and the transformer. For a lossless DAB,
the accurate current for the source on the right hand side would be equal
t0 Zfiymod (KT) Vi (KT)=W2(kT)g Gra which is approximately equal to
limod (Z) Gra Vn=Vs. On the assumption of a constant transfer ratio

V1 =Vr,, the simplied circuit can be analyzed by means of Laplace- or Z-
transform.

6.2.6 Derivation of a Simpli ed Gpas

In the presented system, all time constants of the EMI lters are signi cantly
smaller than the time delay caused by the digital controller . The question
may now arise, whether a simple DAB converter model which neglects the
couplings between the input Iter, the output lter, and the DAB power
stage itself would be su ciently accurate in order to design current and volt-
age controllers. For steady-state operation, the employed modulator functions
Gmodps OF Gmodar already generate almost correct timing parameters,
ie. 1y limod @and Iy limea V=V . Additionally, the total time de-
lay Gty (DSP, FPGA, and measurement) needs to be regarded according
to (6.25), (6.27), and (6.28). Thus, the DAB converter in Fig ure 6.1 may be
replaced with the two current sources depicted in Figure 6.12 (cf. [96]).

In Figure 6.13, the frequency response of Gpag (phase shift modulation,
nominal operation) is compared to the frequency response of the simpli ed
transfer function Gpassimp derived from the circuit depicted in Figure 6.12.
The frequency response obtained from the simplied model di ers only
slightly from the accurate model which is mainly due to the li nearization
achieved with the modulator table (regarding the gain respo nse) and due to
the digital controller's time delays (regarding the phase r esponse).
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Figure 6.13: Frequency response of the detailed transfer function Gpas
(solid lines) and the simplied transfer function Gpassimp (dashed lines);
(@) gain and (b) phase diagrams for Vi1 = 340V, V, = 12V, P, = 2kW ,
suboptimal modulation; the boxes mark measured values.

6.3 Current and Voltage Controllers

Due to the large capacitance values of Cpc1 and Cpc 2, constant input and
output voltages Vi and V. are assumed for the design of the current controller.
Furthermore, according to the considerations discussed in Section 6.2.6, the
transfer function Gpag is regarded to be independent of the actual operating
point.

The proposed current controller (Figure 6.2) is a discrete-time Pl con-
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troller, 3
z (1 T=Ty))

Ge,) = Ky, z—ll (6.35)
with gain K, and cut-o frequency !, = 1=T;,. Consequently, the open
loop transfer function

Foir = Geci Gopas (6.36)

results. Due to the low pass behavior of Gpag , the following design method
is proposed in order to achieve a high bandwidth of the closed current loop
transfer function:

1. Calculation of the controller cut-o frequency such that jGpas jﬁ\t_! il is
3dB lower than the DC gain, i.e. jGpas (zi1)j = jGpas (¢ 9j=" 2 with
zi| = el n T

2. The controller gain Ky, is determined in order to achieve a given phase
margin  r. First, the z-Parameter z ., where the open loop phase is
equal to 180 + r needs to be determined: arg(Fo, (z ;)=Kp,) =

180 + Rr. With this, the controller gain K, = jl=F,, (z ;)j can be
calculated.

With g =60 , the controller parameters K, =0:29 and T;; =93 sresult
for the given system setup. The calculated and the measured gep response of
the closed current control loop are depicted in Figure 6.14. Since the measured
current signals are superimposed by noise, the average of 18 singular current
step responses is shown; calculated and measured results meh closely. The
proposed current controller achieves the rise time t; 250 s = 5T and the
delay time ty 200 s = 4T with a percentage overshoot of approximately
7% ( lnp  70mA, e = 1A). For the given application, a rise time
of less than 500 s and a delay time of less than 500 s are required, which
has been achieved with the given controller design. If a faster response is
required, the DSP time delays should be reduced (optimized algorithm, faster
DSP), instead of using a smaller phase margin, to obtain an adequate control
performance (fast response and small overshoot), since theime delays caused
by the digital controller account for the main part of the pre sented converter's
phase lag.

The direction of power transfer determines the voltage that needs to be
controlled: this is V; for power transfer from the LV to the HV port, and
V-, for the opposite direction. However, V; and V. are not measured in the
given system, only v and vi, are (Figure 6.1). Therefore, according to the
direction of power transfer, either Vg or Vy, is controlled and Vi Vg as

3The transfer function of the digital PI controller is obtain ed from its continuous-time
counterpart [123].
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Figure 6.14: Measured and calculated unity step response of the closed
current control loop; a rise time t, of approximately 250 s and a delay time
tq of approximately 200 s are achieved.

well as V. Vy, is assumed. For the voltage controller, again a PI controller
with the transfer function

z (1 T=Tv)
z 1

is employed. For power being transferred from the LV to the HV port, the
controlled current |y ows into the output capacitor Cpc 1 and the load. The
plant transfer function for the voltage controller ( Vi =l1.e, cf. Figure 6.2)
therefore consists of the closed current loop transfer fundion, the Iter
impedancesLa, Lfin, Rap, and Cpc 1 (Figure 6.12) and the load connected
to the HV port. If the direction of power transfer changes (HV to LV), then
the current |, which is not measured in the given system, ows into Cpc2
and into the load connected to the LV port. However, | can be approxi-
mated with 1y Vi =Vy, for control purposes, since losses are rather low and
the capacitance Cpc 2 is comparably large. The transfer function of the closed
current loop again exhibits low-pass characteristics but t he output capacitor
adds an integration stage to the plant. For this type of plant , the symmet-
ric optimum design method [124] is selected in order to designh the voltage
controller (in the case of a resistive load, the no-load operation is the worst
case for the voltage controller design). A phase margin of g =75 leads to
Kpv =79:55A=V and T;; =24:7ms.

chv = Kp,\/ (637)



232 Dynamic DAB Model and Control

12V ~
< Z{Vi(2)}, no load
10V F - — ¢~ Ao s e ss s =
1 \72,Ref§
8V ZH{ Vr(2},
P, = 2kW, V, = 340V
6V
4v 1
l — Z'YVi(2)}, measured
2V | ZYVp(2)}, calculated |
j, 1(‘)%VZRef — = Z'YV,re(2)} (sketched in
0 — ‘ ‘
0 trmax 5 10 15 20 25
t [ms]

Figure 6.15: Step response of the closed voltage control loop for no-load
operation and for 2 kW output power at 12V output voltage; the input voltage
is 340V and the output voltage step amplitude is 250 mV.

In Figure 6.15, the measured and the calculated step respongs of the volt-
age controlled system are shown for no load and for a load resstance of
72m =(12V) 2=2kW; again a good matching between measured and calcu-
lated results is achieved.

The proposed voltage controller achieves the rise timet,  6:5ms = 130T
and the delay time tq 1:8ms = 36T with a maximum percentage over-
shoot of approximately 7% at no-load operation (  Vii,pmax 18mv,
Virer = 250mV).

6.4 Conclusion

To develop an accurate small-signal model for a DAB converter, a precise
knowledge of the modulation method is required and the EMI | ters need to
be included in order to consider their interactions with the DAB. However,
simpli ed converter models may be used in order to facilitat e a less laborious
controller design, since the time delay of a digitally contr olled system causes a
signi cant phase lag, which is considerably larger than the power converter's
phase lag.
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In this Chapter, the small-signal models for the DAB includi ng EMI lter
are derived for di erent modulation schemes. Further, the s tructure of the
digital control system (including the most relevant algori thms), a simpli ed
DAB model and the controller design are detailed. The result ing control-to-
output transfer functions are veri ed using measurements ( obtained from an
experimental setup) and a good matching between measured ard calculated
results is shown. Besides, in this Chapter, a measurement me¢hod to obtain
the control-to-output transfer functions is proposed; thi s method may even
be applied automatically in order to enable the autonomous c alibration of the
current and voltage controllers.






Chapter 7

Two-Stage Converter Realizations

7.1 Motivation, Investigated Converter Topologies

According to the results obtained in Chapter 3 and Chapter 5, the DAB con-
verter e ciency considerably depends on the employed input and output volt-

ages (cf. Figure 5.1). With the given DAB hardware prototype , the highest
e ciency is achieved for V1=V, close to the transformer turns ratio n. Thus,
in order to e ectively utilize the DAB converter, an additio nal DC DC con-

verter (without galvanic isolation) can be used to provide t he required ratio
V1=V». In order to limit the total system complexity, a simple buck -or-boost
converter forms the additional converter stage (Figure 7.1 : buck conversion

DAB
00— —O0— o
+ T + +
J . DAB L i AT v
V1=SD<31»—-DC— O o——£—< 0 "o H . v
= + + o+ = 2
| Ty R . Coc1 ] Coci
:} CDC_i=_ Vi ‘ V, V== J:}Tu
o o Lo o o o

@) (b)

Figure 7.1: Investigated two-stage circuits: DAB converter and a HV sid e
buck-or-boost converter (without galvanic isolation); (a ) Vi <V, (b) Vi > V1.
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in one direction of power transfer, boost conversion for the opposite power
transfer direction).

According to Chapter 2, 4 di erent circuit arrangements are possible. How-
ever, the presented investigation is limited to the two arra ngements depicted
in Figure 7.1; there, the additional DC DC converter is plac ed on the HV side.
With the additional DC DC converter being placed on the HV si  de, consider-
ably lower total losses are expected compared to an additional LV side DC DC
converter [Figures 2.22 (c) and (d); Section 2.2.2].

The topology shown in Figure 7.1 (a) proposes a DC link voltag e V; < V1;!
consequently, the HV side peak voltages of the DAB decrease ad the re-
spective HV side currents increase (switch currents, transformer current, and
inductor current on the HV side of the DAB). For Vi <V 1, two di erent situa-
tions are investigated: constant V; =225V (on the assumption of a maximum
duty cycle of the buck-or-boost converter of

Dbmax = Dbuckmax =1  Dboostmin = 0:95, (7.1)

cf. Appendix A.8) and variable Vi, 225V 11v=16V 150V V, 225V.
With constant Vi, the additional DC DC converter generates lower losses and
with variable Vi, the DAB is expected to operate at a higher e ciency.

The second investigated topology [Figure 7.1(b)] employs Vi > Vi to
achieve lower currents on the HV side of the DAB. Again, const ant and vari-
able V; are considered (Table 7.1). However, regarding a variable DC link
voltage Vi, the exclusive DAB operation close to Vi=V, requires 475V V,
475V 16V=11V 700V, which exceeds the drain-to-source breakdown volt-
age Vgrppss  Of the employed MOSFETs (Vgrppss = 600V). In order to
maintain the MOSFETs with  V(gripss = 600V .2 the variable voltage range
is reduced to 475V 11Vv=16V 325V V, 475V. This selection enables
highly e cient operation of the DAB for  Vi=Dpmax < NV and prevents low
DAB converter e ciency which would occur for Vi=\, <n (e.g. Vi =240V
and V> = 16V in Figure 5.1). Table 7.1 summarizes the voltage ranges em-
ployed for Vi.

7.2 Buck-or-Boost Converter Loss Model

In order to achieve a highly e cient and compact design of the additionally
required buck-or-boost converter, the circuit depicted in Figure 7.2 is em-
ployed. There, the high side switch is composed of 3 power sentonductors:
the MOSFET T/, the Schottky diode D,s, and the silicon-carbide diode D;.
Similarly, the low side switch is composed of the MOSFET T, the Schottky

1The index i originates from intermediate link voltage [79 1.
2For Verpss = 600V , optimized MOSFETs with very low on-state resistances are
available (Section D.1.2).
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| No. | Circuit Arrangement | Voltage Range Employed for V;
1 Figure 7.1 (a), constant V; Vi =225V
2 Figure 7.1 (a), variable Vi V, =225V l\é_zv
) 150V Vi 225V
3 Figure 7.1 (b), constant V, Vi =475V
4 Figure 7.1 (b), variable V; Vi = max Db\,/mlax ;A75V 2
) 325V V; 475V

Table 7.1: Two-stage converters (Figure 7.1): investigated DC link vo Itage
ranges.

diode Dy s , and the silicon-carbide diode D), (the silicon-carbide diodes elim-
inate reverse recovery e ects and the Schottky diodes prevent the internal

body diodes of the MOSFETs to conduct). With the proposed swi tches, low
switching losses are achieved on the expense of increased nduction losses.
Due to the use of MOSFETs and silicon-carbide diodes, a high switching fre-
quencyfs of 100 kHz is selected in order to achieve both, low converter volume
and low converter losses [125].

Depending on the employed mode of operation (i.e. buck or boost opera-
tion), either T,, Dis, and Dy or Ty, Dys, and D, are operated; thus, the
resulting converter e ciency depends on the actual operati ng mode.

Figure 7.2: Circuit diagram of the employed buck-or-boost converter [a nno-
tation with respect to Figure 7.1 (a)].
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7.2.1 Buck Operation

The average and the RMS values of the currents through T,, D;s, Dy, and
Lpoc are required in order to calculate the converter losses. Sirce very low
losses are expected for the considered buck-or-boost conwter, the lossless
converter model is considered to accurately predict these aurrents. Moreover,
constant voltages Vi and V; are considered.

The discussed model is used in the subsequent Section 7.3 to gdict the
expected converter e ciencies at medium and high output pow er (i.e. Pout =
1kW and Pow = 2kW ). There, the buck-or-boost converters designed in
Appendix A.8 are operated in continuous conduction mode (CC M, [116]);
thus, in order to simplify the outlined analysis, only CCM op eration is con-
sidered.

Figure 7.3 depicts the employed converter model, typical voltage and cur-
rent waveforms for (Vi = 340V, Vi = 225V, and Po« = 2kW ), and the
relative turn on time of T, i.e. the duty cycle Dpyc -

Based on the above assumptions, the duty cycleDyyk is equal to
Dbuck = — (72)

during steady-state converter operation. The average inductor current is

_ P
I'Lpg buck = 7°ur\'l;_wk , (7.3)
|

V=340V, V,=225V, Poutbuck= 2kW

i Lpc,buck LDC 400V 20A
V.
+ + 300V ° 15A
Vi v 200V [Vt 10a
IL buck /
N ookl || N~
- 100V [ | 5A
- Dpuckl's
hd 0 e 0
0 2us Ts
(@) (b) H

Figure 7.3: (a) Equivalent circuit diagram employed to calculate the cu rrents
through T, Dis, Du, and Lpc during buck operation; (b) typical voltage and
current waveforms during buck operation ( V1 =340V, V, =225V, Poutbuck =
2kW, Lpc =150 H, fs =100kHz).
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the peak-to-peak value of the inductor current ripple is

Vi D
It pe buck = w (7.4)
Locfs
and the inductor RMS current is
s
2 IE buck
T ,buci
Iipe buck = Tipe buek + % (7.5)

Consequently, the average switch current I_TI buck and the switch RMS current
| T, buck are:

I'T, buck = Dbuck I Lpc buck (7.6)

It buck = Dbuck I'Lpe buck - (7.7)
The current through the diode D) causes the current stresses:

Toy, buk = (1 Douck )Tt pe buck » (7.8)

Ip, buk = 1 Dopuck ILpc buck (7.9)

(b, buck : average diode current; I, puck : diode RMS current).

The discussed expressions are valid for the circuit depicted in Figure 7.1 (a);
Vi and V; need to be interchanged in order to determine the currents of the
buck-or-boost converter shown in Figure 7.1 (b).

7.2.2 Boost Operation

On the assumptions given in Section 7.2.1 (lossless buck-oiboost converter,
constant voltages Vi1 and Vi, CCM operation), Poutbuck = Poutboost applies;
moreover, the relative turn-on time of Ty, Dpoost , IS equal to

Vi
Dhoost =1 V_I =1 Dpuc (7.10)
1
during steady-state operation (Figure 7.4).

The inductor current for boost operation is thus equal to the inductor
current for buck operation, i.e.:

'L e boost = | Lpe buck - (7.11)
I'Lpe boost = |Lpe buck » (7.12)

ILDC Jboost = ILDC buck - (7.13)
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V1 =340V, V=225V, Poythoos= 2 kW

I—DC i Lpc,boost 400V 20A
+ - Vg — |
+ + 300V 15A
- Vi 200v [IARSViT2AN 10A
! " e %
_ — 100V 5A
o : 0 ?bO?SEI:S - 0
0 2us T
(@) (b) HS Ts

Figure 7.4: (a) Equivalent circuit diagram employed to calculate the cu rrents
through T, Dis, Dy, and Lpc during boost operation; (b) typical voltage
and current waveforms during boost operation (Vi = 340V, V, = 225V,
Poutboost =2KkW , Lpc =150 H, fs = 100kHz).

During boost operation, the switch and diode currents are:

17, boost = Dboost I L pe boost » (7.14)
IT, boost = Dhboost I pg boost s (7.15)
b, boost = (L Dhoost ) L pc boost » (7.16)
ID, boost = 1 Dhoost | L pc ,boost (7.17)

(I_TII boost » | T, boost : @verage value and RMS value ofit, poost (t), respectively;
I'D, boost » 1D, boost : @verage value and RMS value ofip, poost (), respectively).

The expressions discussed in Section 7.2.1 and Section 7.2.are valid for
the circuit depicted in Figure 7.1 (a); in order to determine the currents of the
buck-or-boost converter in Figure 7.1 (b), Vi and V; need to be interchanged.
7.2.3 Conduction Losses, Copper Losses, Dielectric Losses
Buck Operation

During buck operation, T, D;s, and Dy cause conduction losses:

Pcond, T, buck = RT, |‘|g|,buck ) (7.18)
Peond, D15 buck = Vb, T, buk + Ro, |‘|2'|,buck ) (7.19)
Peond, oy buck = Vo, 1b, buk + Rp, ||§|, Jbuck (7.20)

The MOSFET's on-state resistance Ry, the diodes' forward voltage drops
Vb, Vo, and the diodes' bulk resistancesRp, , Rp, are given in Table 7.2.
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Variable ‘ Value ‘ Description
CoolIMOS SPW47N60C3:

Rt,, Rt ‘ 70m ‘ on-state resistances of T and T
DSS25-0025B
Vb,.s» Vb 0.3V cut-in voltage of D,;s and Dy s
Ro,.., Roy . 8:6m diode series resistances 0D,s and Dys
SDT12S60

Vp,, Vb, 1.0V cut-in voltage of D, and Dy

Rp,, Rp, 43m diode series resistances oD, and Dy
Loc =150 H [employed in Figure 7.1 (a); cf. Figure A.49]:

RL e DC 26m inductor's DC resistance

RL pe AC 290m inductor's AC resistance at 100 kHz
Loc =200 H [employed in Figure 7.1 (b); cf. Figure A.50]:

RL e .DC 45m inductor's DC resistance

RL pe AC 390m inductor's AC resistance at 100 kHz
Electrolytic capacitors used for Cpci [cf. Figure A.51]:

Repg; 250m ‘ total equivalent series resistance (100 kHz)

Table 7.2: Converter parameters used to predict the conduction losses of the
buck-or-boost converter at room temperature ( Tj = 25 C; cf. Chapter 4).

The copper losses in the DC inductor are approximately calculated with

| 2
L pc ,buck

> (7.21)

2
Pcond, Lpc buck = Ripe be ILpe buck + Ripe Ac
(RLpce pc is the inductor's DC resistance and RL,. ac is the AC resistance
of the inductor at f =100 kHz).

The losses generated inCpci are neglected, since Im capacitors are em-
ployed. For Cpci , however, electrolytic capacitors are used (cf. Figure A.51)
with a measured total equivalent series resistance of250m at 100 kHz. The
respective losses are:

| 2
Pesr, cpe buck = Repg L"#bwk (7.22)
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Boost Operation

During boost operation, Ty, Dys, and D, cause conduction losses:

_ 2
Pcond, Ty ,boost — RTH IT” ,boost » (7-23)
— T 2
Pr:ond, D) ,boost — VD”,S I T ,boost + RD”,S |T|| ,boost 1 (7-24)
— T 2
Pcond, D, ,boost — VD| I D ,boost + RD| |D|,boost . (7-25)

The MOSFET's on-state resistance and the diodes' forward vo ltage drops and
bulk resistances are given in Table 7.2.

The copper losses in the DC inductor are approximately calculated with

2
_ 72 I L pc ,boost
Pcond, L pc ,boost = RL pc .DC I Loc .boost t Re pc AC T (7.26)

The losses inCpci are:

I 2
PEsSR, Cpci boost = Rcpg LD#M. (7.27)

7.2.4 Switching Losses
Buck Operation

During buck operation, T, is actively switched and T, remains in the o -
state. The switching losses of T, comprise of the turn-on losses and the turn-
o losses of this MOSFET; the switching losses of the Schottk y diode D¢
and the silicon-carbide diode D, are neglected. According to the discussions
given in Section 4.3.2, the MOSFET's e ective output capaci tance enables
ZVS and thus, very low turn-o losses result. Accordingly, t he turn-o losses
of the buck-or-boost converter are neglected.

In contrast, during turn-on, the involved MOSFET actively ¢ harges or
discharges the parasitic capacitances depicted in Figure 75, which causes
turn-on losses. The equivalent circuit used to calculate th e turn-on losses
(Figure 7.5) contains:

" the eective output capacitances of the employed MOSFETs
[CDS,T| (le ), Cos, 1, (VTII ); Figure 7.6 (a)],

" the junction capacitances of the silicon-carbide diodes [Cp,(vp,),
Cp, (vb, ); Figure 7.6 (b)],

" the backside to heat sink capacitances of the MOSFETs and th e diodes
(Table 7.3), and



Buck-or-Boost Converter Loss Model 243

" the winding capacitance of Lpc, CL,. , estimated using the measured
impedances depicted in Figures A.49 and A.50. For Lpc = 150 H, a
parallel resonant frequency of fop = 2:9MHz is measured and thus,
CLpe = 20pF results; for Lpc =200 H, parallel resonance occurs for
3:5MHz and C_ . is approximately equal to 11 pF.

The heat sink is left on oating potential (not connected to g round) and
thus, the backside to heat sink capacitances are connected m star between
the nodes-, - , ®, and ~ [depicted in Figure 7.7 (a)]:

" Cvi = Cro220 + Cro247 ,

" Cv2 =2Cro220 + Cro247 ,

" Cys = Cro20 .

The outlined method used to predict the turn-on losses furth er considers
a very simple MOSFET model: each MOSFET is replaced by the series con-

o
+ ; @ 1 i
heatsin I———o —||—>@heatsmk
I@C<—| + Cro220 o
TO247 [J Ry, _|Cosm v e
== T CD| C
¥s _ KD == W toc
vy Cro220 YD °© _ L I_
== heatsink®)<|| @"S o Ol alo
Cocyl . o heatsink +
heatsml@<—"—' Q Crozo
Croz47 [L]RT" CosT Y Coci| Vi
—_— T CD“ EE
Sy _ KDy =— Vo
CT0220 D O
- heatsink®) Y Als ° -
5 Yo 0 5
Figure 7.5: Parasitic capacitors considered to predict the turn-on los ses

of Ti: Cps, 7, and Cps, 1, denote the output capacitances of the MOSFETs

[Figure 7.6 (8)], Cp,, and Cp,, are the silicon-carbide diodes' junction capac-

itances [Figure 7.6 (b)], Cto220 denotes the capacitance of a single TO-220
package (capacitances between the diodes' cathodes and théheat sink), and

Cro247 is the capacitance of a TO-247 package (capacitances betwee the

MOSFETSs' drain connections and the heat sink).



244 Two-Stage Converter Realizations

SPW47N60C3: eff. output cap. SDT12S60: junction cap.

I | i i i i i i |
lOHF% 10"*%
i ——— i e —————
1HF% 1nF%
I R R

I ! ]
lOODF% 1OOPF%
1 \
10pF 10pF—L
0 100 200 300400 500 600 0 100 200 300400 500 60C

VDS/V VCA/V

cy (b)
Figure 7.6: (a) E ective output capacitance (i.e. drain-to-source cap ac-
itance) of the employed MOSFET (CoolMOS, SPW47N60C3; obtai ned
from [153]); (b) junction capacitance of the employed silic on-carbide diode
(SDT12S60; obtained from [153]).

nection of an ideal switch and its on-state resistance (the body diodes of the
MOSFETSs never conduct and are thus not included).

Turning on S starts the charging or discharging of all the capacitors shown
in Figure 7.5 via Ry, . During the turn-on process, the diodes D;s and D s
conduct and the diodes D, and Dy block. Therefore, the circuit shown in
Figure 7.5 can be replaced by the simpli ed circuit depicted in Figure 7.7 (b).
During the duration of the turn-on process, constant induct or current I ..
is assumed and the voltage drops acros®D,s and D s are neglected.

In order to determine C, and C;, the star connection of Cy;, Cy2, and
Cv2 needs to be transformed to a delta circuit:

" Cpi12 = (Cro20 + Cro247 )=2,
" Cp2s = Cro220 =2,

" Cp1z = Cro220 (Cro220 + Cro247 ) =[2(2Cr0220 + Cro247 )]

[cf. Figure 7.7 (a)]. The resulting capacitances C, and Cy; [Figure 7.7 (b)] com-
prise of:

" Cy = Cps;1, + Cp, + Cp12,

~ Ci = Cps:t, + Cp, + Cpzs + CL,. (onthe assumption Cy .. Coci ).
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Variable ‘ Value ‘ Description ‘

KOOL-PADS K200 (thermally conductive and electr. insulati ng foil):

iso 1:30 2 thermal conductivity
riso 2.5 relative permittivity (measured at 1 kHz)
diso 0:2mm thickness (typical)
Viso,br 1000 VRMS breakdown voltage at 50 Hz
TO-220:
Ato220 135mm 10mm | considered capacitor surface
Cro220 15pF backside to heat sink capacitance
TO-247:

Ato2a7 |20:9mm 159 mm | considered capacitor surface

Cro2a7 37pF backside to heat sink capacitance

Table 7.3: Parasitic capacitances formed by the diodes' backsides andthe
heat sink and the MOSFETSs' backsides and the heat sink (cf. Fi gure 7.5).
Between the backsides of the power semiconductors and the hat sink, a ther-
mally conductive and electrically insulating foil (KOOL-P ADS K200) is used.

The energy Eon, T, buck , dissipated in Ry, during discharging or charging
Ci and Cy, is used as an estimate of the turn-on losses.Eon 1, buck Can be
obtained with an energy balance calculation:

Estored, na + Edissipated = Estored,initial + Edelivered » (7-28)

where Eswored,iniiai denotes the energy stored inC; and C;; at the beginning
of the turn-on switching operation, Esired,nat IS the energy stored in C,
and C; at the end of the switching operation, Egeiverea denotes the energy
delivered by the source Vi, and Egissipated IS the energy dissipated during
turn-on. According to [127] the energy Ec (V), which is stored in a non-linear
capacitor C(v) at a capacitor voltage V, is obtained from:

X
Ec(V)= vC(v)dv= %CE,eq (V)V?, (7.29)
0
where Ceeq (V) denotes the energy equivalent capacitance value at a given

capacitor voltage [Figure 7.8 (a) depicts the energy equivalent output capaci-
tance of the SPW47N60C3 CoolMOS]. SinceC(v) is a di erential capacitance,
dq

cw= 4. (7.30)
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Figure 7.7: (a) Star connection of the parasitic backside to heat sink ca-
pacitances of the MOSFETs and the diodes (dashed lines: dela connection
obtained with the wye-delta transformation). (b) simplie d circuit employed
to estimate the turn-on losses (buck operation). The electric capacitance of
the heat sink with respect to earth is neglected; the presented calculation and
the equivalent circuit need to be modi ed if a considerably h igh capacitance
with respect to earth is present, e.g. by using the star to pol ygon transforma-
tion given in [126].

the charge Qc (V), which is stored in C(v) at a capacitor voltage V, is given
with [107]:
X
Qc (V)= C(v)dv = Cqeq(V)V; (7.31)
0
Co.eq (V) represents the charge equivalent capacitance value at a gien ca-
pacitor voltage [Figure 7.8 (b)]. The particular energies u sed in (7.28) can be
expressed with (7.29) and (7.31):

" Estored,iniial = CiEeq (V1)V12:2, sinceC, is charged to V; and Cy; is fully
discharged at the beginning of the turn-on switching operat ion of S;;

" Estored,nal = CilEeq (Vl)V12=2, since C, is fully discharged and Cy is
charged to Vi at the end of the turn-on switching operation of S;

" Edeliveed = V1 Q = ViCiqeq (V1)V1 = V12C||,Q,eq (V1), since the
source V, delivers the charge stored in C, after the switching opera-
tion has completed (the charge of C, is dissipated in Rt,);
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Figure 7.8: (a) Energy equivalent output capacitance of the SPW47N60C3
CoolMOS calculated with (7.29); (b) charge equivalent outp ut capacitance
of the SPW47N60C3 CoolMOS calculated with (7.31). The e ect ive output
capacitance of the SPW47N60C3 CoolMOS (Figure 7.6 (a)) is substituted for
C(v) used in (7.29) and (7.31).

Edissipated = Eon, T, buck -
Thus, the result for Eon, 1, buck IS:

Eon, T buk = %CI,E,eq (V1)VY %CII,E,eq (V1)V + Vi Cigeq (V1). (7.32)
The turn-on losses are nally calculated using:

Pon, 7 buck = fsEon, 1 buck - (7.33)

The energy and charge equivalent capacitances calculated 6r C;(V1) and
Ci (V1) are shown in Figure 7.9.

Boost Operation

During boost operation, T, is actively switched and T, remains in the o -
state. Again, the turn-o losses of T, are neglected and the turn-on losses are
estimated according to the discussion given in the Section above. However,
since the direction of I, reverses [cf. Figure 7.7 (b)], C, and C;; need to be
interchanged in order to calculate the turn-on losses Pon, 1, boost :

1 1
Eon, Ty boost = ECII,E,eq (Vl)V12 ECI,E,eq (Vl)V12 + V12CI,Q,eq V1), (7.34)
Pon, T, boost = fs Eon, T, boost - (7.35)



248 Two-Stage Converter Realizations

Figure 7.9: (a) Energy equivalent capacitance values calculated for C,(v);
(b) charge equivalent capacitance values calculated for C, (v); (c) energy equiv-
alent capacitance values calculated for Cy (v); (d) charge equivalent capaci-
tance values calculated for C;; (v). C,(v) and Cy, (v) of the investigated buck-
or-boost converter are nearly equal.

7.2.5 Core Losses

The core losses of the DC inductor Lpc are calculated with the Steinmetz
equation,

Pcore, Lpc = dpf(HLDc .oC ) Veore, L pe k fs BLDC ACpeak (7.36)

the displacement factor dpf(HL,. pc) considers the increase of the
core losses due to the DC inductor current |y . buck OF ILpc boost
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Displacement Factor (Ferrite Material N87)
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Figure 7.10: Relative increase of the core losses by reason of a DC biased
inductor core (ferrite material N87); Hpc denotes the DC component of the
magnetic eld in the inductor core, Bacpeak IS the amplitude of the AC
component of the ux density (from [128]; measured at a core t emperature of
100 C and at a frequency of 100 kHz).

[(7.3), (7.11); Figure 7.10, [128]]. The actual value of dpf(HL,. pc) is ob-
tained based on the data given in Figure 2 in [128] and linear approximation. 3
The DC component of the magnetic eld in the ferrite core is:

Loc Ly

Hipe oc (7.37)

0 rlpc N'—DC Acore, L pc
and the amplitude of the AC component of the magnetic ux dens ity is:

= Loc lipe=2 (7.38)

B L pc ,AC,peak .
NL pe Acore, L pe

Table 7.4 summarizes the remaining parameters used in (7.39, (7.37),
and (7.38).
7.2.6 Gate Driver Losses

With the employed power MOSFETs (SPW47N60C3), at rated outp ut power
(Pouwt = 2kW), V1 =340V, V, = 225V, buck operation (only T, is actively

3In [128] the displacement factor depicted in Figure 7.10 is m easured for the ferrite
material N87 at 100kHz and for a core temperature  Tcoe Of 100 C. The presented con-
verter model, however, considers a core temperature of 25 C. Sstill, with the data given
in [128] being directly adopted for a core temperature of Teore = 25 C, acceptable total
losses are calculated (cf. Figure 7.11). However, if a more a ccurate calculation of the core
losses is required, new measurements have to be conducted at Teore =25 C.
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Variable Value ‘ Description
Currents:
TLpe T o buck (buck operation) | average inductor current
T oc boost (DOOSt operation)
I pe I'Lpe buck (buck operation) | peak-to-peak current value

I'Lpe boost (DOOSt operation)

Inductor parameters:

Acore, L pc 519mm? (Lpc =150 H) core cross section area
Acore, Lpe | 310mn? (Lpc =200 H)
Veore, L pe 36:2cm® (Lpc =150 H) | total core volume
Veore, L pe 20:.8cm® (Lpc =200 H)
NL pe 16 (Loc =150 H) employed number of turns
NLpe 24 (Lpc =200 H)
Core material parameters (ferrite, N87):
L bc 2200 relative initial permeability
k 14.1 Steinmetz-parameters for a core
1.275 temperature of 25 C, obtained
2.416 from data sheet values, App.C.

Table 7.4: Additional data used to calculate the core losses of Lpc .

switched), and 100 kHz switching frequency, an input curren t of the high side
gate driver of 40mA is measured at a supply voltage of 12V. On the
assumption of an e ciency of 75% of the isolated DC DC converter, used to
supply the high side gate driver, and an e ciency of 75% of the auxiliary power
supply, needed to provide the supply voltages for the converter electronics
(5V, 12V) from one of the DC voltages (e.g. V1), the gate driver's power
demand is

Pgatebuck =12V 40mA=(0:75 0:75) =0:85W. (7.39)

During boost operation, only Ty is actively switched, and the measured input
current of the respective gate driver is again 40 mA at 12 V. For the low side
gate driver, the 12V DC voltage provided from the auxiliary power supply is

directly used to supply the gate driver. On the assumption of a power supply



Buck-or-Boost Converter Loss Model 251

e ciency of 75%, the gate driver's power demand is

Pgatepoost =12V 40 mA=0:75 = 0:64 W. (7.40)

7.2.7 Total Buck-or-Boost Converter Losses
Buck Operation

During buck operation, the proposed loss model considers the total losses
according to:

Pt,buck = Pcond,T,,buck + Pon,T|,buck + Pcond, D ;s,buck + Pcond, D ,buck

+ Pcond, L pc ,buck + PESR, Cpcj ,buck + Pgate,buck . (7-41)

Boost Operation

During boost operation, the total losses are:

Pt,boost = Pcond, T ,boost + IDon,T” boost T Pcond, D .s,boost + Pcond, D ,boost

+ Pr:ond, L pc .boost + PESR, Cpcj ,boost + Pgate,boost . (7-42)

7.2.8 Results

In Figure 7.11 the measured losses of the buck-or-boost conerter prototype,
designed in Appendix A.8, are compared to the losses calculded with (7.41)
[Figure 7.11 (a)] or (7.42) [Figure 7.11 (b)]. There, the nom inal input voltage,
Vi1 =340V, and the DC link voltage V; = 225V are used [according to the con-
verter setup depicted in Figure 7.1 (a); cf. Table 7.1]. Simi lar to the DAB, the
in uence of raised component temperatures is not included ( cf. Chapter 4);
the losses are calculated for component and junction temperatures of 25 C
(in Figure 7.11, the -symbols denote the e ciencies measured after a short
run time of 30 seconds and the4 -symbols denote the e ciencies measured at
continuous converter operation).

With the simple converter model discussed in this Chapter, a cceptable
matching between measured and calculated losses is achievd The accuracy
achieved with the discussed buck-or-boost converter model is considered to
be sucient, if buck-or-boost converter and DAB are connect ed in series
(Figure 7.1) since the DAB converter losses are consideraby larger than the
buck-or-boost converter losses?

4The model improvements discussed in Chapter 4, in particula r the accurate consider-
ation of conduction losses and the use of measured switching losses, could be applied to
the buck-or-boost converter if a better matching between me asured and calculated losses

would be needed.
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V1 =340V, V, =225V, buck op. V1 =340V, V, =225V, boost op.
40W L 40W
o 30W = 30W /s
t,b t,b
’ "] ! __—T
20W — 20W —
10W o 10W 2
0 0
0 500W 1kW 1.5kW 2kW 0 500W 1kW 1.5kW 2kW
(@) Pout (b) Pout

Figure 7.11: Measured and calculated buck-or-boost converter losses fo
(@) buck operation and (b) boost operation; Vi = 340V, V, = 225V
[Figure 7.1(a)], Lpc = 150 H, fs = 100kHz, and T = 25 C. The solid
line denotes the calculated losses (CCM operation), the recangles mark the
measured losses for a short run time of 30 seconds (cf. Chapte4) and the
4 -symbols mark the losses measured at continuous operation (10 minutes).
The dashed line denotes discontinuous conduction mode (DCM) operation;
there, the calculations are not valid.

7.3 Two-Stage Converters E ciencies

The e ciency calculations for the converters depicted in Fi gure 7.1 employ
the DAB converter model detailed in Chapter 4 and the buck-or -boost con-
verter model discussed in Section 7.2, whereas the power trasfer direction
determines the input and output power levels of the converte rs:

" HV | LV: the DAB input power is equal to the output power of the
buck-or-boost converter, Pinpas = Pous [Figure 7.12 ()],

"LV ! HV: the input power of the buck-or-boost converter is equal t o
the DAB output power, Pinp = Pouwpas [Figure 7.12 (b)].

The DAB is operated with the optimized modulation scheme dis cussed in
Section 5.2.2 in order to achieve maximum e ciency. Moreove r, for each of
the 4 circuit variants listed in Table 7.1, the DAB is separat ely designed
according to Appendix A.2 using the voltage ranges specied in Table 1.4
and Table 7.1. The resulting DAB converter parameters n and L for maximum
average e ciency — [calculated with (A.1), (A.2), (A.3), and (A.4)] of the two-
stage converters are listed in Table 7.5. Besides, the valueof the DC inductor
Loc depends on the circuit arrangement [i.e. buck/boost in Figu re 7.1 (a) or
boost/buck in Figure 7.1 (b); cf. Appendix A.8 and Table 7.5] .
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Pin DC Poutb= DC Pout  Pout DC Poutpas = DC Pin

O > >0 O - )

HV DC | Pinpas DC| LV HV DC |Pinp DC | LV
Buck-or-boost DAB Buck-or-boost DAB
Converter Converter

(@) (b)

Figure 7.12: The calculation of the total converter e ciency employs the loss
models of the buck-or-boost converter (Section 7.2) and of the DAB converter
(Chapter 4). The considered input and output power levels de pend on the
direction of power transfer: (a) power transfer from the HV t o the LV port,

(b) power transfer from the LV to the HV port.

Figure 7.13 and Figure 7.14 depict the calculated total conv erter e cien-
cies for power being transferred from the HV port to the LV por t, Pou (=
Poutpae ) = 1kW and Por = 2kW, and the 4 circuit variants listed in
Table 7.1:

" Figure 7.13(a), (b): Vi =225V,
" Figure 7.13(c), (d): Vi =225V 2-,ie. 150V V; 225V,

" Figure 7.14 (a), (b): Vi =475V,

" Figure 7.14(c), (d): Vi = max vamlax 475V 32 Qe 325V
475V.

7.3.1 Eciencies for V; 225V [Figure 7.1(a)]

The converter setup depicted in Figure 7.1 (a) achieves highest e ciencies at
low HV port voltages, i.e. for V; close to 240V (Figure 7.13). Moreover, re-
garding the operation with Py, = 2kW [Figures 7.13 (b) and (d)], the use of
a constant DC link voltage, V; =225V, facilitates higher converter e ciencies
than the operation with a variable DC link voltage, 150V Vi 225V: with
decreasing DC link voltages, the MOSFET currents and the dio de currents of
the buck-or-boost converter increase, which causes the conuction losses to
increase and the e ciency to decrease. Consequently, the average e ciency
achieved with constant DC link voltage ( — = 93:0%) is higher than the average
e ciency achieved with variable DC link voltage ( —=92:7%, Table 7.5).
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Figure 7.13: E ciencies achieved with the two-stage circuit variants 1 a nd 2
listed in Table 7.1 [Figure 7.1 (a)], Pouw = 1kW or Poy =2kW , and power be-
ing transferred from the HV port to the LV port: (a), (b) const ant V; = 225V;
(c), (d) variable 150V V; 225V. The e ciency calculation considers the

e ect of the linear interpolation used by the DSP to determin e the actual mod-
ulation parameters (Appendix E.2), which causes the irregu lar characteristics
of the depicted contour lines. Moreover, the irregular e ci ency characteris-
ticsat Vo 16V in Figure (a) and at V> 13V in Figure (c) are caused by
the suboptimal modulation scheme: at these port voltages V., Pout migrates
from values less thanPoyt, 4 amax (€xtended triangular current mode modula-

tion, i.e. the e ciency is slightly below the maximum achiev able e ciency) to

values greater than Poy, 4 amax [Operation with almost maximum achievable

e ciency, cf. Section 5.2.2 and Figure 5.28 (a)].
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CircuitNo.. | 1| 2 ER 4
DC-Link Voltage or DC-Link Voltage Range (according to Tabl e 7.1):
Vi | 225v | 150:::225v | 475V | 325:::475V
Design Results for the DAB:
L 110 H 6:1 H 500 H 361 H
n 13 13 28 26
Design Results for the Buck-or-Boost Converter:
Loc | 1501 | 150H | 200H | 200 H
Calculated Total Average Converter E ciencies (Appendix A .1)
- | 930w | 927 | 927w | 28w

Table 7.5: Design summary for the two-stage converters depicted in
Figure 7.1 and characterized in Table 7.1.

7.3.2 Eciencies for V; 325V [Figure 7.1 (b)]

With the converter setup depicted in Figure 7.1 (b) and const ant DC link

voltage (Vi = 475V), the highest e ciencies are achieved for high HV port

voltages (Vi1 close to 450V). At Poww = 2kW , high converter e ciency is

achieved within the de ned input and output voltage ranges [ Figure 7.14 (b)],
due to the reduced MOSFET currents in the HV side full bridge o f the DAB.

At Pouw = 1kW , however, reduced e ciencies result [Figure 7.14 (a)], since
the turn-on losses of the MOSFET T, increase with increasing DC link voltage
V; (Section 7.2.4).

With variable DC link voltage and rated output power, Pouw = 2kW,
highest e ciency is obtained for a high DC voltage V: [i.e. close to 16V,
Figure 7.14 (d)]; the obtained e ciency decreases with a red uced DC voltage
V> close to 11V, due to increasing currents in the buck-or-boost converter and
in the HV side full bridge of the DAB. At Pouw = 1kW , however, the average
e ciency achieved with a variable DC link voltage V; [Figure 7.14 (c)] is higher
than the average e ciency obtained with a constant V; [Figure 7.14 (a)], since
the turn-on losses of Ty and the conduction losses due to the circulating
transformer currents decrease with decreasing DC link voltage V;. Besides,
according to Figures 7.14 (a) and (c), the characteristics of the e ciencies
achieved with constant Vi = V>=Dpmax IS clearly dierent to the e ciency
characteristics achieved with variable V;.
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Figure 7.14: E ciencies achieved with the two-stage circuit variants 3 a nd
4 listed in Table 7.1 [Figure 7.1 (b)], Pout = 1kW or Poww =2kW , and power
being transferred from the HV port to the LV port: (a), (b) con stant V; =
475V; (c), (d) variable 325V Vi  475V. Irregular characteristics of the
contour lines are due to the reasons given in the caption of Figure 7.13.

The average e ciencies achieved with V; 325V (T =92:7% or — = 92:8%,
Table 7.5) are slightly below the average e ciency achieved with V; = 225V
(T = 93:0%). Thus, out of the converter con gurations depicted in Figu re 7.1
and detailed in Table 7.1, the converter setup with a constan t DC link voltage
of 225V [Figure 7.1 (a)] is preferred.

7.4 Conclusion

In this Chapter, 4 di erent bidirectional, two-stage DC DC  converter con g-
urations are investigated. The aim of the presented analysis is to determine
the two-stage DC DC converter with the highest average eci ency (calcu-
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lated according to Appendix A.1).

The two-stage converters considered in Figure 7.1 consist ¢ an optimized
DAB converter, which provides galvanic isolation and facil itates highly e -
cient, bidirectional power transfer between an LV port and a HV DC link
port, and a highly e cient buck-or-boost converter (Figure 7.2). Moreover,
constant and variable DC link voltages are investigated (Ta ble 7.1).

In order to facilitate the calculation of the total converte r e ciency, a loss
model is developed for the buck-or-boost converter. The loss model is vali-
dated using measurement results obtained from an actual hardware prototype.

At rated output power, Poy = 2kW , and within the specied input and
output voltage ranges (Table 1.4), the distribution of the e ciencies obtained
for the two-stage solutions 1 and 3 (constant DC link voltage , cf. Table 7.1) is
more balanced than the e ciency distribution achieved for a single-stage DAB
converter (Figure 5.31). However, the calculated average eciencies ( 92:7%
~— 93:0%) are below the average e ciency values calculated for the single-
stage DAB (93:5%). This, together with the more complex hardware setup
required, renders the proposed two-stage solutions less afractive than the
single-stage DAB.






Chapter 8

Conclusions and Outlook

In the presented work, a bidirectional DC DC converter with a low volt-
age/high current port, specied in Table 1.4, is investigat ed. Based on an
evaluation of 6 di erent suitable single-stage converter t opologies, the DAB
converter is judged to be most promising with respect to a hig h achievable
converter e ciency and a high achievable power density (Cha pter 2.3). Ac-
cordingly, the DAB converter is investigated in detail; the results obtained for
the DAB converter are summarized in the following list.

In Chapter 3, the working principle of the DAB converter is e xplained
based on di erent simpli ed converter models. This include s the lossless
converter model (Figure 3.2), which facilitates basic anal ytical investi-
gations on the DAB converter. In this context, in Section 3.1 .3, closed-
form analytical expressions for the modulation parameters Dy, D>, and
' of an optimal modulation scheme, optimized with respect to m inimum
inductor RMS current, are derived. Moreover, two dierent r e nements
of the electric DAB converter model are presented: Section 3.2 investi-
gates the impact of the conduction losses on the transformer currents
and on the power transfer characteristics; Section 3.3 disausses a sim-
plied method to consider the magnetizing current in the tra nsformer
currents.

Chapter 4 presents a detailed loss model of the DAB converter, used to
calculate the losses in the most relevant converter components, i.e. the
semiconductor switches (conduction and switching losses) the trans-
former (winding and core losses), and the inductor (copper and core
losses). The e ciencies calculated with this loss model are veried us-
ing experimental results: for phase shift modulation, an av erage relative
error of the calculated losses of 6.0% is achieved (Table 4.2 The de-

259
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tailed loss model of the DAB converter is needed in order to develop
the e ciency optimized modulation schemes presented in Cha pter 5.

Chapter 5 details a systematic investigation of e ciency i mprovements
achievable for the given DAB converter, obtained with the us e of op-
timized modulation schemes. Finally, with the suboptimal m odulation
schemes discussed in Section 5.2.2, converter operation oke to its max-
imum possible e ciency is achieved (Figure 5.28). However, in order to
calculate modulation parameters D1, D,, and ' suitable for the exper-
imental setup, the detailed converter loss model discussedin Chapter 4
is used. Due to the high complexity of this model, no closed-form ex-
pressions can be given forD1, D2, and ' ; the modulation parameters
are calculated with the equation systems given in Section 5.2.2, using a
multidimensional numerical solver.

The most critical loss mechanisms of the given DAB converter, identi ed
in Section 5, are:

conduction losses,
HV side switching losses (ZVS is required), and

LV side switching losses (large currents should be avoided diuring
switching).

The calculated results are veri ed using experimental data .

" In Chapter 6, a small-signal model of the DAB and a dynamic mo del
of the complete converter system (including the digital con trol plat-
form) are derived. The calculated results are veri ed using experimen-
tal data; good matching between measured and calculated resilts is
achieved. Moreover, Section 6.2.6 illustrates an e ective method to de-
rive a simpli ed transfer function of a given DAB converter. According
to the obtained results, the time delays caused by the digital control
platform mainly limit the dynamic properties of the given DA B con-
verter. The achieved step response of the current control loop is de-
picted in Figure 6.14: the proposed current controller achi eves a rise
time t 250 sand a delay time t4 200 s with a percentage over-
shoot of approximately 7%.

Chapter 7 considers 4 di erent circuit variants of the serie s connection of a
DAB converter and a buck-or-boost converter (without galva nic isolation) in
order to quantify possible e ciency improvements obtained with a two-stage
solution. Consequently, a loss model of the buck-or-boost mnverter is devel-
oped to facilitate the calculation of the e ciency of the two -stage converter.
However, the calculated average e ciency of the two-stage converters is less
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than the average e ciency calculated for the single-stage D AB converter (two-
stage converter variants: =  93:0%, single-stage DAB converter: — = 93:5%;
~ is calculated according to Appendix A.1; the DAB converters employ the
suboptimal modulation schemes discussed in Section 5.2.2) Thus, in aver-
age, the additional losses of the buck-or-boost converter annot outweigh the
e ciency improvements achieved with the DAB converter.

8.1 Concluding Remarks Regarding Suitable Bidirec-
tional DC DC Converter Topologies

With the given DAB converter, the optimized modulation sche mes, and
the design procedure presented in Appendix A.2, high converter e ciency
is achieved for a constant switching frequency, within wide voltage ranges
(240V Vi 450V and 11V V., 16V), and within a wide power range
(Figure 5.31). However, the construction of the LV side full bridge is challeng-
ing with respect to low conduction losses and low switching | osses; further-
more, the LV side DC capacitor Cpc is subject to large RMS currents and the
calculation of applicable modulation parameters (D1, D2, and ' ) is consider-
ably complex. These di culties can be avoided with the full b ridge converter
topologies with one or more DC inductors on the LV side (Secti on 2.2.1): the
DC inductors reduce the RMS current through the DC capacitor Cpcz and
with the modulation schemes discussed in Appendix A.5, the switches of the
LV side full bridge do not actively turn o current. However, due to the large
volume of the lterinductors Lpc2 or Lpcza and Lpcay , the achievable power
density is considered to be less than the power density that can be achieved
with the DAB converter (following [39]). Furthermore, with  the modulation
schemes presented in Appendix A.5, the resulting e ciency d epends on the
direction of power transfer, i.e. the e ciency for power bei ng transferred from
the HV port to the LV port is higher than for power being transf erred in the
opposite direction.

Among the full bridge converter topologies with one or more D C inductors
on the LV side, the current doubler circuit features the lowe st transformer
currents (advantageous with respect to low losses on the comecting paths be-
tween the LV port of the HF transformer and the switches) wher eas the push-
pull converter only requires a single DC inductor. With resp ect to the voltage
range specied for Vo, 11V V., 16V, and the power rating of 2kW, the
current doubler (Figure 2.13) and the push-pull converter ( Figure 2.14) will
both outperform the LV side full bridge with DC inductor (Fig ure 2.12), due
to the available semiconductor switches (Appendix D.2).

According to the speci cations given in Table 1.4, a constant switching
frequency f s is required. However, if a variable switching frequency would be
permitted, fs could be used to modify the transferred power (besidesD1, D2,
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Short-circuit Impedances of the HF Networks of the
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Figure 8.1: Short-circuit impedances of the HF networks of the DAB and
the LLC converters; jZ,ps j COnsiders L = 21:7 H (determined in case
of optimal modulation parameters being used, cf. Appendix A .2.1); jZ; ¢ |
considersL = 38:3 H and C = 135nF (optimal modulation parameters,
cf. Appendix A.4.4).

and ' ). The absolute value of the short-circuit impedance of the H F network
of the LLC converter,

) .1 1?LcC
1Zgc (M= e (8.1)

varies more than the short-circuit impedance of the HF netwo rk of the DAB
converter (Figure 8.1),

1Zspns (1)i=1L, (8.2)
if two di erent frequencies ! 1 and ! » and operation above resonance of the
LLC converter are regarded:

1Zspns (' 2)=Zspas (1 1)) < JZspic (P 2)=Zg e (M a)i

8(1> pi_—_c)_(!2>!1). (8.3)
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According to (3.13), jZspag (!)j limits the maximum output power of the
DAB converter and according to (16) in [129], jZ ¢ (! )] limits the maximum
possible output power of the LLC converter.  Thus, for the LLC converter, a
given increase of the switching frequency results in a large reduction of the
maximum output power than for the DAB converter (this is part icularly true
if the LLC converter is operated close to the resonance frequency of Zs.c ).
Figure 8.1 depicts the short-circuit impedances jZgpag (!)j and jZg, ¢ (V)i
for the DAB converter with L =21:7 H (Appendix A.2.1) and for the LLC
converter with L = 38:3 H and C = 135nF (Appendix A.4.4): for |, =
2 100 10°s 'and!>=2 200 10°s ', jZ pag (! 2)=Zgpap (1 1)j =2:0
and jZg ¢ (Y 2)=Zg . c (! 1)j = 3:44result, i.e. due to the increased switching
frequency, the maximum output power of the DAB converter red uces by a
factor of 2.0 and the maximum output power of the LLC converte r reduces
by a factor of 3.44. Thus, with variable switching frequency , a more e ective
operation of the LLC converter can be achieved than of the DAB converter;
consequently, the achievable e ciency is higher for the LLC converter than
for the DAB converter [130].

8.2 Concluding Remarks Regarding Suitable Unidirec-
tional DC DC Converters (HV I LV)

If solely unidirectional power transfer capability is requ ired, the output
switches of the DAB topology (Ts, Te, T7, and Tg) could be replaced by
diodes in order to reduce the number of gate drivers (phase shfted DC DC
converter, [54]); the modulation schemes discussed in [13] could be used
to control the output power (at low power levels, the employe d modulation
scheme is similar to the triangular current mode modulation scheme pre-
sented in Section 3.1.3). However, the RMS currents in the tr ansformer, in
the switches, and in the DC capacitors are larger than those of the DAB
converter. With the output switches of the DAB converter bei ng replaced by
diodes, the achievable power density is less than the power ensity that can
be achieved with the DAB converter [54].

If a variable switching frequency is permitted, a resonant L LC or LCC con-
verter requires a lower variation of the switching frequenc y than the DAB con-
verter in order to achieve the same change of the output power (Section 8.1).
Thus, with variable switching frequency, a higher power den sity may be
achieved for a resonant converter, than for the DAB.

A reduced RMS current through Cpc2 is achieved with a DC DC converter
with output inductor. With respect to the speci cation give n in Table 1.4,

1The parallel inductor Lm, not considered in [129], only causes an increase of the
reactive power provided by  vac, and does not a ect the transferred power.
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the current doubler converter or the push-pull converter ar e most promis-
ing (cf. Section 8.1 and Appendix D). Due to the volume of the e mployed
DC inductor, however, the achievable power density decreases [39,132].

8.3 Concluding Remarks Regarding Suitable Unidirec-
tional DC DC Converters (LV I HV)

If power is solely transferred to the HV port, again a DAB conv erter or a
phase shifted DC DC converter [54, 131] could be used, whereas a higher
power density can be achieved with the DAB converter [54]. Even higher
power density may be achieved with a resonant LLC or LCC converter, if a
variable switching frequency is permitted.

Again, di culties due to large capacitor RMS currents occur on the LV side.
However, di erent to Section 8.2, a large capacitor current through Cpcz re-
sults, if a converter topology with one or more DC inductors o n the output
side (i.e. on the HV side) is selected. A reduction of the respective capaci-
tor current can be achieved with a topology with one or more DC inductors
on the input side. According to the specication given in Tab le 1.4, either
a current doubler converter or a push-pull converter, operated in reverse di-
rection, are considered to be most suitable. Reliable conveter operation is
either achieved with the modulation scheme presented in App endix A.5, with
a passive snubber, or an active clamping circuit [57,133, 134, 135]2

8.4 Outlook

Future research on the investigated DAB DC DC converter may be related to
the DAB converter modelling and optimization, the DAB conve rter hardware,
or the dynamic behavior of the DAB converter. Besides, the suitability of the
DAB converter as a bidirectional AC DC converter could be in vestigated,
including a comparison to existing bidirectional AC DC con verters (for AC
DC operation, the AC side full bridge of the DAB needs to be equ ipped with
4-quadrant switches to allow for the operation with positiv e and negative
voltages at the AC port).

8.4.1 DAB Converter Modelling and Optimization

The loss model presented in Chapter 4 neglects the impact of raised com-
ponent temperatures on the losses. Thus, in a future step, the discussed

2The modulation scheme presented in Appendix A.5 requires se miconductor switches
on the HV side. With a passive snubber or an active clamping ci rcuit, the semiconductor
switches on the HV side (i.e. T3, T2, T3, and T4 in Figure A.38) can be replaced by
diodes.
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model needs to be extended with a coupled electro-thermal cawerter model,
which allows to cover the e ect of raised component temperat ures on the
e ciency [104,105].

Future investigation may as well consider a complete converter optimiza-
tion with respect to maximum power density and/or maximum e  ciency,
using the suboptimal modulation schemes developed in Sectbn 5.2.2 and the
design procedure discussed in Appendix A.2 (i.e. calculation of n and L).
Therefore, volume models of all converter components and thermal models of
the converter, the HF transformer, the HF inductor L, and the DC capacitor
Cpoc2 need to be developed besides the loss model detailed in Chapr 4. In
this context, the optimization of the LV side full bridge wit h respect to low
volume needs to be necessarily addressed, since the volumefdhe currently
realized LV side full bridge is large [volume of the LV side fu Il bridge including
gate driver circuits and DC Iter capacitor: 9:0cm 9:2cm 5:3cm = 439 cm?®,
volume of the HV side full bridge including gate driver circu its and DC lter
capacitor: 9:0cm 7:5cm 2:5cm = 169 cm®]. In doing so, low HF resistances of
the PCB, a low HF resistance of the transformer contacts, and low parasitic
inductances in series to the semiconductor switches need tobe maintained in
order to achieve low conduction losses (Section 4.2 and Appadix A.2.3) and
low switching losses [cf. (4.7) and Section 4.3.3].

The presented investigation only considers a single DAB converter module.
A reduction of the currents in a single converter module woul d be achieved if
multiple modules were used. Moreover, the interleaved operation of multiple
converter modules enables a considerable reduction of the BC capacitor cur-
rents [136]. Thus, future research may detail the e ect of th e use of multiple
converter modules on the total converter e ciency and/or po wer density.
Furthermore, new possibilities due to the use of multiple co nverter modules
arise and could be analyzed (e.g. at low power operation increased e ciency
can be achieved by turning o single modules [137]).

Future research may also address the detailed calculation d the HF losses
on the PCB. According to Appendix A.2.3 the switching operat ions cause
spectral components of the currents in the PCB tracks which d epend on the
position on the PCB: the fundamental frequency component is mainly present
at the transformer connection whereas a large DC current and increased har-
monic components are observed at the connecting pads of the MOSFETSs.
Therefore, the accurate calculation of the HF losses on the PCB needs to
consider this e ect caused by the switching operations.

Furthermore, continuative re nements of the electric DAB m odel could be
investigated, e.g. the impact of non-constant DC voltages Vi and V. on the
transformer currents iac: and iac2 could be considered. One possible solu-
tion would be the use of an electric circuit simulator, howev er, it is di cult
to realiably calculate the steady state currents and voltag es of the simulated
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circuit. Moreover, the calculation time needed for an elect ric circuit simula-
tion is considerably larger than the calculation time neede d to evaluate the
simpli ed model presented in Chapter 3.

8.4.2 Possible Improvements of the DAB Converter Hard-
ware

In future, di erent steps could be undertaken to improve the hardware proto-
type designed in Appendix A.2. Suggestions for potential hardware improve-
ments are listed below.

An evaluation of di erent transformer concepts could be ca rried out,
e.g. the suitability of di erent transformer cores with res pect to the high
current operation and a comparison of the e ciencies and/or power
densities achievable with di erent transformer cores (e.g . planar cores,
E-cores) may be analyzed. Furthermore, the impact of the int egration of
the DAB converter inductance L into the HF transformer on the achiev-

able converter e ciency and/or power density could be inves tigated.

The impact of component tolerances on the converter's e ci ency and
on the reliable converter operation may be analyzed.

The expected life cycle of the low voltage DC capacitor Cpce heeds to
be investigated, since Cpc2 is subject to large RMS currents. Moreover,
possible consequences of a device failure need to be consir.

The design procedure of the EMI Iters may be accomplished w ith re-
spect to a certain optimum, e.g. maximum power density.

8.4.3 Future Research on the Dynamic Behavior of the DAB

The small-signal model derived in Chapter 6 considers constant port voltages
V1 and V. and therefore neglects the impact of power components and ca-
verters that are connected to the DAB on the dynamic converte r behavior.
Future investigations may consider this e ect, e.g. accord ing to [116]. The
implications of component tolerances and timing inaccuracies [e.g. due to a
limited time resolution of the gate signals (time resolutio n of the employed
gate signal generation unit is 10 ns) and/or due to strongly non-linear time
delays of the MOSFETSs] on the dynamic converter behavior for m further
possibilities regarding future research on the DAB.
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Appendix A

Converter Design

A.1 Aim of the Converter Design

The objectives of the presented converter design are (in the order of the
considered priorities):

1. converter e ciency > 90% at the nominal operating point ( V1 =340V,
Vo =12V, Powt = 2KW),

2. converter e ciency > 90% within reasonable input and output voltage
ranges and reasonable power ranges,

3. low converter volume.

The selectable converter parameters (i.e.n and L for the DAB) are thus
calculated in order to guarantee > 90% at Vi = 340V, V., = 12V, and

Pou = 2KW. Furthermore, if possible (e.g. for the DAB), the design pro cess
maximizes the average e ciency " design
IS
. _1 , Al
design 36 V1=V, V2= V25 Pout = Pout ( )

i=1j=1k=1

that considers 36 di erent operating points using

Vi= 240V 340V 450V ", (A.2)
V,= 11V 12V 16V ', (A.3)
Pot = 2KkW  1kW 1kW 2kw ' (A.4)

Equation (A.4) is de ned in order to consider the operation a t di erent output
power levels (rated power and half of the rated power) in eith er direction of
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power transfer. Moreover, with (A.2) and (A.3), the operati on with di erent
combinations of DC port voltages Vi and V; is considered in order to evaluate
the predicted e ciency at: *

"~ the nominal operating point ( V1 =340V, V, =12V),
"~ the edges of the speci ed voltage ranges,

" nominal HV port voltage and minimum or maximum LV port volta ge
(V1 =340V, V, =11V and V; =340V, V, =16V), and

nominal LV port voltage and minimum or maximum HV port volta ge
(V1 =240V, V, =12V and V1 =450V, V, =12V).

Finally, the employed converter components are arranged in a way that a low
converter volume is achieved.

A.2 Design of the DAB

The design of the DAB is an iterative process: in a rst step, a pproximate
values of the component stress values (i.e. maximum blocking voltages, max-
imum RMS currents, maximum magnetic ux densities) are calc ulated with

the lossless DAB converter model (Section 3.1). The obtained results enable
a rst selection of the employed DAB converter components (e .g. semicon-
ductor switches, transformer core). With the lossless converter model, how-
ever, an inaccurate e ciency results and thus, the presente d DAB loss model
(Chapter 4) is used in a second step in order to improve the calculated stress
values; thereafter, the DAB converter design is accordingly re ned. Due to

the changed DAB converter design, however, the parameters employed in the
DAB loss model change; thus, the design procedure needs to beepeated until

the speci ed requirements are met.

In order to avoid iterations in the presented documentation , the nal DAB
loss model is employed in Appendix A.2.1 to determine the DAB converter
parameters n and L. Based on the calculated component stress values, the
DAB converter components are designed:

" HV side semiconductor switches (Appendix A.2.2),
" LV side semiconductor switches (Appendix A.2.3),

" HF transformer (Appendix A.2.4),

Lif a di erent evaluation criteria is speci ed, then (A.1) (A .2), (A.3), and (A.4) need
to be modied accordingly; consequently, di erent values f or n and L may result. The
converter design procedures discussed in the subsequent se  ctions, however, remain the
same.
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Digital Control and HF-Trans- Water Cooler Terminal
Modulation former (top) LV-Bus

\

/o

Auxiliary Terminal Power Water Cooler
Power Supply HV-Bus MOSFETs (bottom)

Figure A.l1: Picture of the 2kKW DAB converter prototype ( 273 mm
90 mm 53 mm).

" DAB converter inductor L (Appendix A.2.5),
" EMI lters (Appendix A.2.6).

Figure A.1 shows a picture of the nal DAB hardware prototype : it contains
the 2 full bridges (HV side and LV side), the HF transformer, t he digital
control platforms (DSP: TMS320F2808, FPGA: LCMX02280), th e auxiliary
power supplies (HV side and LV side; only the HF transformer o f the HV side
auxiliary power supply a yback converter is visible in Fi  gure A.1), and
2 water coolers on the top and on the bottom side of the converter.

A.2.1 Calculation of n and L

With the full electric DAB converter model (Section 3.3) and the loss model
discussed in Chapter 4 an accurate prediction of the converter e ciency is

feasible and thus, the converter parameters n and L can be calculated with
respect to maximum average e ciency, max(~gesign ), [Cf. (A.1)].
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Extending the DAB Loss Model for n 619

The existing loss model is established forn = 19 and is not readily applicable
for n 6 19. Still, for n 6 19, most components of the discussed DAB loss
model remain unchanged (i.e. conduction losses, switchinglosses, transformer
core losses, and copper losses of the PCB).

Since the predominant part of the converter inductance L is placed on the
HV side (cf. Appendix A.2.5), the voltage vac2 , generated by the LV side
full bridge, mainly excites the transformer core and generates the peak ux
density By peak . Therefore, the LV side winding of the HF transformer remain s
independent of n (i.e. N2 = 1; Ry2 remains constant) and the HV winding
is adapted: N1 = nN2 = n. In order to enable a simple calculation of Ry1 a
constant cross section surface of the HV winding, Any , and a constant average
length of a single turn, lsinge , are assumed. Thus,Ry1 is scaled according to

Nl Is.ingle _ szAC Is.ingle _ N2 Rtrl (19) (A 5)
= 9 = 1 =< = .

R N.)= f _—
1 (N1) ACCu ANy cu T

(the implication of N on the AC resistance factor fac > 1 is neglected;
cf. Appendix A.2.4).

The parameters Ly, R,y , VL core, @and N, , used to calculate the
inductor conduction and core losses (Section 4.1.2), chang with varying n and
L. Consequently, separate inductor designs are required foreach combination
of n and L (Appendix A.9).

Results for n and L

In order to reduce the required calculation time, the DAB con verter is de-
signed for a discrete number of turns ratios n; and inductancesL; (Figure A.2,
Figure A.3, Figure A.4):

(11 12 13 14 15 16 ::: 23 24),

Lmax () (1:0 0975 095 0925 090 ::: 0525 05)".
(A.6)

With  phase shift —modulation, maximum average e ciency,
MaxX(“gesignps ) = 89:5%, is achieved for n = 19 and L = 26:7 H
(Figure A.2). There, the maximum inductor RMS currents are: 1., =15:6 A
and I, = 294A. On the LV side, capacitor RMS currents of up to 244 A
occur (Table A.1).

The achievable maximum average e ciency considerably incr eases with
the extended triangular and trapezoidal current mode modul ation schemes
being employed (Figure A.3, Section 5.1): for n = 16 and L = 15:5 H,
MaX(~gesignTr ) = 92:6% is obtained. Compared to phase shift modulation,
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L/Lmaxps Phase Shift Modulationesign,ps
10 N T T T T T T
max(_design,Pé = 89.5%
™~
0,
0.9 89%_| |
0.8 87.5%
0,
0.7 85%
\
80% ~
0.6
75% \
70% 0
05 o ™~ A80/°
11 12 13 14 15 16 17 18 1920 21 22 23 24
n:N1/N2

Figure A.2:  Average DAB e ciency yegqnps » Calculated with the DAB loss

model (Chapter 4), obtained for phase shift modulation and d ierent n and
L. Lmax denotes the maximum possible DAB inductance which allows for the
speci ed output power within the speci ed voltage ranges. | ts value depends
on the turns ratio n; for n =19, Lmax =26:7 H is calculated.

reduced maximum inductor RMS currents and reduced capacitor RMS cur-
rents are achieved, as well (Table A.1). Moreover, the HV side full bridge
operates with ZVS within the complete speci ed operating ra nge?

The suboptimal modulation schemes (Section 5.2.2) allow for an even
higher average e ciency of 93.5% for n =16 and L = 22:4 H (Figure A.4)
and enable a further reduction of the maximum inductor RMS cu rrents
(HV side: 15.1 A, LV side: 240 A) and a reduction of the maximum capacitor
RMS currents on the LV side (138 A; cf. Table A.1). Again, ZVS o peration
of the HV side full bridge is achieved within the complete spe ci ed operating
range.

With optimal modulation parameters (Section 5.2.1) maX(™gesignopt ) =
93:7% is achieved forn = 17 and L = 21:7 H (Figure A.5). The design
with optimal modulation parameters considers a reduced number of turns

2Wwith phase shift modulation, hard switching occurs on the HV side for certain oper-
ating points [50], e.g. for Vi =240V , Vo, = 16V , Poy =200W ,n =19, L =26:7 H,
and fg = 100kHz .
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L/Lmaxr Ext. Triangular and Trapezoidal Current Mode ModulatiGgsigntr

1.0 T N T T T T
~ max(_design,Ta =92.6%
/

0.9 92.5% /

N~ //
0.8

92%

0.7 ™~
0.6 89%

I~ 91% 90%

o899 % i

05 (8%

11 12 13 14 15 16 17 18 1920 21 22 23 24
n:N1/N2

Figure A.3: Average DAB e cCiency yeggn1r » Calculated with the DAB

loss model (Chapter 4), obtained for the extended triangula r and trapezoidal
current mode modulation schemes and dierent n and L; Lmax denotes the
maximum possible DAB inductance which allows for the speci ed output
power within the speci ed voltage ranges. For n = 16, Lmax = 15:5 H is
calculated.

ratios and inductance values in order to further reduce the c alculation e ort:

(14 15 16 17 18 19 20 21 22 23 24),
Lmax (n) (0:975 Q95 0925 Q90 ::: 0:775 Q75)".

(A.7)

The result depicted in Figure A.5 justi es the step sizes sel ected for 1 and LC:
around the maximum average e ciency of 93:7% a single step change causes
“designopt 10 Cchange by less than 0:1% [around the maximum, the maximum
largest change (0:081%) occurs betweenn = 17 and n = 18 in Figure A.5(a)].

A.2.2 HV Side Full Bridge

On the HV side, a full bridge with a maximum supply voltage of
450V (Table 1.4) and with a maximum output RMS current of 159 A
(cf. Table A.1) is needed. In order to enable a high switching frequency and
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L/ Limax,subopt Suboptimal Modulation gesign,subopt
1.0 I R N N —
l — max(_design,suboat =93.5%
0.9
0.8 /
93% /
0.7
/92%
0.6 0
92% 91%
91%
0.5 N 9094
11 12 13 14 15 16 17 18 1920 21 22 23 24
n:NllNz

Figure A.4:  Average DAB € CieNncy ~gesignsubopt + Calculated with the DAB
loss model (Chapter 4), obtained for the suboptimal modulat ion schemes and
dierent nandL;Lmax denotes the maximum possible DAB inductance which
allows for the speci ed output power within the speci ed vol tage ranges; for
n =16, Lmax =23:6 H is calculated.

'_design,opt L=0.875Lmax ® design,opt n=17
94% MaXE dosgnon = 93.7%] 4%
.y 1~ / L
\\ MaX( design.op) = 93.7%
93% N 93%
92% 92%
14 16 18 20 22 24 18 19 20 21 22 23 24 2t
@) N=Nuv/Npy (b) L/H

Figure A.5: Average DAB € CIENCY ~jegignopt - CalCUlated with the DAB loss
model (Chapter 4), obtained for e ciency optimal modulatio n parameters D1
and D, and for dierent n and L; maximum average converter e ciency of
93:7% is achieved forn =17 and L =21:7 H.



276 Converter Design

Property Phase Shift Extended Suboptimal Optimal
Mod. Tria./Trap. Mod. Mod.
Mod.
Max( ™ gesign ) 89.5% 92.6% 93.5% 93.7%
L 26:7 H 155 H 224 H 217 H
n 19 16 16 17
max(Vos,1,peak ) 450V
max(Vps,2,peak ) 16V
max(l L, peak ) 29.0A 29.1A 24.9A 23.9A
max(l , peak ) 550 A 467 A 399A 407 A
max(l,) 15.6 Arms 15.9 Arwms 15.1 Arms 13.6 Arms
max(l,) 294 Arus 253 Arms 240 Arms 231 Arms
max(lcy ) 14.9 Arms 8.4 Arms 12.1 Arms 9.2 Arms
max(lc,,) 244 Arwis 153 Arwis 138 Arwis 125 Arus
max(Bipeak ) 142 mT 126 mT 129 mT 130mT

Table A.1: DAB inductances, transformer turns ratios, and DAB stress v al-
ues calculated for the di erent modulation schemes; n and L are selected with

respect to maximum g4, [Cf. (A.1)].

simultaneously achieve low losses, the SPW47N60CFD (CoolMOS) has been
selected due to its low on-state resistance [cf. (4.5)], fas switching, and the

enhanced and robust body diode. With its non-linear charact eristic of the
parasitic drain-to-source capacitance the proposed device is well suited for
converters operating with ZVS.

A.2.3 LV Side Full Bridge
The construction of the LV side full bridge is considerably m ore challenging

than the construction of the HV side full bridge, due to the hi gh RMS values
and the high frequency (100 kHz, Table 1.4) of the full bridge output currents.
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The DAB hardware prototype therefore employs 2 full bridges which are op-
erated in parallel [Figure A.6 (a)], such that the current ra ting of a single full
bridge is cut into half and thus, a converter realization usi ng printed circuit
boards becomes feasible.

In order to achieve good current distribution at high freque ncies, the com-
ponent arrangement depicted in Figure A.7 is employed (considering 4 MOS-
FETs per switch on a single LV full bridge, cf. Selecting the LV MOSFETs
on p. 289). There, the low side MOSFETs (Ts, Tg) are placed on the inside
and the high side MOSFETs (Ts, T7) on the outside. This arrangement splits
the full bridge up into 2 circuits and introduces a second ins tance of paral-
lelization. The 2 output tracks of the bridge and the solder p ads connecting
to the transformer are in layers on top of each other in order t o achieve a low
inductive conduction path to the transformer and a low resis tive transformer
contact. The current ow paths related to the dierent switc hing states of
the LV side full bridge are shown in Figure A.8, Figure A.9, Fi gure A.10, and
Figure A.11. Two layers of the PCB are used for the output trac ks of the
full bridge and one layer forms the minus connection of the LV port. The
remaining layer of the PCB (layer 1), however, is needed for t he wiring of the
gate driver circuits. Therefore, the bus bar used for the plu s connection of the
LV port (Figure A.7) is used as a fth layer and forms a solid pl ane below
the PCB.

FEM simulation has been used to determine the current distri bution among
the MOSFETs for the di erent switching states of the LV side f ull bridge
shown in Figure A.6 (b). For this purpose a sinusoidal current with a fre-
quency of f = fs = 100kHz has been employed. The obtained simulation
results give a rst insight into the current distribution on  the PCB, however,
the impact of the switching operations on the current distri bution is not ac-
counted for: Figure A.12 shows a typical current waveform of the DAB and
the related spectrum of the transformer current; Figure A.1 3 and Figure A.14
show the respective currents in Ts and T including the related spectra. Obvi-
ously, a distinct fundamental frequency component occurs for the transformer
current, whereas a DC component and considerably large harmonic compo-
nents result for the switch currents. Thus, due to the switch ing operations,
di erent spectra of the PCB currents occur (depending on the position on the
PCB), which is not accounted for in the presented approach. Still, the results
obtained from the FEM simulations allow for an estimation of the expected
current distributions among the MOSFETS, since a distinct f undamental fre-
quency component results due to the fact that each MOSFET con ducts for
one half-cycle in steady-state operation.

Figure A.15 (a) shows the FEM simulation results of the RMS cu rrent dis-
tribution for a current with an RMS value of 100 A in the output  conductor
of the half bridge leg formed by Ts and Te with the switches Ts and Tg
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Figure A.6: (a) The nal converter prototype employs two full bridges on
the LV side, which are operated in parallel; (b) equivalent c ircuits for the
di erent switching states of a single LV side full bridge, us ed to determine
the current distributions given in Table A.2 using FEM simul ations (for high
frequency excitations the DC capacitor can be replaced by a shorting bar).
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__— PCB (4 layers)

| | T 1 Bus bar (+)

| ———— Busbar (-)

I~ Full bridge output connectors
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Figure A.7: Proposed arrangement of the power electronic components ofa
single LV full bridge employing 4 MOSFETSs per switch.
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Current flow path for
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Figure A.8: Current paths in the LV full bridge if Ts and Tg are turned on
and Te and T7 are turned o .
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Figure A.9: Current paths in the LV full bridge if

and Ts and Tg are turned o .
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onand Tg and Tg are turned o.

Current paths in the LV full bridge if

Current flow path for

Ts andT- being turned on:
Layer 2 (Transf. +)
Layer 3 (Transf. -)

- Layer 4 (-)

= Bus bar (+)

Ts and T are turned



Design of the DAB

283

= Full bridge output connectors 4:
I —— onlayer 2 and layer 3— |

g b Xey
-

[ -
X
\\\\\\
=\
e \
S
_|
2\ 1\
H\\\\
[

Current flow path for

T andTg being turned on:
Layer 2 (Transf. +)
Layer 3 (Transf. -)

- Layer 4 (-)

= Bus bar (+)

Figure A.11: Current paths in the LV full bridge if Te and Tg are turned

onand Ts and T7 are turned o.
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Figure A.12: (&) Current waveform iacz (t) in the LV side transformer wind-
ing of the DAB, calculated for V; =340V, V., =12V, P, =2kW, D; =0:3,
D, =0:4,L =22:4 H, and fs =100kHz; (b) frequency spectrum calculated
for iACZ (t)
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Figure A.13: (a) Waveform of the current through Ts, calculated for V; =
340V, V, = 12V, P, = 2kW, D1 = 0:3, D, = 0:4, L = 22:4 H, and
fs =100kHz; (b) frequency spectrum calculated for ip, 14 (t).
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Figure A.14: (a) Waveform of the current through T, calculated for V; =
340V, V, = 12V, P, = 2kW, D1 = 0:3, D, = 0:4, L = 22:4 H, and
fs =100kHz; (b) frequency spectrum calculated for ip, 1, (t).
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Results for closed switchesTs, Tg and open switchesTs, T7:

ITS;A ITS;B ITs;c ITS;D ITB;A ITs;B ITs;c ITs;c
25.8A 243A 258A 243A 249A 251A 249A 25.1A
(+3.0%) (-3.0%) (+3.0%) (-3.0%) (-0.3%) (+0.3%) (-0.3%) (+ 0.3%)

Results for closed switchesTg, T7 and open switchesTs, Ts:

ITG;A ITG;B ITs;c ITG;D IT7;A IT7;B |T7;c IT7;D
26.1A 240A 26.1A 24.0A 245A 25.6 A 245A 25.6 A
(+4.2%) (-4.2%) (+4.3%) (-4.2%) (-2.2%) (+2.2%) (-2.3%) (+ 2.3%)

Results for closed switchesTs, T7 and open switchesTs, Ts:

ITS;A ITS;B ITs;c ITS;D IT7;A IT7;B |T7;c IT7;D
26.3A 23.7A 263A 23.7A 251A 249A 25.1A 249A
(+5.3%) (-5.3%) (+5.3%) (-5.3%) (+0.5%) (-0.5%) (+0.5%) (- 0.5%)

Results for closed switchesTg, Tg and open switchesTs, T7:

I T6.a I 68 IT6.c IT60 IT4n |48 1760 1760
26.3A 23.7A 26.3A 237A 252A 248A 252A 248A
(+5.3%) (-5.3%) (+5.3%) (-5.3%) (+0.8%) (-0.8%) (+0.8%) (- 0.8%)

Table A.2: MOSFET currents obtained from a FEM simulation of a single
LV side full bridge PCB; the percentage values in parentheses denote the
respective relative current deviation from the average val ue. For the presented
results, the 4 di erent situations shown in Figure A.6 (b) ar e considered. The
simulation is carried out with a RMS current of 100A and f = 100kHz.

being closed and T¢ and T7 being open. With the proposed PCB layout,
a good current distribution among the MOSFETSs is achieved: a ccording to
Table A.2, the current deviation from the average current va lue is less than
6%. Furthermore, the transformer termination needs to be desi gned care-
fully: for an RMS current of 100A and with the side-by-side ar rangement
depicted in Figure A.15(b), a large hot spot with exceedingl y high current
densities of more than 100 A=mm? (RMS value) occurs. A considerably bet-
ter current distribution is achieved at the transformer ter minations if the
respective solder pads are arranged on top of each other [Figre A.15 (a)].

Due to the high current stress, a 4 layer PCB with 200 m copper on each
layer is employed to obtain low resistive losses. The copperresistances of one
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Figure A.15: (a) FEM simulation of the current distribution on a single
LV full bridge using an AC RMS current of 100 A with a frequency of 100 kHz
(the depicted current densities are RMS values); switches Ts and Tg conduct,
switches T and T7 are o [cf. Figure A.6 (b) and Figure A.7]; in (a) the trans-
former terminations are arranged on top of each other; (b) si mulated current
distribution at the transformer terminations with a side-b y-side arrangement
of the respective solder pads: there, a large hot spot with current densities of
more than 100 A=mm? occurs.
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PCB is measured with an impedance analyzer (cf. Section 4.2 and Figure 4.3):

2Rpcpa (f = 100kHz) = 520 ,
2Rpcsp (f =0)=240 (A8)
2Rpesp (f = 200KkHZ) = 580

Two full bridges are operated in parallel on the LV side. Ther efore, the ef-
fective resistance valuesRpcga and Rpcgp are half of the resistance values
given above and the values depicted in Figure 4.3 are half of the resistance
values measured for a single PCB.

Large currents also occur in the full bridge lter capacitor Cy,, therefore
ceramic capacitors have been selected as they are superiord Im capacitors
with respect to energy density and to electrolytic capacito rs with respect to
ripple currents [138]. The DC capacitor Cy, is formed by the parallel con-
nection of 96 ceramic capacitors, each with a value of 10 F, and this keeps
the peak-to-peak voltage ripple below  600mV. In the case of ideal cur-
rent distribution, a maximum RMS ripple current of 2.5A ows through each
capacitor which causes less than 25 mW per capacitor (calcubhted with a dis-
sipation factor of 5%) and is well below the speci ed maximum RMS value
of 6 A [154].

Selecting the LV MOSFETs

On the LV side, the maximum blocking voltage of each switch is 16 V; however,
due to overvoltage spikes during switching (cf. Section 4.3.3), MOSFETSs with
a rated voltage of 40V are selected. For the LV side full bridg e, the MOSFET
IRF2804 is selected due to its low on-state resistance of2:2m . Moreover,
each switch on the single LV side full bridge is composed of a @rtain number
of MOSFETs connected in parallel in order to achieve low cond uction losses
and low switching losses. In order to achieve a symmetric arrangement of
the MOSFETs according to Figure A.7, a multiple of 4 MOSFETs n eeds to
be employed. The number of required MOSFETs per switch, Nire2gos , IS
determined based on the e ciency calculated for di erent va lues for Nirr2s0s -
This calculation employs the loss model discussed in Chapte 4 and considers
the scaling laws listed below:

" the MOSFET currents are reciprocally proportional to the n umber of
employed MOSFETS;

" the switching losses for a given number of MOSFETs per switch are
evaluated based on the measured switching losses (Section 8.3) and
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scaled according to

N rRF2804
Esoswscaled (Is2swi;Nirr2gos ) = ——=——Esosw  ——Isosw
8 N rRF2804
(A.9)

" the leakage inductance of each LV switch (Ts, Ts, T7, and Tg in
Figure 3.1) is reciprocally proportional to the number of em ployed
MOSFETs per switch; consequently, the durations of the over voltage
spikes discussed in Section 4.3.3 are reciprocally proporional to the
number of employed MOSFETS;

" the gate driver power demand scales proportional to the num ber of
employed MOSFETs (Section 4.3.4).

In Figure A.16 and Figure A.17, the e ciencies calculated fo r Nirr2gos =

4 and Nirr2sos = 8 and dierent MOSFET junction temperatures, T, are
depicted (for the HV side MOSFETs and for the LV side MOSFETs t he same
junction temperatures are assumed: Tinv = Tjiv = Tj), whereas optimal
transformer and inductor designs are used (i.e.n and L are adapted depending
on Nirr2sos  and T;). At elevated temperatures, the conduction losses of the
MOSFETs increase considerably. Accordingly, with Nirr2soa = 4 and T; =

125 C, the eciency calculated at low port voltages and at rated o utput

power drops below 84% [Figure A.17 (b)]. Thus, Nirr2sos = 8 is selected in
order to maintain a high e ciency of more than 90% at elevated temperatures
(e.g. at T; =125 C) and within a wide operating range.

A.2.4 Transformer

A planar core (E 58: 58mm 38mm 11mm)® is employed for the power
transformer, mainly because of its advantageous properties with respect to
high power density and excellent electromagnetic and thermal characteris-
tics [105]. Its height (21 mm) is signi cantly lower than the total height of

the converter (50 mm) what leaves space for a surrounding hea sink. For the

selected ferrite core (material 3F3) a maximum peak ux dens ity of 142mT

is calculated for phase shift modulation (Table A.1). The la rge safety margin
between 142 mT and the saturation level of more than 300 mT has been se-
lected to achieve low core losses and to prevent transformersaturation, since
no DC coupling capacitors are implemented. DC coupling capacitors would

show a signi cant volume, especially on the low voltage side due to the high

current ratings.

3Since the ELP 58 core (which was initially considered) was no t available, the E 58
core was used, instead. However, the dimensions of the ELP 58 and the E 58 cores are
nearly identical, cf. [155, 156].
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LV side: 4 MOSFETSs per switch

P,=1kW, T, =25°C, P, =1kW, T, =125°C,
16V 94%  n=15,L=20.3uH 029% 93% n=16,L=21.6pH
950 { / " 94%]| 93%
15v %-M 94% | 93% 15v ¢ V. L2 92% | 9144 |
14V 14V
\Z 9204 V2
13V 13V 90%)
12v 12V
11V 11V 89%
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
(a) V1 (b) A
LV side: 8 MOSFETSs per switch
P, =1kw, T, =25°C, 9205 P2=1kW, Tj=125°C,
94% Nn=16,L=22.4uH 919%)| 93% n=17,L=23.1uH
M I T 6o 54 |1 1 ]
15V {950] ol BV B%
14v ) P2l 1av ) 92%.
V. V.
?13v J / / ?13v // /
12V 12V 911
11V 11V
250V 300V 350V 400V 450V 250V 300V 350V 400V 450V
(c) Vi (d) Vi
—= Vi=nV,

Figure A.16: Calculated e ciencies for an output power of 1kW, a power
transfer from the HV port to the LV port, di erent junction te  mperatures T;
(equal T; is assumed for all MOSFETSs), and for di erent numbers of para llel
MOSFETs used per switch on the LV side: (a) Nirr2sosa = 4, Tj = 25 C,
(b) Nirr2soa =4, T; =125 C, (c) Nirr2sosa =8, T; =25 C, (&) Nirr2sos =8,
T; = 125 C; n and L of each con guration are optimized with respect to

maximum average e ciency.

Typically, at and wide windings are used in planar core tran sformers to
achieve a low AC resistance. Hence, a considerably large paasitic coupling
capacitance results between the primary side (HV side) and the secondary
side (LV side) of the HF transformer if the transformer compr ises of a large
number of interleaved HV and LV windings that are placed on to p of each
other. In order to achieve a small coupling capacitance and a low AC resis-



292 Converter Design

LV side: 4 MOSFETSs per switch

P,=2kW, T; =25°C, P, =2kW, T; =125°C,
16V 92% n=15,L=20.3uH 89% 90% n=16,L=21.6pH
95% | 949 0
15V ot 94% yov M || | 94 93% g‘;z%—
13V \ - 13V \\
90%
12v 92% 1] 12V
N " \ 89%

89% 90%g00V 350V 400V 450V 84% 86% 88% 350V 400V 450V

@ V1 (b) V1
LV side: 8 MOSFETSs per switch
P, =2kW, T, =25°C, P, =2kW, T, =125°C,
%  Nn=16,L=22.4uH o N=17,L=23.1uH
16v 35 | s 16V por e a
15v ¥ \ 95% 15V [ Cf 94%
14V 14V 93%-|
V2o / 94% | V2
13V 0| 213V
12V \ 12V \\ 92%
Id 93% A\ >
91%92%300V 350V 400V 450V  88% 90%B800V 350V 400V 450V
(© Vi (d) \A

—= Vi=nV,

Figure A.17: Calculated e ciencies for an output power of 2kW, a power
transfer from the HV port to the LV port, di erent junction te  mperatures T;
(equal T; is assumed for all MOSFETSs), and for di erent numbers of para llel
MOSFETs used per switch on the LV side: (a) Nirr2sosa = 4, Tj = 25 C,
(b) Nirr2soa =4, T; =125 C, (c) Nirr2sosa =8, T; =25 C, (&) Nirr2sos =8,
T; = 125 C; n and L of each con guration are optimized with respect to

maximum average e ciency.

tance, litz wire windings and an interleaved winding arrang ement with a low
number of alternating winding layers are employed: the HV wi nding with ei-
ther 16 or 19 turns is placed in the middle and 2 single turn LV w indings,
which are operated in parallel, are placed above and below the HV winding
(Figure A.18). Table A.3 lists the geometric dimensions of t he HF transformer
core and Table A.4 lists the employed litz wires, which are op timized accord-
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upper LV winding N, = 1 turn
HV winding, N; turns

\/ lower LV winding,N, = 1 turn
Itr,core

|

Figure A.18: Planar HF transformer employed for the DAB. The trans-
former contains 2 windings on the LV side, one above and one bdow the
HV winding, which are operated in parallel. The HV winding is placed in the
middle.

ing to [139] in order to achieve a minimum high frequency resistance [140,141].

On the LV side, the winding terminations need to be designed with care
in order to avoid high HF losses. The winding terminations de picted in
Figure A.19 (a) (i.e. side-by-side arrangements of the wire ends) cause an in-

Property Value Description
Bir,core 58.4 mm core width
e core 21.1 mm core height
lr,core 38.1mm core depth
Prrc 8.1mm width of the inner core leg
by ¢ 21.5mm width of the window area
Pr.s 3.7mm width of each outer core leg

Table A.3: Dimensions of the HF transformer core ELP 58 (according to
Figure A.18, [155]).
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upper LV winding,
N, =1 turn

HV winding, N; turns———

lower LV winding,
N, =1 turn

— copper bars (used during-

the measurement of the

—_——s|= AC resistance and of
p the stray inductance)

I—l— wire ends, HV Windingj—,
(@ (b)

Figure A.19: (a) Side-by-side arrangement of the LV side transformer win d-
ing termination; (b) LV side winding ends being placed on top of each other
(the HF transformer employs 2 windings on the LV side, which a re operated
in parallel). The shown copper bars are used to short circuit the LV port of

the transformer in order to enable the measurement of the stray inductance
and the AC resistance of the winding; the copper bars are removed once
the measurement is done. According to the measurement resuts depicted in
Figure A.20, the total AC resistance, Ry1 + n?Ry, , achieved with arrange-
ment (b) is 26% less than the AC resistance achieved with (a).
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(Re1,19+ N?Ryz,19/ m!
800

600

LV side winding: side by side terminatieq
400 SI winaing: si Yy SI | I\ /

200 / /‘

[
o

T
e

o LLV side winding: winding ends on top of each othé Hz
1k 2k 5k 10k 20k 50k 100k 200k 500k

Figure A.20: Measured HV side referred AC resistance, Ry1.19 + N?Ruz219 ,
of the HF transformer with n =19 and the 2 winding terminations depicted
in Figure A.19 (using the transformer model depicted in Figu re 3.29). At f =
100 kHz, a total AC resistance of either 208 m (side-by-side arrangement) or
153m (winding ends on top of each other) is measured. The measurenent
is accomplished using the Agilent 4294A Precision Impedance Analyzer. At
f =100kHz, the accuracies of the Impedance Analyzer are 3:8% for Ry1,19 +
N?Ryz10 =208m and 4:1% for Ry110 + N?Ryz10 = 153m  (calculated
according to [152]).

crease of the total stray inductance [142] and generate addtional HF losses
(cf. Appendix A.2.3). Figure A.20 depicts the measured HV si de referred cop-
per resistance of the HF transformer with n = 19, using the side-by-side ar-
rangements shown in Figure A.19 (a) and 2 shorting bars being soldered to
the wire ends of the 2 transformer windings on the LV side: at f = 100kHz,
a total AC resistance of 208 m results.

Winding Employed Litz Wire
9 parallel connected litz wires:
245 strands, single strand copper diameter: 0.1 mm

parallel connected litz wires:
245 0:1mm and 120 0:071 mm

HV winding, n =19 245 0:1mm

LV windings

HV winding, n =16

Table A.4: Litz wires employed for the HF transformer windings.
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The HF resistances of the transformer terminations clearly decrease if
the winding terminations are placed on top of each other [Fig ure A.19 (b),
Figure A.20]: the total HV side referred copper resistance is now 153m (at
f =100kHz), i.e. 26% less than the AC resistance measured for the side-by-
side arrangement.

Furthermore, for the transformer with n =19, a total HV side referred stray
inductance of 7:9 H, a magnetizing inductance of 2.7mH and a parasitic
coupling capacitance of 65pF between HV side and LV side are measured
at 100 kHz (Figure A.21 and Figure A.22). For n = 16 and f = 100kHz,
the measured total HV side referred copper resistance is110m , the total
stray inductance is 5:0 H, the magnetizing inductance is 1.9 mH, and the
coupling capacitance between HV side and LV side is 69 pF (Figure A.23 and
Figure A.24).

The measurement results presented in Figure A.21 and Figure A.23 de-
pict the total stray inductances Ly + n?Ly2 and the total AC resis-
tances Ry1 + N?Ry2 . For the employed transformer model (Figure 3.29 in
Section 3.3), however, distinct values are required for Ly1, Lu2, Ru1, and
Rtrz .

The inductances Ly; and Ly, are determined from the measurement re-
sults (Figure A.21 and Figure A.23) at f = 100kHz and based on the as-
sumption that the magnetic energy stored in the transformer stray induc-
tance is equally shared by the LV side winding and the HV side winding,
i.e. L n?Ly . The respective results for Ly: and Ly are listed in
Table A.9.

The resistances Ry1 and Ry, are determined from the measurement re-
sults, too; there, however, the AC resistance Ry1 is calculated according to
Appendix A.9.4; Ry is then obtained from (A.17). Due to the essentially dif-
ferent characteristics of the magnetic eld lines inside th e conductors for the
part of the winding which is surrounded by the transformer co re and for the
transformer's end turns, the calculation of Ry distinguishes between these 2
parts.

For the winding portion which is surrounded by the transform er core, the
respective AC resistance of thei-th turn, Ruainside, i, IS calculated according
to Appendix A.9.4 and [38]:

5 dg=27
4GRrn . VN2
I:ztrl,inside, i = I:ztrl,inside,DC Fr + % ]Hi(r; )erd dr
tl

I {z }

obtained from FEM simulation,

0 0

Table A.5 and Table A.6

(A.10)
[Rivinsicepc IS calculated with (A.12); dy denotes the total diameter of
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Figure A.21: (a) Measured HV side referred total stray inductance of the
HF transformer with n =19 (cf. Figure 3.29); (b) and (c) measured HV side
referred AC resistance. In order to obtain the depicted measurement results,
the LV winding of the transformer is shorted and thus, the imp lication of the
transformer magnetizing inductance (2.7 mH at 100 kHz) on Ly219 and Riz,19
is neglected. The measurement is accomplished using the Adent 4294A Pre-
cision Impedance Analyzer. At f = 100kHz, the accuracies of the Impedance
Analyzer are  0:13%for Ly119 + N2Lyz210 and  4:1% for Ry119 + N?Ruz10
(calculated according to [152]).
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Figure A.22: (a) Measured magnetizing inductance, Ly 9 of the HF trans-
former with n = 19; at f = 900kHz a parallel resonance occurs [m19 =
2:7 H in parallel to a capacitance of 11:6 pF); (b) coupling capacitance be-
tween the HV side and the LV side of the HF transformer for n = 19. The
measurement is accomplished using the Agilent 4294A Precison Impedance
Analyzer. At f = 100kHz, the accuracies of the Impedance Analyzer are
0:1% for Lmae and 0:1% for Crviviie  (calculated according to [152]).
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Figure A.23: (a) Measured HV side referred total stray inductance of the
HF transformer with n =16 (cf. Figure 3.29); (b) and (c) measured HV side
referred AC resistance. In order to obtain the depicted measurement results
in (a), (b), and (c), the LV winding of the transformer is shor ted and thus, the
implication of the transformer magnetizing inductance (1. 9 mH at 100 kHz) on
Lu216 and Ruz16 is neglected. The measurement is accomplished using the
Agilent 4294A Precision Impedance Analyzer. At f = 100kHz, the accuracies
of the Impedance Analyzer are  0:15% for Ly116 + N?Lyz216 and  4:4% for
Ru1is + N%Ryz16 (calculated according to [152]).



300 Converter Design

LM,lslmH
5

4
3
2 1
1
0

f/Hz

1k 2k 5k 10k 20k 50k100k 200k 500k 1M 2M
@)

Civiv,i6/PF
100

80
60
40

20

0 f/Hz
1k 2k 5k 10k 20k 50k100k 200k 500k 1M 2M
(b)

Figure A.24: (a) Measured magnetizing inductance, Ly s Of the HF trans-
former with n = 16; at f = 920kHz a parallel resonance occurs [m19 =
1:9 H in parallel to a capacitance of 15:8 pF); (b) coupling capacitance be-
tween the HV side and the LV side of the HF transformer for n = 16. The
measurement is accomplished using the Agilent 4294A Precison Impedance
Analyzer. At f = 100kHz, the accuracies of the Impedance Analyzer are
0:1% for Lmis and 0:1% for Cruviviie  (calculated according to [152]).
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the litz wire, calculated with (A.178); nNswands denotes the number of sin-
dR2R
gle strands]. FEM simulation is used to calculate jHi(r)j2rd dr
0 0
(Table A.5, Table A.6).

The AC resistance of the i-th turn of the end turns is also calculated using
FEM simulation results [Figure A.25 (a)]:
0

1
dg =27
— 4GRn§trands ; N2
Rtrl,outside H I:ztrl,outs,ide,DC, i Fr + T JHi(r! )J rd' dr
tl
|———fz }
obtained from FEM simulation,
Table A.7 and Table A.8
(A.11)

[Ru1ouside,pc, i IS calculated with (A.13)]. The additional resistance incr ease
due to the winding termination is neglected on the HV side.

With the DC resistances of the employed litz wires,

4|tr1 inside
Riinsideoc = ———————, (A.12)
cuNstrands d 2

4 Itrl outside, i
Ritousidenc, i = ————, (A.13)
cuNstrands 0 2

the particular wire lengths (cf. Figure A.18, Table A.7, Tab le A.8),
ltrinside = 2ltrcore =2 381mm =76:2mm, (A.14)
ltr1outside = C1, i (A.15)

and the equations (A.10) and (A.11), the total AC resistance Ry1 can be
calculated:*

W1
R = (Rtrl,inside, i T Ru1,outside, i) . (A-16)
i=1
The remaining winding resistance is attributed to the LV sid e:
0 1
_1 2
Rz = — Ri1 +N"Rue Rin & . (A17)
n {z
measured value,
e.g. from Figure A.21
“In order to simplify the calculations, the 2 litz wires emplo yed for the HF transformer
with n = 16 are combined to a single litz wire with a single strand copper diameter of
0:1 mm. The number of strands is adjusted such that the total copper cross section area

remains the same, i.e. Ngyangs = 305.
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n=19, ds =2:3mm

Conductor Number: 1 2 3 4 5
dR2R

jHi(r;' )j?rd dr  37:8A%2  161A% 127A%? 522A%2 506A?
0 0
Conductor Number: 6 7 8 9 10
dR2R

jHi(r;' )j?rd dr  152A2  145A% 542A% 523A2 158A?
0 0
Conductor Number: 11 12 13 14 15
dR2R

jHi(r;" )j?rd dr  152A%2 552A% 5L7A?2 17:3A%? 153A?2
0 0
Conductor Number: 16 17 18 19
dRF2

R- 2 2 2 2 2
jHi(r;' )jerd' dr  57:1A 438 A 247 A 13.8A
0

dRF2R
Table A.5: FEM simulator results for jHi(r;* )j?rd' dr obtained for

0 0
the winding portion inside the core [i-th turn of the HF transformer with
n =19, cf. Figure A.25 (b)].

n=16, dy =2:6mm

Conductor Number: 1 2 3 4 5
dR2R

jHi(r; )j?rd dr  327A2  327A% 37:1A% 37:1A?  382A?2
0 0
Conductor Number: 6 7 8 9 10
IR2R

jHi(r;' )j?rd dr  382A2 385A% 385A% 385A2 385A?
0 0
Conductor Number: 11 12 13 14 15
dRF2R

jHi(r;' )j?rd dr  382A2 382A% 37:1A% 37:1A2 327A?
0 0
Conductor Number: 16
dRE2ZR

jHi(r;' )jPrd dr 327A?
0 0

dR2R
Table A.6: FEM simulator results for jHi(r;" )j?rd' dr obtained for
0 o0

the winding portion inside the core [i-th turn of the HF transformer with
n =16, cf. Figure A.25 (b)].
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5kA/m
dtrl,l?/2 2 kA/m
O o2 = 2
trl,Q/ dtrl,lC/ 1kA/m
400A/m

\ upper LV winding N, = 1 turn
HV winding, N; turns
(a) lower LV winding,N, = 1 turn

(( upper LVW@OO

. Qo— HV winding

Iower Lv Wlndlng

(b)

Figure A.25: (a) FEM simulation of the magnetic eld (RMS value) gen-

erated by the transformer end turns (N3 = 19, N, = 1). For the depicted
eld plot, laci = 10:5A, laczc = 200A, and f = 100kHz are selected. This
Figure also shows the 4 radiusesdy1, 1=2, di1, 9=2, dy1, 10=2, and dy1, 10=2 of
the rst, the ninth, the tenth, and the 19 ™ end turn to illustrate the calcula-

tion of dy1, i; du1, i iS needed to calculate the DC resistancesRu1 outside,DC, i
[cf. (A.13) and (A.15)]. (b) Numbering used for the turns of t he HV winding.

Table A.9 lists the component values of the equivalent trans former circuit
depicted in Figure 3.29 (however, in order to improve the mod el accuracy,
the transformer stray inductance determined for the fully a ssembled converter
setup is used to obtain Ly1 and Ly2 , cf. Appendix A.2.5 and Table A.10).
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n=19, ds =2:3mm

Conductor Number: 1 2 3 4 5
IR2R
jHi(r;' )j?rd dr  457A2  438A% 264A% 51.6A% 51:.0A?
0
i, i 11.2mm 11.2mm 154mm 154mm 19.5mm
Conductor Number: 6 7 8 9 10
IR2R
jHi(r )j?rd dr  2L:1A2  17:9A? 51.7A?2 50:2A% 16:3A2
0
dirt, i 195mm 23.7mm 23.7mm 27.9mm 27.9mm
Conductor Number: 11 12 13 14 15
IR2R
jHi(r;' )j?rd dr  145A2 505A? 47:1A%  142A% 11.9A?
0
i, i 32.1mm 32.1mm 36.2mm 36.2mm 40.4mm
Conductor Number: 16 17 18 19
IR2R
jHi(r )j?rd dr  47:4A%  362A% 183A%2  142A°7
0
dir1, i 40.4mm 44.6mm 44.6mm 48.7mm
dRF2R
Table A.7: FEM simulator results for jHi(r;" )j?rd' dr and the re-

0 o0
spective diameters dy, i obtained for the i-th winding of the end turns of the
HF transformer with n = 19.

A.2.5 Inductor

The converter inductor L can be placed in series to the LV side and/or the
HV side of the HF transformer without a ecting the converter  functionality.
For the given converter speci cations it is easier to place t he inductor on the
HV side due to the lower current rating, despite the larger in ductance value
required.

Since the transformer stray inductances (Ly1, Ly ) and the LV side stray
inductances of MOSFETs and PCB ( L.y ) contribute to L, reduced additional
inductance values Ly are needed for the DAB, depending on the employed
modulation scheme. The total stray inductance, L = Ly1 + n?(Ly2 + L),
is measured on the nal DAB hardware prototype in order to cor rectly de-
termine the additionally required inductance Luy . Therefore, the HV side
transformer winding is shorted and the LV side full bridge ge nerates rectan-
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n=16, dys =2:6mm

Conductor Number: 1 2 3 4 5
IR2R
jHi(r )jPrd dr 426A2  426A% 394A% 39%4A% 385A?
0
i, i 11.5mm 11.5mm 16.8mm 16.8mm 22.1 mm
Conductor Number: 6 7 8 9 10
IR2R
jHi(r;" )j?rd dr 385A2 37:8A% 37:.8A2 369A% 36:9A2
0
dirt, i 221mm 27.4mm 274mm 6mm 32.6mm
Conductor Number: 11 12 13 14 15
IR2R
jHi(r;' )j?rd dr  354A2 354A% 31:7A%2 3L7A? 240A?
0O o0
i, i 37.9mm 37.9mm 43.2mm 43.2mm 48.5mm
Conductor Number: 16
IR2R
jHi(r; )j?rd dr  24:0 A2
0
dtrl, i 48.5mm
dfF2
Table A.8: FEM simulator results for jHi(r;" )j?rd' dr and the re-

0 o0
spective diameters dy, i obtained for the i-th winding of the end turns of the

HF transformer with n = 16.
n L Lz Lwm R Rir2 Rwm
16 221 H 8:0nH 1:9mH 27m 83 1
19 33 H 9:1nH 2:7mH 39m 114 1
Table A.9: Parasitic transformer component values (f = fs = 100kHz)

employed for the detailed DAB converter model (Section 3.3: Figure 3.29,
Figure 3.30). The resistance valuesRy1 and Ry2 are calculated with (A.16)

and (A.17), the stray inductances are obtained from Table A. 10 and on the as-
sumption Ly1 = n?Ly2, and Ly is measured (Figure A.22 and Figure A.24).
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o
L1
EMI o -
Filter Vio = Cpo Vac2 2 H
+o
v

Figure A.26: Measurement setup used to determine the stray inductance
L : the LV side full bridge generates a rectangular voltage vac> with a duty
cycle D, according to Figure 3.3, which causes a linear change of the arrents
iL, and i_,; the inductance L is determined according to (A.18).

gular voltage pulses (Figure A.26), which excite linearly ¢ hanging inductor
currents i, and i_,. On the assumption of a negligible transformer magne-
tizing current, i.e. iL, iL,=n, L is calculated with the measured input volt-
age vi, of the full bridge and the measured current slope di , =dt iL, =t
(Figure A.27):

NnVi

L =Lu +n’(Le +Ly) ———r.
] =

(A.18)
Moreover, with the average LV side transformer voltage, Vacz , being mea-
sured (e.g. according to Figure A.27: in order to eliminate t he e ect of the re-
sistive voltage drop, the average is evaluated over the time interval t; <t<t s,
which is symmetrical around the time of the zero crossing of t he inductor cur-

rent, t,), the stray inductances of the transformer (Ly1 + n?Ly2 ) and of the
PCB (n%Ly ) can be determined separately:

nVACZ
FinE g
NV Vac2)
T

I—trl + nZLtrZ (A.lg)

n2L|_v (AZO)
Table A.10 summarizes the results obtained for n = 16 and n = 19 and
lists the respective inductance values required for Ly . Compared to the
stray inductances measured for the stand-alone transformers (Figures A.23
and A.21), considerably smaller inductance values result; this e ect is ad-
dressed to the high impedance transfer ratio, e.g. for n = 19 the impedance
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Figure A.27: (a) Measured voltages vi; and vac ; at t = to the LV side full
bridge changes its output voltage from vacz =0 to vacz = Vz,i.e. Tg is turned
0, Ts is turned on, and Tg remains in its on-state; at t = t4 the LV side
full bridge changes its output voltage from vacz = V2 to vacz =0, i.e. Tg is
turned o, Tz is turned on, and Ts remains in its on-state; vac, decreases
due to resistive losses in the semiconductors and in the PCB; moreover, the
overvoltage on vac2 (generated due to the e ects detailed in Section 4.3.3)
causes the dip in the waveform of v; (b) measured current i., in the
HV side shorting bar for n =19 and an input voltage of vi, =10V .

transfer ratio is n? = 361, which makes the measured stray inductance very
sensitive on the impedance of the shorting bar connected to the LV trans-
former terminations.
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Joi= T Lui + 2 Remaining
(sz = ]_OV) Vacz nthrz "L Ly

155 H | 16 333A=s 845V | 41 H 07 H 107 H
224 H 16 333A=s 845V 41 H 0:7 H 176 H
267 H 19 24.2A= s 846V 66 H 1.2 H 189 H

L n

Table A.10: Measured stray inductances of the transformer and the PCB;
employed inductance valuesL ny .

Lnv Employed Cores Employed Litz Wires NL .y lg
4 E 32/6/20,

parallel connected litz wires:

107 H |4 PLT32/20/3, 2 (200 0:071mm) 5 241 mm
material: 3F3
5 E 32/6/20 ; -
. ' | parallel connected litz wires:
176 H|5 PLT32/20/3, 2 (200 0:071mm) 5 1.67 mm
material: 3F3
6 E 32/6/20,

! parallel connected litz wires:
189 H |6 PLT32/20/3, 2 (200 0:071mm) 5 1.93mm

material: 3F3

Table A.11: Design data of the inductors placed in series to the transformer
(HV side) in order to obtain the total DAB converter inductan ce calculated
for the di erent modulation schemes; the inductors are desi gned according to
Appendix A.9.

The required inductors are designed according to Appendix A .9 using fer-
rite cores and litz wire windings; Table A.11 summarizes the key parameters
of the employed inductors.

A.2.6 EMI Filters

Employed EMI Filters

The DC lter capacitors which are directly connected to the D AB (i.e. Cn
and Cy, in Figure 6.1) are exposed to high RMS currents (Table A.1). T here-
fore, and due to DC voltages of up to 450V, metalized polypropylene Im
capacitors are selected forCyu (470nF / 630VDC, 7 connected in parallel).
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The low voltage capacitor Cy, is subject to very high RMS currents; more-
over, a very low parasitic inductance (< 1nH) is required. Thus, 96 ceramic
capacitors (10 F / 25V / X7R) are connected in parallel (Appendix A.2.3).

Both lter capacitors Ci and Cy, are selected with respect to the capaci-
tor RMS current; accordingly, the implemented capacitance values are small.
In order to reduce the resulting DC port voltage ripples, the EMI lters de-
picted in Figure 6.1 are employed: the Iter inductors La, Lt1b, Li2a, and
Lw, suppress conducted EMI, the resistors Ry, and Ry, are providing a
proper damping of the lIters, and the DC capacitors Cpci and Ccpz provide
constant port voltages Vi and V». For Cpci: and Cpcz electrolytic capaci-
tors are selected, since the RMS current stresses are very lov in steady-state
operation.

In order to simplify the design of the EMI lters, sinusoidal AC components
of the inductor currents with a frequency of twice the switch ing frequency,
T (t) = Mipeak SiN(4f st) and T2 (t) = (Mpeak SiN(4 f st), are considered and
the maximum peak values of these AC components are set to:

" r\fl,peak,max =500mA,
- r\fz,peak,max =10A.

In a more comprehensive approach, the EMI Iters could be designed with
respect to a certain optimum, e.g. maximum power density.

HV Filter Design

For the design of Ltia, Ltiv, Rap, and Cpci , the HV side full bridge is re-

placed by the current source irg:1 (t) [Figure A.28(a), cf. Section 6.2.6]. On
the assumption Cpci Cn, the capacitor Cpci can be replaced by a
constant voltage source. Accordingly, the employed equivalent circuit of the

EMI Iter disregards Cpci since the lter design solely considers AC signals
[Figure A.28 (b)]. Moreover, the design only considers the fundamental com-
ponent of the Iter currents and voltages, i.e. f = 2fs; the AC component

Tes1 (t) is approximated with:

P .
?FBl (t) Zf\FBLRMS sin (4 f s) . (A.Zl)

Besides the main Iter inductor Lua (Lna carries the converter DC cur-
rent), the components Lup and Ry, depicted in Figure A.28 (b), form a
damping network. The design of this Iter structure closely follows [116].
There, the ratio

Ny = Lab =Lua (A.22)

sets the Iter damping. However, the lter attenuation decr eases with in-
creasing damping. According to [116], n., = 0:5 gives a good compromise
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irp(t) Liso Reap ir1p(t) Lo Reap
i\fl(t) i\fla(t) Lfla i\FB]_(t)
> .
+
ic 1 Vra(t)

ad O

@ ) (b)

Figure A.28: (a) EMI lter employed on the HV side; the HV side full bridge
is replaced by a current source (cf. Section 6.2.6); (b) equivalent AC circuit of
the EMI lter used to calculate Ly ; due to Cpc: Cu , the capacitor Cpc1
can be replaced by a short circuit.

between Iter degradation and the achievable damping. The lIter resistance
Rip is selected with respect to the optimal Q factor, Qoptiz [116],

S
_ nl—fl(3+4n|-f1)(1+2n|-f1)
Qopt,fl - 2(1 Y4 N, ) i (A.23)
Rt = Qopti1r Zof1 » (A.24)
using r -
fla
Z = . A.2
0f1 Cu (A.25)

With the speci ed peak current (‘fl,peak,max and the maximum AC compo-
nent of the input current on the HV side ( (Fsirmsmax = 14:9A for phase
shift modulation), the expression of the Iter damping, giv en with

1+j! Lia+Lpb
d( =4fs)= . ) =
1 !2LpaCp+j! =tarite 1 1 2 (Lpajjlan ) Cal

fil

r\FBl,RMS,maX - =32:5dB, (A.26)

r\fl,peak,max =

is solved with respect to Lfia, L1p, and Rup at! =4 f s.
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Figure A.29: Bode plot of the HV EMI lter transfer function, Gn
Meeirms =firms , with and without Iter damping; Cu = 3:3 F, La
25 H, Lup =12:5 H, Rup = 2:5 . With the proposed damping network,
the maximum gain is 6:2dB at f = 23kHz and the Iter attenuation at
f =200kHz decreases from42:2dB to 32.5dB.

For Cy =7 470nF = 3:3 F, the speci ed attenuation and optimal damp-
ing are achieved for:

" Lua =25 H,
) Lflb =125 H,
- Rflb =25

The Bode plots of the respective Iter transfer functions, Gu =
Meeirvs =lfirums . With and without damping are shown in Figure A.30.

The DC capacitor Cpc: is designed with respect to the output impedance of
the connected hardware in order to achieve a stable converte operation [116]
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and with respect to the required electric energy storage capabilities; for the
given DAB converter, Cpc1 =220 F is selected.

LV Filter Design

On the HV side and on the LV side, the same lter structures are employed.
Therefore, the LV Iter design method is identical to the met hod discussed
above for the HV Iter. For Cr, =96 10 F =960 F,the specied attenuation
and optimal damping are achieved for:

- Lia = 70 nH,
- L 2 =35 nH,
" Rep =8m

The Bode plots of the respective Iter transfer functions, Gp =
(ke2rms =lf2rus , With and without damping are shown in Figure A.30.

For Cpcz a very large capacitance of 200 mF is employed in order to deca-
ple the LV port of the DAB and the LV DC supply, since the impeda nce of
the connecting cable to the LV supply considerably in uence s the control-
to-output transfer function, derived in Section 6, if a smal ler capacitance
(e.9. Cbocz =20mF) is used.

A.3 Three-Phase DAB Design

This Section summarizes the principle of operation and the design equations
employed for the three-phase DAB. A more detailed discussion on this power
converter and the derivations of the presented equations are given in [49,54].

A.3.1 Principle of Operation

The three-phase DAB converter consists of 6 half bridge circuits and
3 HF transformers [Figure A.31(a)]. During steady-state op eration, the
HV side half bridges are operated with a respective phase shit of = 3 [equal to
a time shift of Ts=6, Figure A.31(c)]. Moreover, each HF transformer connects
a HV side half bridge to a LV side half bridge. According to Fig ures A.31(b)
and (c) [there, T = 'T s=(2 ) applies], equal phase shifts' between the out-
put voltages of the respective half bridges on the HV side and on the LV side
are used to achieve the required power transfer between the DC ports of the
power converter.
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Figure A.30: Bode plot of the LV side EMI lter transfer function, Gg,
Mee2rms =f2rms . With and without Iter damping; Cr = 960 F, Lia
70nH, Ly = 35nH, Ry = 8m . With the proposed damping network,
the maximum gain is 6:2dB at f = 26kHz and the Iter attenuation at
f =200kHz decreases from40:4dB to 30:8dB.

A.3.2 Lossless Electric Converter Model

In order to simplify the design process, the lossless electic model of the three-
phase DAB converter is employed (cf. Section 3.1, [54]).

The phase shift, ' , required to achieve a certain power transfer, is:

8 q 9f gL jPj
2 2 1 Usiifi
: " sgn®) 8 Pj i
_ q _ s (A.27)
g 3 [ YA,
. T2 _sgnP) 8 o2 < jPj  Prax

6 12fsL
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Figure A.31: (a) Three-phase DAB converter topology according to [49,54];
(b) voltage waveforms vaci (t) and vacz (t) and current waveforms iacia (t),
iacip (t), and iacic (t) for Vi =340V, Vo, =12V, P, =2kW (power transfer
direction: HV I LV), n=19,L =21:4 H, and fs = 100kHz; (c) respective
gate signals inclusive dead time intervals. At the particul ar operating point,
soft switching is achieved on the HV side. On the LV side, hard switching
transitions occur (cf. Section 4.3.2 and Section 4.3.3).



Three-Phase DAB Design 315

using:
_ 1nViV,
Prax = Tt (A.28)
(maximum power occurs for ' = = 2; for the lossless model,P = P1 = P2
applies).

Similar to the single-phase DAB, the conduction losses Psicona (HV side
switches) and Pszcond (LV side switches), the copper 10ssesPy1.cond , Pir2,cond
(HF transformer), and P.,, cond (HF inductor), and the AC losses on the
LV side of the PCB are calculated using the transformer RMS cu rrents | ac1a ,
I actb , and I acic ,

PSl,cond = I/%Cla + I/%Clb + I/%Clc R3DAB,Sl ’ (A-29)
Psz,cond = n2 I/%Cla + I/?\Clb + |E\Clc R3D/-\B,52 ’ (A.30)
Pl cond = lAcia + lAcis + lAcic Raoas, Lyy (A.31)
Putcond = lAcia + lAcio + lAcic Rapasun | (A.32)
Pu2,cond = n? |/§01a + I/?\Clb + I/?\Clc Rapas2 (A.33)
PpcBacond = N° licia + lAci + lAcic Rapaepcea ; (A.34)

the respective resistance values are obtained at the switching frequency,
fs =100 kHz. In steady-state operation, the transformer RMS currents |ac1a ,
| ac1b and | ac1c are all equal, i.e. |3DAB, L = lacta = lacww = lacic, and are
calculated with:

8
9nV1V21 j3 +18 nV 1V2] j2 + 3 3(V1 an)Z o
% 0 18 32f 5L 8111 3
nViVz ., .3 L2 2., -
|3DAB,L—§1832fL 18" j°+27 j'j© 3 ' j+
1

CBVE ViV +5(nVa)? F o L

3 A 3~ 7

(A.35)

The calculation of the switching losses Psi sw (HV side) and Psysw (LV side)
requires the instantaneous currents at the switching insta nts:

Psisw =6 fsEspagsisw (l3paBsisw ), (A.36)
Ps2sw =6 fsEapass2sw (l3pass2sw ) (A.37)
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with:
8 P
E 2 (V]_ nV2) +3 anJ J 8 J" j —
| _ 18f sL 3’ A38
3DAB,S1,sw — 2 2 W %% +6nVyj' | < i (A.38)
' 18f sL 32
8 - .
2 (nV2 V1)+3Vij'
E n ( 218fliL 1] ) 8 i =,
| _ A.
3DAB,S2,5w 2 ] 2 V., 2 +6Vyj g e (A.39)
: 187 oL 3t

The transformer core loss calculation employs the Steinmetz equa-
tion (4.10) and thus, the peak ux density inside the transfo rmer core,
Bapaspeak IS required. According to Appendix A.2.5, the HF inductor is
placed on the HV side, so

V2
of S N ZA 3DAB,tr,core

B 3pAB, tr,peak (A.40)

results (N2 denotes the number of turns on the LV side and Aspag,rcore IS
the core cross section employed for a single HF transformer d the three-phase
DAB). The total core losses are:

P3DAB,tr,core 3V3DAB,tr,core kf S B 3DAB,tr,peak (A-41)

(i.e. 3 HF transformers; Vapasrrcore denotes the core volume of a single trans-
former). The Steinmetz parameters k, , and are given in Appendix C
(Table C.2, Figure C.4).

The inductors' core lossesPapag, L,y .core are calculated according to (4.14)

and (4.15), using the peak inductor currents |spag, L peak = lactlapeak =
lacibpeak = lacicpeak - The peak inductor currents are approximately calcu-
lated with

I 3DAB, L peak 2 lspas, L, (A.42)

since the waveforms of the transformer currents are close toa sinusoidal wave-
form [Figure A.31 (b)].

In order to calculate the RMS currents through the DC capacit ors Cpci
and Cpcz , the RMS values of the input current ispag1 and of the output
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current i3[)A|32 [cf. Figure A.31(a)] need to known:

.y 3
18 Ta 392F 1 2f L 9nV2(2V1 +3nV2)j T+

N

3
9NV o(Vi+3nVa)j ¥+ —(Va nV,)?

% 8 'l 3
lspaB1 =
TR zf - 36V iP+27 (2Vi  nVo)nVyj' i3+
.
3 2nVo(9nVa  8VL)j' j+ ; V2 +9nViVe  11(nVs)? :
8 3 <ji >
8 (A.43)
18 527 L szL Vi(3V1 +2nVy)j" j°+
i
9V 1(BVL + nVa)j' 2 + ;(v1 V)2
8 i 3
| 3pAB,2
ﬁ 3VIVL' 27V (Vi 2nVa)jt 2+
N
3 2Vi(9Vi  8nVa)j' j+ ; 11VZ2 +9nViVe + (nV2)?2 ’
8 <1 5
(A.44)

With known DC port currents 11 = P=\, and |, = P=VW,, the capacitor RMS
currents lapas, cpe; and lspas, cpe, result:

l'spaB, Cpey = |§DAB,1 17, (A.45)
q

— 2 2
|3DAB, Cpc2 ~— |3DAB,2 I2- (A-46)

The second part of the losses generated by the PCB (connection between
the DC capacitors Cpc, and the half bridges) is calculated according to (4.24)
using (A.44) and |, = P=Vs:

Peceboond = |3Rapaspcep (F =0)+ 14pas Cocs Rapaspcb (f =6fs).
(A.47)
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For the single-phase DAB and for the three-phase DAB, the same semi-
conductor chip areas are considered and, consequently, thesame gate driver
power demand is assumed. Therefore, the power demands of theauxiliary
power supplies remain equal to (4.16).

A.3.3 Model Parameterization

The three-phase DAB converter model is parameterized using data from the
single-phase DAB detailed in Chapter 4 and Appendix A.2.

Resistance Values

The single-phase DAB employs 2 half bridge circuits on the HV side and 2 half
bridge circuits on the LV side. In contrast, the three-phase DAB uses 3 half
bridge circuits on either side. With respect to a constant se miconductor chip
area, the employed on-state resistances of the switches arescaled according
to:

3
Rapags1t = ERSl =105m (A.48)
3
Rapags2 = ERSZ =0:52m (A.49)
(A.50)

[on the assumption of a junction temperature of T; =25 C; cf. (4.5), and (4.6);
in order to include increased losses due to HF e ects on the LV side, the MOS-
FET channel resistance Rpsen),irr2s04  (f = 100kHz)  280m s considered,
cf. Figure 4.4].

In order to achieve low HF losses, 3 parallel copper planes ae needed
on the LV side to provide an electric connection between each HF trans-
former and the HF port of the respective half bridge (similar to Figure A.7,
cf. Appendix A.2.3). Thus, compared to the single-phase DAB , one additional
copper layer is required on the LV side of the PCB of the three- phase DAB.
Provided that the PCB geometry remains unmodi ed and thatth e PCB again
employs copper layers with a thickness of 200 m [cf. Section 4.1, (A.8)], then
the following resistances apply:

R3DAB,PCB,a (f =100 kHZ) = %RPCB,a (f =100 kHZ) =130 y (A.Sl)
Rapagrcep (f =0)= Recsp (f =0)=120 (A.52)
R3DAB,PCB,b (f =600 kHZ) = RPCB,b (f =600 kHZ) =530 (A53)

[for the single-phase DAB, Rpce.a considers the resistance of the transformer
feed line and the respective return line; therefore the factor 1/2 is needed
in (A.51)].
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upper LV winding,N, = 1 turn
HV winding, N; turns
lower LV winding,N, = 1 turn

Figure A.32: Planar transformer employed for the single-phase DAB; in

order to improve the e ciency, 2 windings are operated in par allel on the
LV side. The depicted setup is used to estimate the expected resistance values
Rapagw1  and Rapagwz for the three-phase DAB.

The calculations of the expected transformer resistance values R3zpag.ir1
and Rsppaew2  are based on the transformer setup depicted in Figure A.32
and on the product of Ayw (winding window area) and Agcore (COre cross
section area).

Provided that the HF inductor L solely resides on the HV side and that
the peak magnetic ux densities in the transformer cores of t he single-phase
DAB ( Bpagupeak ) and the three-phase DAB (Bapagwpeak ) are equal, the
ratio of the core cross sections employed for the three-phag DAB and for the
single-phase DAB, A3pag r.coe  =ADABtrcore IS

9
B Vs >
DAB, tr,peak M NoA-n. ~
4f sN2Apag,tr,core for Bpag k = Bapas ko)
. _ Vs S Jtr,peal Jtr,peal
3DAB,trpeak = ’
P of S N 2A3DAB,1r,core
A3DAB,1r,core _ 4
———— = -, (Ab5%)
ApaB tr.core 9

According to [92] and in anticipation of the VA ratings prese nted in
Section 2.2.1 (Spasyxr = 4:6kVA and Szpasr = 4:2kVA, whereas Szpas,ir
denotes the total VA rating of all 3 transformers of the three -phase DAB), the
winding window of a single transformer of the three-phase DA B, Aspas.rw
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can be calculated according to:

SapaBtr =3 _ AszpaBircore  A3DABW

SbaB,r ApaBtrcore  Apastrw
Aszpasirw  _ ApaBtrcore  Szpasyr =3 _
- 0:68. (A.55)
AbpaB trw A3DAB,tr,core SbaB,tr

Furthermore, on the assumption of the core length, licore , being proportional
to Aucore (cf. Figure A.32) and with the core length of the transformer used
for the single-phase DAB, lpagircore = 38:1mm, the core length of a single
transformer of the three-phase DAB, lspagi.core , C&N be estimated:

S

A 2
I3pABtrcore = lDAB trcore L3DABMcore = £ 3g:1mm = 25:4mm. (A.56)
ADaB,tr,core 3

Besides|spagr.core , the length of a single turn, lspasws , Needed in (A.59)
and (A.60), additionally includes the average length of the end turns,
Tspaswe . With the dimensions of the ferrite core used for the DAB (ELP  58:
Pec = 8:1mm, b, = 21:5mm, Figure A.52), Tapagwre becomes

s s !

T A3DAB,tr core A3DAB,tr w
lspaBtre = po ———+ b ————— =23:2mm. (A57)
ADaB,tr,core ApaBtrw

With this, the ratio Ispagws =lbasws can be determined (Ipasw,s denotes
the length of a single turn of the windings used for the HF tran sformer of the
single-phase DAB):

|3DAB,tr,s - 2|3DAB,1r,core + |_3DAB,tr,e 2 254 mm+72:9mm

= = =0:731
lpAB,ir,s 2lpastrcore  + IpaABtre 2 381mm+93:0mm
(A.58)

Finally, with the data given in Table A.9 and (A.55) and (A.58 ), the trans-
former resistancesRapasr1  and Rapasr2  Can be calculated:

= — N1l3paB.trs - 0:731IN1lpagrs
" kKA 3DAB,tr,W =(2N 1) 0:68kA DAB, tr, W :(2N1)
= 1:07Rpas 11 n® 0:12m , (A.59)
Rapagt2 = 1:07Rpasr2 0:34m (A.60)

(winding temperature: 25 C).

Depending on the actual converter parameters n and L, separate HF in-
ductors Lyy are designed (Appendix A.2), according to the inductor desi gn
procedure outlined in Appendix A.9. Subsequently, the resp ective conduction
and core losses are calculated according to (A.31) and (4.14.

The dielectric losses generated by the DC capacitors Cpc: and Cpcz are
very small and therefore neglected.
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Switching Losses

The switching losses are calculated using the results discissed in Sections 4.3.2
and 4.3.3. In order to facilitate a meaningful comparison of the single-phase
DAB and the three-phase DAB, the particular loss energies Esisw and Espsw
are scaled with respect to a constant semiconductor chip area.

In case of a constant current density in the semiconductor chip, the switch-
ing losses increase with increasing chip area (on the assumfion of a homoge-
neous distribution of the switching losses across the chip surface):

Espagsisw (AsiJapaesisw ) = aEsisw (AsiJspasisw ), (A.61)

Espags2sw (As2dapagszsw ) = aEszsw (As2Japasszsw ) (A.62)

(a denotes the relative chip size, i.e. the ratio of the chip size used for each
switch of the three-phase DAB to the chip size used for the respective switch
of the single-phase DAB; As: and As; denote the chip areas of the switches
on the HV side and on the LV side, respectively). However, wit h constant
currents lapagsisw and lspass2sw  and with increasing chip areas, the cur-
rent densities Jspag,sisw and Japagsz2sw decrease. Thus, the switching loss
energies are calculated according to:

1
Eapagsisw (13paesisw ) = aEsisw 5|3DAB,31,SW , (A.83)
1
Espagszsw (13pags2sw ) = aEszsw 5|3DAB,SZ,SW , (A.64)
2
a= —. A.65
2 (A.65)

With a = 2=3, equal semiconductor chip areas are used for the switches of
the three-phase DAB and for the switches of the single-phase DAB.

Transformer Core Volume

The core volume of a single transformer of the three-phase DAB, Vspag.ir,core
required to calculate the transformer core losses, is equalto the total trans-
former volume (except for the volume of the end turns) minus t he volume of
the winding window:

V3DAB,tr,core = b&DAB,tr,core h3DAB,tr,core |3DAB,tr,core 2A3DAB,tr,W |3DAB,tr,core
(A.66)

Provided that the respective vigidths and heightﬁ of Aspassrw  and
Aspagircore  Scale proportional to © Aspasorw and  Aspasircoe , the ex-
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pected transformer height and width can be determined with:

s S
A A
h3DAB,tr,core =13mm DSDABUW +8:1mm DsDABrcore 16:2 mm,
Apas,trw ADAB tr,core
(A.67)
s s
_ A3zpas.rw . AzpaBtrcore  _ ..
bapaircore =43mm ————— +15:4mm —————— =45:8mm
Apas,trw ADAB tr,core
(A.68)

(using the dimensions of the ELP 58 core [155]). Thus, the estimated core
volume of one transformer of the three-phase DAB is:

Vapagircore = 9:12 o, (A.69)

A.3.4 Design Results

The three-phase DAB converter is designed with respect to maximum aver-
age e ciency, according to Appendix A.1. For n =20 and L =22:2 H the

maximum average € CIency ~yeqqn = 90:9% results. Table A.12 summarizes
the expected converter currents and voltages.

A.4 LLC Converter Design

A.4.1 Analytical Model of the LLC Converter
Lossless Electric Converter Model

With the investigations on the LLC converter being conned t o the contin-
uous conduction mode (CCM), the analytical converter model (Figure A.33)
becomes very similar to the analytical model of the DAB: agai n, the full bridge
circuits are replaced by voltage sources and all LV side quartities are referred
to the HV side. Thus, the LLC converter [Figure A.33(a)] can b e replaced by
the circuit shown in Figure A.33 (b), with the high frequency AC part being
composed of a series resonant circuit (inductor L and capacitor C) and the
additional inductance Ly . In contrast to the DAB, second order di erential
equations need to be considered regarding the inductor current i. and the ca-
pacitor voltage vc . With the inductor current i; 1 and the capacitor voltage
Vci 1 at the beginning of the i-th time interval ( t = t; 1),

i 1= ic(ti 1), Voi 1= ve(ti 1), (A.70)
collected in the vector

xi 1=(iui 1 Ve 1), (A.71)
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Property | Value Description |

Maximum Average E ciency:

90:9% | maximum average converter e ciency
calculated with (A.1), (A.2), (A.3),
and (A.4)

HV Side SwitchesTl, T2, T3, Ta, Ts, Te (I =1 2226)2

max (Vapag,ps, T, peak ) 450V maximum HV switch voltages

_design

max (1 3spasp, T;,peak) 142 A | max. instantaneous HV switch current
max (I 3pagp, T;) 6:4 A maximum HV switch RMS current
LV Side Switches T7, Ts, To, T10, T11, T12 (i =7 :::12):
max (Vapas,ps, T;.peak ) 16V maximum LV switch voltages
max (I spagp, T, peak ) 285A | max. instantaneous LV switch current
max (I spag,p, T;) 129 A | maximum LV switch RMS currents
Transformer:
n 20 turns ratio
max (I spas, L) 9G1A HV windings, max. RMS curr.
max (Nl 3pas, L) 182A | LV windings, max. RMS curr.

max (Bspagrcorepeak )| 129mT | peak transformer ux densities

HF Inductors L:

L 222 H| inductance values
max (| 3paB, L ,peak ) 14:2 A max. instantaneous inductor current
max (I spas, L) 91A maximum inductor RMS current
HV Side DC Capacitor Cpc; :
max (1 3pas, cpe; ) | 4:1A | maximum capacitor RMS current
LV Side DC Capacitor Cpcy :
max (I spas, cpc, ) | 66 A | maximum capacitor RMS current

Table A.12: Design summary for the three-phase DAB converter.
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O O
+ +
Ts J4&T;
V; Cocc =2 Vs
n:1
) J#}Te J%}Ts ]
O O
HV Side LV Side

(@)

lact=iL L

(b)

Figure A.33: (a) Power stage of the considered LLC converter; (b) lossless
electric model of the LLC converter, provided that the conve rter is operated
in continuous conduction mode (CCM).

and on the assumption of constant voltage being applied to L and C during
the i-th time interval (de ned in order to be consistent with the d e nitions

used in Chapter 6),
VRi 1= Vact (t 1+) NVace (I 1+ ), (A.72)

the respective time domain solutions for i.; and vc; at the end of the re-
garded time interval with the duration T; are:

. . . VR Vei .
i = ic(® 1;Ti)= i 1cos(oTi)+ %{Jc"lsm (' oTi), (A.73)
=ve(® 1;Ti)= Zoiui 1sin(loTi 1)+

VRi 1 (VRi 1 Vei 1)cos (loTi), (A.74)
r

1 T
lo= p==, 20= ¢ (A.75)

<
0
|
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The voltage nvacz generates the current iy through Lwm [Figure A.33 (b)]
and therefore iy (t) can be calculated separately using the solution of a rst
order di erential equation.

Improved Converter Model

In order to increase the accuracy of the calculated inductor current wave-
form i_ (t), conduction losses need to be considered (cf. Section 3.2)The
nal LLC converter model further includes the improved tran sformer model
depicted in Figure A.34 (cf. Appendix A.2.4 and Table A.9) an d LV side stray
inductances (Table A.10). The resulting LLC converter mode | is shown in
Figure A.35(a).

The HF AC circuit of the LLC converter model depicted in Figur e A.35(a)
is of 4" -order and thus, the expressions fori_,(t) and i_,(t) become very
involved. Similar to the DAB, the wye-delta transformation is employed in
order to reduce the calculation e ort [Figure A.35 (b); cf. S ection 3.3].

The expressions forZ,,, Z,;, and Z 4,

1
Z,=Ri+n®Ra+s (Li+ n°Ly)+ et

n2 (R1+ sLy + %) (R2+ SL2)
Rumji(sLwm) '

(A.76)

1 N Ri+sbLi+ L
Z.=Ri+sLi+ — +[R L 1+ ————sC A77
Ly 1+ sbat+ o= [Rmij(sLm)] n2(R, + sLs) ( )

n2(R2 + SL2)

1
R, + SL1+f

Z, = n’(Ro+ sLa)+[Rumji(sLu)] 1+

, (A.78)

Ly1r Rn n:l L Re

Vir2

ideal transformer

Figure A.34: Transformer model employed for the improved electric model
of the LLC converter.
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S C . .
Iac1 =l L1 Rp ”12 iac2/N=iL,/n
- — 1

+ +
Lis L
23

Vact Zi3 Ris L3 N-Vaco
Ro3

) T Cis

(b)

Figure A.35: (a) Improved electric model of the LLC converter; (b) the
wye-delta transformation is employed to simplify the calcu lations.

contain higher order components and need to be simplied. On the assump-
tions

Ry sLy+ R> SLz, Rwm SLkm (A.?g)

1
sC’
[cf. (3.102)], Z,, and Z,, become:

2 2
n“L.L> 1 n“Ly
z Ri+n?Ro+s Li+nl,+ ——2 + — 1+
£ 92 1 2 1 2 LM sC LM
1
= R+ sl + A.80
12 vt SeL ( )
1 Lwm
Z Ry +sbLi+ — 1+ + sL
13 1 1 SC n2L2 M

= Rz + sLis +

sco (A8
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i.e. equal to the impedances of 2 separate series resonant giuits. For the
simpli cation of the remaining impedance Z,,, the assumption s?L; C 1
is additionally required, i.e. converter operation above r esonance. With this,
Z ,; reduces to the impedance of an inductor and a resistor connedted in series,

L
Z,;, n®(Rz+sly) 1+ L—M +sLum = Ras + SLys, (A.82)

1
and thus, i_,, can be calculated using (3.60).

The expressions for the inductor current and the capacitor v oltage of Z,,
are:

. di2 ! 0;12 v
iLy, (X2 1t)=e 2 iLpi 1€0s (ri2t)
VRi 1 Ve 1 Oz, Vo2 .
= —lipi 1 sin (! 12 t) (A.83)
Zo:12 2 'z
d12 ! 0;12
ciz 0112,

Ve, (%12 1:1) = VR 1+€

(Ve 1 VR 1)C0S (I r2 t)+ Zoj2ivLg,i 1t

d
%(ch;i 1 VRi 1)

'oi12
! r12

sin(r2t) , (A.84)

%120 1= (it 1 Vepi 1), (A.85)
1 ' L
Lo = P———, Zo1n= —2, A.86
0;12 m 0;12 Co , ( )
Zo;12 1 Loz 4 d3,
= — dip= —, ! = —— == A.87
Qw2 Ri 12 o ri2 > ( )

The expressions regarding the inductor current and the capacitor voltage of
Z,; are similar to (A.83) and (A.84), however, besides the respective com-
ponent values, vr;i 1 needs to be replaced byvaci ;i 1 = Vact (t; 1)+ ). The
currents i, (t) and i_,(t) are nally calculated with (3.106).

The converter power levels P; and P, are calculated with (3.111) and the
conduction losses are calculated based on the RMS currentsl., and I,
[cf. (3.117) and Chapter 4].
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Steady-State Inductor Current and Capacitor Voltage

In order to determine the optimal converter parameters n, L, C, and Lwm
with respect to maximum average converter e ciency (Append ix A.1), the
numerical solver algorithm discussed in Section 4.6.1 is ugd to predict the
expected total losses of the LLC converter. The employed algorithm calculates
the di erent stress values (RMS currents, RMS voltages, peak currents, peak
voltages, and peak ux densities) for the converter components. It assumes
steady-state converter operation, CCM, and constant AC vol tages vaci (t)
and vacy (t) during the considered time intervals.

The numerical solver requires the initial steady-state val ues of all inductor
currents and all capacitor voltages of the employed simpli ed resonant tank
[Figure A.35 (b)] to be known at one particular point in time ( e.g. att =0) in
order to calculate the converter stress values [i.e. to evaluate (3.60), (A.83),
and (A.84) and the expressions derived therefrom, e.g. the expressions for the
RMS transformer currents; cf. Section 3.2.1]. For Z,5, the initial value i ,, (0)
is calculated with (3.67). Considerably more complex expressions result for
the initial inductor currents and the initial capacitor vol tages of the series
resonant circuits represented by Z,, and Z,5. The respective expressions are
derived for i.,, (0) and vc,, (0) in the following paragraph; (A.92) summarizes
the result for Z,,.

Each half-cycle is assumed to consist ofm di erent time intervals (i.,e. m
time intervals with constant voltages vr applied to Z,, and constant voltages
vac1 appliedto Z ;). For Z,,, the inductor currents and the capacitor voltages
at the end of each time interval are calculated with:

iz = A1 Wi 1 + B VRi 1, 1 i m, (im)2N;

VCipii Ve 1
(A.88)
A1 and B are obtained from (A.83) and (A.84).

The nal current and voltage values after one half period wit h m ( 2)
di erent time intervals are:

IL1pm

iL,:0
= A X . 12 +

VCio:m pitzim: 1 Vcy:0 |

X 1 '
Ap:lz;m;i +1 blZ;i VR:i 1 +b12:m VRm 1, (A89)

i=1
with

Ap2ii = Ay Ay 1 Ay 2 (A« A (A.90)

The steady-state solution for iL,;0 and vc,, ;0 is then obtained from

il Ly,
L12;m — L12:0 (A.91)
VCiz:m Vcy,:0
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and calculated with

iL ;0 _ 1
2 —( I Ap:12;m: 1)
Vcy,:0
" ! #

)¢ 1
Api12im;i +1 Proi Vri 1 +DBizm VeRm 1 . (A.92)
i=1
For the initial inductor current and the initial capacitor v oltage regarding the
impedanceZ ,, an expression similar to (A.92) results, however, vr;i, Ap12i ,
and B2 need to be replaced byvaci ;i, Apa13ii , and Bus;i .

A.4.2 HF Capacitor

Compared to the DAB converter, the resonant tank of the LLC co nverter ad-
ditionally contains the HF capacitor C, which carries the HV side transformer
RMS current I, . In order to achieve low losses, Im capacitors with a typica |
dissipation factor tan of

tan 1.5 10 3 (A.93)

are used [157]. The corresponding ESR of the capacitor is:

tan

Re = 7t¢

(A.94)

A.4.3 Design Results, Phase Shift Modulation

The LLC and the DAB converter topologies are almost identica |, except for
the impedance network employed in the HF path. Thus, the modu lation meth-
ods investigated for the DAB can also be applied to the LLC con verter. How-
ever, di erent transformer currents i, (t) andi., (t) result and, consequently,
a di erent converter e ciency is obtained.

Compared to the DAB, the design of the LLC converter requires the 4 con-
verter parameters n, L;, C, and Ly to be varied® in order to determine
the best con guration regarding maximum  ~ .4, [Figure A.35(a)]. The LLC
converter is operated above resonance to achieve low switcing losses [35] and
thus, it is more convenient to consider Zo and ! instead of L; and C to

design the LLC converter:

r—
Zo L+ n2L2 o 1 (A 95)
7, . p:. .
Cc (L1+ n2L2)C

5L, only considers parasitic inductances and remains approxim ately constant.
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The design algorithm searches for the maximum average e cie ncy within a
discrete number of turns ratios n;, characteristic impedances Zo; , resonance
frequencies! o« and magnetizing inductances Ly :®

(14 15 16 17 18 19 20 21 22 23 24),

Zo = Zomax (N;! 0;Lm) (0:975 @95 (925 090 0875 Q85)",
+o=2fs (095 09 085 08 07 06 04 02 01,

Cm =(1600 H 800 H 400 H 200 H 100 H)T.

A

(A.96)

With phase shift modulation (cf. Section 3.1.1), the maximu m average ef-

Ciency, “gesign = 90:0%, is achieved for:

"~ n=20,
" Li+n?Lp=55:4 H( L),

" C=933nF(1o=2 70 10°s !, Z0=0:97Zmax =24:4 ),

Lm =1:6mH (Figure A.36).

The result depicted in Figure A.36 justi es the step sizes selected for A, Zo,
+o, and Cy: around the maximum average e ciency of 90:0% a single step
change Causes geggnps 0 change by less than 0:2% [around the maximum,
the largest change (0:17%) occurs between! o =2 70 10°s Yand !¢ =
2 80 10°s ! in Figure A.36 (C)].

The average e ciency achieved for the LLC converter is bette r than the
average e ciency achieved for the DAB converter if phase shi ft modulation
is employed (DAB: “yegignps = 89:5%, Section A.2.1). It is, however, signi -
cantly below the average e ciency of the DAB if optimal modul ation param-
eters are employed (DAB: — =93:7%).

design,opt

A.4.4 Design Results, Optimal Modulation

With optimal duty ratios D, and D, (with respect to minimal
losses, Section 5.2.1), the maximum average e ciency of 93:9% is achieved
for:

~ n=17,

" L1+ n?L,=38:3 H( L),

The design considers Z,  0:975 Zomax insteadof Zg  1:0 Zgmax in order to main-
tain a certain margin to the theoretically calculated maxim um characteristic impedance
ZO,max .
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Property Value Description
Maximum Average E ciency:
" design 90:0% maximum average converter e ciency
calculated with (A.1), (A.2), (A.3),
and (A.4)
HV Side SwitchesT1, T2, T3, T4 (i =1 :::4):
max (Vps, T, peak ) 450V maximum HV switch voltages
max (Ip, 1, peak ) 232A max. instantaneous HV switch current
max (lp, ;) 10.0A maximum HV switch RMS current
LV Side Switches Ts, Te, T7, Tg (i =5:::8):
max (Vps, 1, peak ) 16V maximum LV switch voltages
max (Ip, 7, peak ) 465 A max. instantaneous LV switch current
max (lp,7,) 203A maximum LV switch RMS currents
Transformer:
n 20 turns ratio
Lwm 1.6 mH magn. ind. value (HV side referred)
max (1 ac1 ) 14:2 A HV windings, max. RMS curr.
max (I acz2 ) 287A LV windings, max. RMS curr.
max (B,core,peak ) 138 mT peak transformer ux densities
HF Inductor L:
L 554 H inductance value
max (I peak ) 232A max. instantaneous inductor current
max (1) 14:2 A maximum inductor RMS current
HF Capacitor C:
C 93:3nF capacitance value
max (Vc peak ) 342V max. instantaneous capacitor voltage
max (l¢) 14:2 A maximum capacitor RMS current

HV Side DC Capacitor Cpc; :

max (I cpe; ) |

1L4A |

maximum capacitor RMS current

LV Side DC Capacitor Cpcs :

max (I cpe, ) |

271A |

maximum capacitor RMS current

Table A.13:
shift modulation.

Design summary for the LLC converter operated with phase
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“design,ps £0=0.97520 may fo=70kHz,Ly=1.6MH “gesignps N=20,fo=70kHz,Ly=1.6mH
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Figure A.36: Average e CIENCY, ~yegignps + CalCUlated for the LLC converter
if phase shift modulation is employed; the maximum average converter e -

ciency is 90:0% for n =20, Zg = 0:97% max =244 ,10=70 10°s !, and
Lm =400 H.

" C=135nF (lg=2 70 10°s !, Zg=0:77%Zmax =16:9 ),
" Lm =400 H (Figure A.37).

The calculation employs discrete values for n, ! ¢, and Ly according to (A.96).
However, a higher number of considered impedance values is reded to nd
the maximum average converter e ciency:

Zo= Zomax (N! 0;Lm) (0:975 Q95 (925 Q90 ::: 0:525 Q5)".
(A.97)
The result depicted in Figure A.37 justi es the step sizes selected for A, Zo,
+o, and £ : around the maximum average e ciency of 93:9% a single step
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“design,optZo=0.7752g max fo=70kHz,L;y=400"H ~gesign,opt N=17,f;=70kHz,L,,=400"H
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Figure A.37: Average e Ciency gesignopt Of the LLC converter, obtained
for e ciency optimal modulation parameters D3i and D, and for di erent n,
Zo, !0, and Ly ; maximum average converter e ciency is 93:9% for n = 17,
10=70 10°s !, Zo=0:77%Zmax =16:9 ,and Ly =400 H.

change Causes geggnps 0 change by less than 0:2% [around the maximum,
the largest change (0:19%) occurs between! o =2 70 10°s Yand !¢ =
2 80 10°s ! in Figure A.37(c)].

Compared to the DAB converter, only little improvement is ac hieved: for
the DAB, a maximum average e ciency of 93:7% s calculated if optimal mod-
ulation parameters are employed; with the suboptimal modul ation schemes
Still “gesign = 93:5% is achieved for the DAB (Section A.2). Thus, the in-
creased complexity of the LLC converter, the increased inductance required
for L and the additionally required capacitor C render the LLC converter less
attractive than the DAB converter.
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Property Value Description
Maximum Average E ciency:
" design 93:9% maximum average converter e ciency
calculated with (A.1), (A.2), (A.3),
and (A.4)
HV Side SwitchesT1, T2, T3, T4 (i =1 :::4):
max (Vps, T, peak ) 450V maximum HV switch voltages
max (Ip, 1, peak ) 22.2A max. instantaneous HV switch current
max (lp, ;) 9:8A maximum HV switch RMS current
LV Side Switches Ts, Te, T7, Tg (i =5:::8):
max (Vps, 1, peak ) 16V maximum LV switch voltages
max (Ip, 7, peak ) 377A max. instantaneous LV switch current
max (lp,7,) 164 A maximum LV switch RMS currents
Transformer:
n 17 turns ratio
Lm 400 H magn. ind. value (HV side referred)
max (1 ac1 ) 138A HV windings, max. RMS curr.
max (I ac2 ) 231A LV windings, max. RMS curr.
max (B,core,peak ) 131 mT peak transformer ux densities
HF Inductor L:
L 384 H inductance value
max (I peak ) 222A max. instantaneous inductor current
max (1) 13:8A maximum inductor RMS current
HF Capacitor C:
C 135nF capacitance value
max (Vc peak ) 230V max. instantaneous capacitor voltage
max (l¢) 138A maximum capacitor RMS current
HV Side DC Capacitor Cpc; :
max (I cpe; ) | 93A | maximum capacitor RMS current
LV Side DC Capacitor Cpcs :
max (I cpe, ) | 122 A | maximum capacitor RMS current

Table A.14: Design summary for the LLC converter operated with op-
timal duty ratios Di: and D, (with respect to minimum converter losses,
cf. Section 5.2.1).
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A.5 Full Bridge Converter Design

A.5.1 Mode of Operation

Figure A.38 depicts the bidirectional and isolated full bri dge converter with
a voltage sourced full bridge on the HV side (using the DC capacitor Cpci )
and a current sourced full bridge on the LV side (using the DC i nductor
Locz ) [135]. The circuit structure of the full bridge converter i s not symmetric
(as opposed to the DAB) and thus, depending on the actual dire ction of power
transfer, 2 di erent modulation schemes are employed.

" HV ! LV (forward mode, Figure A.39): the HV side full bridge applies
the AC voltage vaci to the series connection of the inductance L and
the primary side winding of the HF transformer. The LV side fu |l bridge
recti es the secondary side transformer voltage vace and the second
order lter, formed by the DC inductor Lpc: and the DC capacitor
Coc2 , lters the recti ed transformer voltage.

"LV I HV (reverse mode Figure A.40): the LV side full bridge alter-
nately forces the secondary side transformer current iac2 to become
equal to either +iL,,, Or L., . The HV side full bridge recties
the primary side transformer current iac: and the DC capacitor Cpci
provides ltering of the output voltage V.

In particular the HF inductance L, needed to achieve soft switching for
the MOSFETs Ti, T2, T3, and T4 [143], causes a major di culty during the
reverse mode of operation: then, the LV full bridge repeatedly connects L pc
in series to L which causes voltage spikes orvac, and large losses. Therefore,

Iy ioce Loca P
Y Ip,T: -|DT — .?
+ 15 7
I EET, L JE‘E&E JEljm
AC2
9 ag
Vi = Cpcs _\/AC|1A01 H Vaca Cocz == V2
*—O - .
n:1 ID,Ts ID,Ts
_ BT JBTe J3Te B3 T _
o o)
HV Side LV Side

Figure A.38: Bidirectional full bridge converter with LV side DC inducto r.
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Figure A.39: (a) Simulated voltage and current waveforms of the full

bridge converter; (b) simulated currents through the DC ind uctor Lpcz and
through the LV switches Ts and T~ [the currents through Ts and Tg are given
with ip,15(t) = ipTg(t) = ip,14(t Ts=2)]; (c) employed gate signals on
the assumption of zero turn-on time delays and zero turn-o t ime delays;
V1 =340V, Vo =12V, P2 =2kw y fs =100kHz.
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Figure A.40: (a) Simulated voltage and current waveforms of the full

bridge converter; (b) simulated currents through the DC ind uctor Lpcz and
through the LV switches Ts and T~ [the currents through Ts and Tg are given
with ip,15(t) = ipTg(t) = ip,14(t Ts=2)]; (c) employed gate signals on
the assumption of zero turn-on time delays and zero turn-o t ime delays;
V1 =340V,V2=12V,P1= ZkW,fSZIOOkHZ.
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snubber circuits are typically used to achieve high converter e ciency [135];
in this Section, however, a special modulation scheme is prgosed in order to
avoid additional circuitry.

Power Transfer from the HV Port to the LV Port (Forward Mode)

Figure A.39 shows typical current and voltage waveforms of t he full bridge
converter if power is transferred to the LV port ( Vi = 340V, V, = 12V,
P, =2kW ). At t =0, the HV full bridge switches from vaci  O0tovaci  Vi.
During 0 <t <t 1 the current iac1 rises until it reaches the primary side
referred DC inductor current i .., (t)=natt = t1. During the subsequent time
interval, t1 <t<t », the LV full bridge applies vac2 V> while vaci Vi
remains and the converter transfers power from the HV side to the LV side.
Consequently, the relative duration of the active power tra nsfer time interval,

Trel, iS:
t, t1

Trel = To=2 (A.98)
The respective duty cycle, de ned according to Figure A.39, is thus:
Trel t2 t1
D= — = A.
2 Ts (A.99)

The remaining time interval of the regarded half-cycle, t, <t<T s=2, is the
freewheeling time interval and is used to adjust V> and to control the actual
output power. During the second half-cycle, Ts=2 <t < T s, the transformer
voltages and the transformer currents repeat with negative sign.

In summary, during the converter operation in forward mode, each half-
cycle consists of 3 di erent time intervals:

1. 0 <t <t 1: current commutation time interval used to reverse the
current in the HF inductance L,

2. t1 <t <t ,: active power transfer; similar to a buck converter, the
current through the DC inductor Lpcz increases,

3. t2 <t < T s=2: freewheeling time interval.

Power Transfer from the LV Port to the HV Port (Reverse Mode)

During reverse mode of operation, att = 0, the HV full bridge applies vaci1
V1. Moreover, the transformer current iaci (0) needs to be more negative than
the current through the DC inductor at t =0, i.e. iac1 (0) <i Ly, (0)=n, in
order to achieve low switching losses (Figure A.40). Thus, the absolute value
of the transformer current, jiaci (t)j, decreases during0 <t <t ; until it
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becomes equal tojiL .., (t)=nj at t = t1. Since the switches Ts and T; are
turned o at t =0 (i.e. diode operation), the body diodes of Tg and T7 stop
to conduct at t = t; (provided that the MOSFETS' body diodes are ideal).

During t1 <t <t , the current through L remains equal to the primary
side referred DC inductor current, ” iac1 (t) = iLpe, (t)=n, and the converter
transfers power from the LV port to the HV port. At t = t,, the switches
Te and T; are turned on and the LV full bridge generates vacz 0. The
subsequent time interval, t; <t <t 3, is the current commutation interval

which is used to prepare the transformer current for the beginning of the
next half-cycle. The freewheeling time interval (t3 <t<T s=2) is nally used
to adjust V; and to control the output power of the converter. Again, the

transformer voltages and the transformer currents repeat w ith negative sign
during the second half-cycle (Ts=2<t<T s).

The duration of the time interval of active power transfer de nes the duty

cycle:
to 11

T (A.100)

D=

In summary, during reverse mode of operation, each half-cyde consists of
4 di erent time intervals:

1.0 < t < t 1: current commutation time interval used to achieve
iact (t1) = iLpe, (t1)=n,

2. t1 <t<t ,: active power transfer similar to a boost converter,

3.t <t <t 3 current commutation time interval used to reverse the
current through the HF inductance L,

4. t3 <t<T s=2: freewheeling time interval.

A.5.2 Converter Design

According to Figure A.40, the semiconductor and transforme r current stresses
are higher for reverse mode of operation. Therefore, the corverter is designed
for power being transferred from the LV port to the HV port. Ta ble A.16
summarizes the design results.

Assumptions and De nitions

In order to simplify the calculations, the impact of conduct ion and copper
losses on the transformer currentsiac: and iac2 is neglected. Consequently,

70n the assumption of a negligible transformer magnetizing c urrent.
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constant transformer currents are considered during the fr eewheeling time in-
tervals (e.g. ts <t < T s=2). Moreover, during the freewheeling time intervals,

the switch currents slightly change (Figure A.40), due to th e current ripple
oNiLpe, :

inc2 (1) ipe, (1) iac2 (t) 12

8 ta3<t<T s=2,
> > 3 s

ip,T5(t) = ip,T4(t) =

(A.101)

inc2 (1)  iLpe, (1) iac2 (1) 12
2 2

8ts3<t<T g=2.
(A.102)

ip,T¢(t) = ip,7,(t) =

At rated power, the change of the switch currents during the f reewheeling in-
terval is comparably small [cf. (A.104)] and thus, its impac t on the RMS values
of the switch currents is neglected, i.e. the approximation s given in (A.101)
and (A.102) are used to design the full bridge converter.

Throughout the design, three important current values are n eeded (de ned
with respect to Figure A.40):

ILpc, 0 = iac2 (0),
ILpe, 1 = lac2 (t1), (A.103)
lLpe 2 = iac2 (t2).

Moreover, the magnetizing current of the transformer is neg lected, i.e.iac1 =
iac2 =n is considered.

At rated output power, the maximum peak-to-peak value of the current
ripple on L., (t) is assumed to be equal or less than 40% of the output
current [116],

llpes max = Iipes 2 lipee 1 40%jl2j 8 P1=  2:22kW, (A.104)

and thus, the currents I, 1 and I, » are calculated according to:

oyt =12 %
A.105
locs 2 = 2+ —o0e2 M
For the current I, o, a value of
o, 0 =102 ligg, 2 (A.106)

is assumed in order to ensure low switching losses on the LV sdile.
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The commutation times Tc, and Tc, , depicted in Figure A.40, are given
with:

— L jILDCZ 0j i I'Lpe, 1)
Tey = A n , (A.107)
L jILDCZ ~0j+j||—DCZ ,2j
T = — A.l
VA - (A.108)

The duration Tc, + Tc,ui is speci ed for the maximum voltage Vo = Vomax =
16V and for the minimum voltage Vi = Vimin = 240V [there, maximum
duty cycle occurs, cf. (A.111)]:8

Temax = (Ter + Ten ) max y =7:5%Ts. (A.109)

1=Vimin » V2= V2max
For the freewheeling time interval, a minimum duration of 2:5%Ts is used:
Tfree,min = Ts=2 t3 2:5%Ts. (AllO)

The full bridge converter is designed for an assumed converer e ciency
of 90%.Table A.15 summarizes all the assumptions needed to carry aut the
converter design.

Transformer Turns Ratio

In steady-state operation, the duty cycle de ned in Figure A .40 is equal to:

nVs

D= . (A.111)
(on the assumptions of a lossless converter and constant DC ltages V; and
V). Thus, the maximum duty cycle occurs for Vi = Vimin =240V and V, =
Vomax = 16V ; there, (A.111) represents an upper limit to the transforme r
turns ratio n. Furthermore, the commutation times Tc; and Tcu and the
minimum freewheeling time Tgeemin Need to be included into the calculation
of n, sinceTc,, Tcui , and Tieemin reduce the maximum duration of the active
power transfer time interval (e.g. t; <t<t » in Figure A.40):

Dmax =0:5 fs (Ter + Ten + Treemin ). (A.112)
The transformer turns ratio results from (A.111) and (A.112 ):
V1
n= [1 2fs (Tct + Ten + Treemin )] =12.
2 Vi=Vimin » V2= V2 max
(A.113)

8For vy = Vimin and Vz = Vomax , the maximum duty cycle results. With decreasing
values V; (and constant Vi = Vimin ), the duty cycle decreases [cf. (A.111)], while Tc, and

Tcu increase (due to the increasing port current I2). Within the speci ed voltage ranges
(Table 1.4), however, the maximum value of (D=f g)+ T¢; + Tcu occurs for Vi = Vimin
and V2 = Vamax . On the assumptions given in Table A.15, (D=f g)+ Tc) + Tey = Ts=2

would occur for V, 3V (provided that Vi1 = Vimin ).
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Property Assumption Description
est 90% estimated converter e ciency
I'Lpes Jmax 40%j 2j maximum peak-to-peak value of the
(P1= 2kW= st currentripple on ip., (t)
2:22 kW)

ILper 0 1:2 lipe a2 inductor current at t =0, used to achieve
low switching losses on the LV side

Tc,max 7:5%Ts duration of Tic + Tyc at V1 =240V
and V., =16V

Ttree,min 2:5%Ts minimum duration of the freewheeling
time interval

Table A.15: Assumptions used to design the full bridge converter.

DC Inductor  Lpc2

The speci ed maximum peak-to-peak value of the current ripp le, ILyc, max .
represents a lower boundary to the inductance value of Lpcz , whereas |,
is equal to

% v, 2 40%‘5—“. (A.114)

IL -
DC2
fS LD(IZ 2

Thus, the inductance value of Lpc, is determined with:

" #
o Vi D —q.
Locz =min n Ve W\P,—ljfs V1,min Vi Vimax, 0:83 H.
2 V2,min V2 V2,max ’
P, = 2:22kW
(A.115)
The peak current through Lpc, is obtained from

. . _ . P1 | L pc2 _

min(iLpe, )=mMn  — —=2% = 226A (A.116)

Vo 2

in reverse mode of operation [accordingly, max(iL,., ) = 226 A applies in
forward mode]. The respective maximum RMS current is
2s 3
P1

2 2
max (1L pe, ) = max 4 v _'zb%i 5=202A. (A.117)
2
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HF Inductance L

The HF inductance L is calculated with (A.107), (A.108), and with the spec-
i ed maximum commutation time  Tcmax :
_ TC,max .
L= =6:4 H. (A.118)
[(Ter + Tean )=L] v

1=Vimin V2=Vomax ;P1= 2:22 kW

The maximum peak inductor current, max(l. pea ), is determined for Py =
2:22 kW within the speci ed input and output voltage ranges:

max(l L pea ) = Max “LD%‘” =22:6A. (A.119)

Transformer Currents

The primary side transformer RMS current is obtained from:

_ s Tci 2 2
lact = n_2 T ILDC2 ot ILDCZ v0|LDc2 1t ILDcz 1t

3

2 2
m ILDcz a1t lipe alipe 2+ ILDCZ 2 *

T
(::3,“ IEDcz 0 liper 0lipe 2t IEDCZ 2t
#) 1
05 D fs(Tey + T
Sfi c. * Te ) 120 - (A120)

The maximum values of the primary and secondary side transformer RMS
currents are:
max (lac1 ) =20:0A,

(A.121)
maX(|Acz ) =n max(IAm ) =241A.
Transformer Peak Flux Density
The peak ux density in the transformer core is:
Vi D
tr,core,peak N 1 of SAtr,core ( )

(on the assumption of a homogeneously distributed magnetic ux inside the
transformer core; stray ux is neglected).
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HV Side Switch Currents and Voltages

On the HV side, the peak switch voltages are equal to the maximum port
voltage,

Vbs, T1.peakmax = VDS, T,.peakmax = VDS, Tg,peakmax = VDS,T,peakmax = 450V.
(A.123)
The maximum switch RMS currents are calculated according to (4.1),

maxfiaci) _14.50

(A.124)
and the peak switch currents are equal to max(l . peak ) = 22 :6 A [cf. (A.119)].

ID,Tl,max = ID,Tz,max = |D,T3,max = ID,T4,ma>( =

LV Side Switch Currents and Voltages

On the assumption of negligible overvoltage spikes, the pe& switch voltages
applied to the LV side switches are obtained from:

VDS, Ts.peak,max — VDS, Tg.peak,max — VDS, T7.peakmax = VDS, Tg.peak,max —

@ =37:5V. (A.125)

The calculation of the switch RMS currents requires 4 interi m current values
(cf. Figure A.40),

lLpe, 0 P1=Vo

Iptw 1= lipe ot B E— [ ipTe(ts) ipT16(Ts=2)],
(A.126)

Ip Ty 2= ipT6(ts) = lipe, s (A.127)

Ip 1w 3= ipT6(te) = lipe 2. (A.128)

_ o0 P1=Ve [

Ip, Ty 4= 5 ip,Te(t7) b, 16(Ts)]; (A.129)
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the switch RMS currents are:

|D,Tt\/ =lpo15s = lp,716 = lD, 77 = ID, T4 =
T 2 2 2
fs 5= lorya*tloryatlorysloryatlor, . +
05 D fs(Tey + Tew) 2 +2 +
fs D,Tw 1 D,Tw 4
Tci 2 2 2
— oty atloTyalory et lory 2t lorya +
#) 1
D 4 + 1 [ +12 (A.130)
3fs D, T 2 D, Ty 21D, T 3 D, Tw 3 . .

Within the speci ed input and output voltage ranges and for P11 = 2:22kW,
the maximum switch RMS currents are:

IDvTLV max :max(ID,TLV):157A. (A131)

HV Side Capacitor AC Current

On the assumption of a constant HV port current 11, the RMS value of the
current through Cpci is:

| _2fs Tcy |2 + | 412 .
Coc1 ~ n2 3 Lpc2 0 Lpcz .0 fLpcz .1 Lpcz o1
D 2 )
a7 oo 1 ¥ o alipe 2+ g 2 +
3fs bC2 - pc2 L lLlocz . b2
# 2) 4
LI 2 P1
3 Ilpcs 0 oz 0lipee 2 1ipg, 2 A . (A.132)

For Vi1 = 240V, V> = 11V, and P; = 2:22kW the maximum capacitor
current occurs:

lcpey max = 10:1A. (A.133)

LV Side Capacitor AC Current

On the assumption of a constant LV port current 1, the RMS value of the

current through Cpc is:
|
lcoe = _zlp%; (A.134)
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the maximum value of ¢y, is:
lcpe, max = 16A. (A.135)

Table A.16 summarizes the design results.

A.6 Current Doubler Converter Design

A.6.1 Mode of Operation

Figure A.41 depicts the bidirectional and isolated current doubler topol-
ogy [144]. Similar to the bidirectional full bridge convert er, the actually em-
ployed modulation scheme depends on the direction of power transfer.

" HV ! LV (forward mode, Figure A.42): the HV side full bridge applies
the AC voltage vaci to the series connection of the inductance L and
the HF transformer. The diodes on the LV side (operated using syn-
chronous recti cation) rectify the secondary side transfo rmer voltage
Vacz - Finally, the output Iter, formed with the DC inductors Lbcoa
and Lpcay and the DC capacitor Cpc2 , lters the recti ed transformer
voltage.

" LV ! HV (reverse mode Figure A.43): the LV side switches alternately
force the secondary side transformer current iac2 to become equal to
either +iL e, OF  iLpey - The HV side full bridge recti es the primary
side transformer current iac1 and the DC capacitor Cpci provides |-
tering of the output voltage V.

|1 iLDCZa+b |2
o _ PY O
¥ JEIjTl .,JE T3 Locza [ Locas '
- L iACZ iLDcza iLDCZb
V L C + IACl . .« + C — V
1 = Cpcr Vaci H Vac2 T ’
+0 —=
. » N1:N2 ID,TS
_ e e JpTs BT |
5 * O
HV Side LV Side

Figure A.41: Bidirectional current doubler topology with LV side DC in-
ductors.
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| Property | Value | Description |

HV Side SwitchesT1, T2, T3, Ta:

max (Vps, T,y peak ) | 450V | maximum HV switch voltages

max (Ip, 1,y peak) | 2226 A | max. HV switch curr. (instantaneous value)
max (1o, 1,y ) 14:2 A | maximum HV switch currents (RMS value)

LV Side Switches Ts, Ts, T7, Tsg:
max (Vps, T,y peak ) | 37:5V | maximum LV switch voltages
max (Ip, 1, peak) | 236A | max. LV switch curr. (instantaneous value)

max(lp, 1, ) 157 A | maximum LV switch currents (RMS value)
Transformer:
n 12 turns ratio
max (| ac1 ) 10:0 A | HV transformer winding, max. RMS current
max (1 ac2 ) 241 A | LV transformer winding, max. RMS current

max (Bycorepeak ) | 130mT | for Ny =12, N2 =1, and Agcore = 308 mm?2
(ELP 58 core, cf. Section A.2.4)

DC Inductor Lpcy :

Lbc2 0:83 H | inductance value
Max 1L pes pea 226 A | maximum instantaneous inductor current
max (Lo, ) 202 A | maximum inductor RMS current
HF Inductor L:
L 6:4 H | inductance value
Max |t pes pea 22:6 A | maximum instantaneous inductor current
max (I pe, ) 20:0 A | maximum inductor RMS current
HV Side DC Capacitor Cpc; :
max (I cpe; ) | 10:1A | maximum capacitor RMS current
LV Side DC Capacitor Cpcs :
max (I cpe, ) | 16 A | maximum capacitor RMS current

Table A.16: Design summary for the bidirectional full bridge converter .
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Figure A.42: (a) Simulated voltage and current waveforms of the bidirec-

tional current doubler DC DC converter; (b) simulated curr  ents through the
DC inductors Lpcea and Lpcay and through the LV switch Ts [the current
through Ts is given with ip, 14(t) = ip,75(t Ts=2)]; (c) employed gate signals
for the assumption of zero turn-on time delays and zero turn- o time delays;

V1 =340V, Vo = 12V, P2 =2kw y fs =100kHz.
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Figure A.43: (a) Simulated voltage and current waveforms of the bidirec-

tional current doubler DC DC converter; (b) simulated curr  ents through the
DC inductors Lpcea and Lpcay and through the LV switch Ts [the current
through Ts is given with ip, 14(t) = ip,75(t Ts=2)]; (c) employed gate signals
on the assumption of zero turn-on time delays and zero turn-o time delays;

V1 =340V,V2=12V,P1= 2|(W,f3=100kHZ.
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The employed modulation schemes are identical to the modulation schemes
used for the bidirectional full bridge converter (Appendix A.5.1).

A.6.2 Converter Design

According to Figure A.43, the semiconductor and transforme r current stresses
are higher for reverse mode of operation. Therefore, the corverter is designed
for power being transferred from the LV port to the HV port. Ta ble A.18
summarizes the design results.

Assumptions and De nitions

In order to simplify the calculations, the impact of conduct ion and copper
losses on the transformer currentsiaci: and iacz is neglected. Consequently,
constant transformer currents are considered during the fr eewheeling time
intervals (e.g. t3 <t<T s=2).

Throughout the design, three important current values are n eeded (de ned
with respect to Figure A.43):

ILpeoa 0 = liac1 (0),
locza 1 = iac1 (ta), (A.136)
ILpco 2 = iact (t2).

Moreover, the magnetizing current of the transformer is neg lected, i.e.iac1 =
iac2 =n is considered.

The peak-to-peak value of the current ripple on iL ., (t) [and oniL e, ()]
is equal to

llocsa = lioew = liocea 2 Ilpcoa 2 (A.137)

and thus, the currents I, 1 and I ,.,, 2 are calculated according to:

I |_2 It pcoa
et T2 2 (A.138)
l2 It pcoa
ILocza 2 ? + 2 .

At rated output power, the maximum peak-to-peak value of the current
ripple on iy, (t)+ iLpey (t) is assumed to be equal or less than 40% of the
output current,

lLDcza+b max = max[iLDCZa (t)+ iLDCZb (t)] min[iLDcza (t)+ iLDCZb (t)]
40%jloj 8 Pr= 2:22KW. (A.139)
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For the current |, 0, & value of
Mpeza 0 =12 Tipey, 1 (A.140)

is assumed in order to ensure low switching losses on the LV sdile.

The commutation times Tc, and Tc,i depicted in Figure A.43 are given
with:

Ll of J It 1j
Ty = — Jloce. LI A.141
cl =y . , ( )
_ L jILDCZa v0j+j||—DCZa 2]
Ten = Vi ; . (A.142)

The duration Tc, + Tc,i is speci ed for the maximum voltage Vo = Vomax =
16V and the minimum voltage Vi = Vimin = 240V [there, the maximum
duty cycle occurs, cf. (A.145) and Appendix A.5.2]:

Temax = (Ter + Ten ) max =7:5%Ts. (A.143)

V1=Vimin » V2= V2max
For the freewheeling time interval, a minimum duration of 2:5%Ts is used:

Tfree,min = Ts=2 t3 2:5%Ts. (A144)

The bidirectional current doubler DC DC converter is desig ned for an as-
sumed converter e ciency of 90%. Table A.17 summarizes all the assumptions
needed to carry out the converter design.

Transformer Turns Ratio
In steady-state operation, the duty cycle de ned in Figure A .43 is equal to:
D= —= (A.145)

(on the assumptions of a lossless converter and constant DC wltages V1 and
V>). Thus, the maximum duty cycle occurs for Vi = Vimin =240V and V, =
Vomax = 16V ; there, (A.145) represents an upper limit to the transforme r
turns ratio n. Furthermore, the commutation times Tc; and Tcu and the
minimum freewheeling time Tgeemin Need to be included into the calculation
of n, sinceTc,, Tcui , and Tieemin reduce the maximum duration of the active
power transfer time interval (e.g. t; <t<t » in Figure A.43):

Dmax =0:5 fs (Ter + Ten + Treemin ). (A.146)
The transformer turns ratio results from (A.145) and (A.146 ):

V-
n= RER [l 2fs (TC,I + Ten + Tfree,min )] =6.
2V,

Vi1=Vimin » V2= V2 max

(A.147)
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Property Assumption Description
est 90% estimated converter e ciency
I peomsy  smax 40%j 2j maximum peak-to-peak value of the
P1= 2kW= est currentripple on ippe, (1) + iLpen (1)
2:22 kW
I'Lpcza 0 1:2 Iipem 2 ind. current at t =0, used to achieve
low switching losses on the LV side
TC,max 75%Ts duration of TI,C + T||,c at V1 =240V
and V. =16V
Ttree,min 2:5%Ts minimum duration of the freewheeling
time interval

Table A.17: Assumptions used to design the bidirectional current doubl er
DC DC converter.

DC Inductor Lpco

The specied maximum peak-to-peak value of the current ripp le,
'L peoasn  .max » FEPresents a lower boundary to the inductance values of L pcza
and Lpcoy , whereas |, IS equal to

Vi D D ]Plj
| vy, 40% 2.
L oczash n ? fsLloca ?fs Locan Vo

(A.148)

Provided that Lpcza = Lpcay applies, the inductance value of Lpc2a can be
determined using:

" #
o Vi D -1-
boca =N A2 BT, Vimn Vi Vipw, 07 M
2 V2,min V2 V2,max ’
P.= 2:22kW

(A.149)

The peak currents through Lpc2a and Lpca, are obtained from

L L . Py I peoa

MiN (i pepe ) = MIN( L pey, ) = MIN v, 2 = 129A (A.150)

in reverse mode of operation [accordingly, max(iLpc,, ) = MaXxX( iLpey ) =
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129 A applies in forward mode]. The respective maximum RMS current is
2s 3
2
S =102A.

2
Pr %, e

max (I L pepe ) = Max (ILpgy ) = max 4 N, >

(A.151)

HF Inductance L, Transformer Currents

The calculation of the HF inductance L and of the transformer RMS currents
is identical to the calculation presented in Appendix A.5.2 . The results are:

L=6:1H, (A.152)
max (I L peak ) = 25:9 A, (A.153)
max (lac1 ) =22 :5A, (A.154)
max (lacz ) = nmax(lac1 ) = 135A. (A.155)

Transformer Peak Flux Density

The peak ux density in the transformer core is calculated wi th (A.122).

HV Side Switch Currents and Voltages

On the HV side, the peak switch voltages are equal to the maximum port
voltage,

Vbs, T1,peakmax = VDs, T,.peakmax = VDS, Tgzpeakmax = VDS, T, peakmax = 450V.
(A.156)
The maximum switch RMS currents are calculated according to (4.1),
max (|
Ip,Tymax = Ip,Tomax = Ip, T3max = Ip, Tamax = _AC1) =15:9A,
(A.157)
and the peak switch currents are [cf. (A.153)]:
Ip, T 1,peakmax = Ip, T, ,peakmax = Ip, T3,peakmax = Ip, T 4.peak,max =

max(l . peak ) = 25:9A. (A.158)

LV Side Switch Currents and Voltages
On the assumption of negligible overvoltage spikes, the pe& switch voltages
applied to the LV side switches are obtained from:

450V
Vbs, T5peakmax = VDs, Tg.peakmax = o =75V. (A.159)
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The calculation of the switch RMS currents requires 6 interi m current values
(cf. Figure A.40),

. V;
Ip, Ty 1= ip,Ts(ta) = ILocsa 0 llpcoa 2 T L 022 Teu , (A.160)
DC2a
. V; 1 2D 2fsT
IDvTLV 2= IDst(t4): ILDCZa 0 lLDcza 27t LDC22a 2fs s ¢l )
(A.161)
. V; 1
Ip, Ty 3= ip,7s(ts) = 2lipep, 1 § oF 0 (A.162)
Locea 2fs
. V; 1 2D
Ity 4 =ipTs(te) = lipesa 2 lipca 2 LDc22 2fs (A.163)
a
. V. D+ fsT
IpTy 5= 'Dst(t7) = lipeoa 0 lipcaa 2 LDC22 fSS = , (A.164)
a
. V2
o,y 6 = iD,Ts(t8) = lipcsn 0 Iilpca 2 Loca Ters (A.165)
DC2a
the switch RMS currents are:
ID,Tt\/ = lp15s=lp716 =
ts 1S g2 +13 +1 | +15 +
S 3 D, T .1 D, T 4 D, Ty 4!D, Ty 5 D, T .5

0:5 D fs(TcJ + ch|| )
3fs

2 2
157y st oty sloTyetldTys +

2 2
o1y 1t oty aloTy 2t 157, 2t

Ter |2 2 2
3 IDvTL\/ 2% IpTy 2loTy 3+ leTLV 3t IDvTL\/ 6
#) 1
D )4
2 2
3t oty atloTy sloTy et oy . (A.166)
s

Within the speci ed input and output voltage ranges and for P1 = 2:22kW,
the maximum switch RMS currents are:

IDvTL\/ max — max( IDvTL\/ ) =159A. (A.167)

HV Side and LV Side Capacitor AC Currents

The calculation of the capacitor AC currents is identical to the calculation
presented in Appendix A.5.2 [solely, in (A.134), I.,., nheeds to be replaced
bY ILpcmn 1o The results are:

lcpey max = 10:7 A, (A.168)
lCocy max = 16A. (A.169)
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| Property | Value | Description |

HV Side SwitchesTq, T, T3, Ta:

max (Vps, T,y peak ) | 450V | maximum HV switch voltages

max (Ip, 1,y peak) | 25:9A | max. HV switch curr. (instantaneous value)
max (1o, 1,y ) 159 A | maximum HV switch currents (RMS value)

LV Side Switches Ts, Te:

max (Vps, T, peak ) | 75V | maximum LV switch voltages

max (Ip, 1, peak) | 251 A | max. LV switch curr. (instantaneous value)

max(lp, 1, ) 159 A | maximum LV switch currents (RMS value)
Transformer:
n 6 turns ratio
max (| ac1 ) 225 A | HV transformer winding, max. RMS current
max (1 ac2 ) 135A | LV transformer winding, max. RMS current

max (Bycorepeak ) | 130mT | for Ny =12, N2 =2, and Agcore = 308 mm?2
(ELP 58 core, cf. Section A.2.4)

DC Inductor Lpcy :

Loc2 1.7 H | inductance value
Max 1L pes pea 129 A | maximum instantaneous inductor current
max (Lo, ) 102 A | maximum inductor RMS current
HF Inductor L:
L 6:1 H | inductance value
Max |t pes pea 259 A | maximum instantaneous inductor current
max (I pe, ) 22:;5A | maximum inductor RMS current
HV Side DC Capacitor Cpc; :
max (I cpe; ) | 107 A | maximum capacitor RMS current
LV Side DC Capacitor Cpcs :
max (I cpe, ) | 16 A | maximum capacitor RMS current

Table A.18: Design summary for the bidirectional current doubler topol ogy.
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A.7 Push-Pull Converter Design

A.7.1 Mode of Operation

Figure A.44 depicts the bidirectional and isolated push-pu Il converter. Again,
the actually employed modulation scheme depends on the direction of power
transfer (cf. Appendix A.5.1):

" HV | LV (forward mode, Figure A.45): the HV side full bridge applies
the AC voltage vaci to the series connection of the inductance L and
the HF transformer. The diodes on the LV side (operated using syn-
chronous recti cation) rectify the secondary side transfo rmer voltage
Vac2a  Vacan and the output Iter formed with the DC inductor Lpc2
and the DC capacitor Cpcz lters the recti ed transformer voltage.

" LV ! HV (reverse mode Figure A.46): the LV side switches alternately
force one of the secondary side transformer currents to becane equal
t0 iLpe, (i.e. either iacca = iLpe, OF iacoh = iLpe, )- The HV side
full bridge recti es the primary side transformer current iac1 and the
DC capacitor Cpc1 provides ltering of the output voltage Vi.

The employed modulation schemes are identical to the modulation schemes
used for the bidirectional full bridge converter (detailed in Appendix A.5.1).

o
' JEIESTl JEETs . .
lac2a ILpc2 Lpc2 I
L e — 0

-
Vv, =Cpa VAc/;Cl - AC2b)

- Vacan Cocz == Vs

B Ean M g
o o
HV Side LV Side

Figure A.44: Bidirectional push-pull converter with LV side DC inductor
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Figure A.45: (a) Simulated voltage and current waveforms of the bidirec-

tional push-pull converter; (b) simulated currents throug h the DC inductor

Locz and through the LV switch Ts [the current through Te is given with

ip,7¢(t) = ip,T5(t Ts=2)]; (c) employed gate signals on the assumption of
zero turn-on time delays and zero turn-o time delays; Vi =340V, V, =12V,
P, = 2kwW y fs =100kHz.
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Figure A.46: (a) Simulated voltage and current waveforms of the bidirec-

tional push-pull converter; (b) simulated currents throug h the DC inductor

Locz and through the LV switch Ts [the current through Te is given with

ip,7¢(t) = ip,T5(t Ts=2)]; (c) employed gate signals on the assumption of
zero turn-on time delays and zero turn-o time delays; Vi =340V, V, =12V,
Py = ZkW,fSZ].OOkHZ.



Push-Pull Converter Design 359

A.7.2 Converter Design

The design of the push-pull converter is almost identical to the design of the
full bridge converter detailed in Appendix A.5.2 except for 2 di erences:

1. The transformer of the push-pull converter employs 2 wind ings on the
LV side (however, the turns ratio n is the same as for the full bridge
converter).

2. The maximum voltage applied to the switches Ts and T of the push-
pull converter is (approximately) twice the maximum voltag e applied
to the LV side switches of the full bridge converter.

Table A.19 summarizes the design results obtained for the push-pull con-
verter.
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| Property

| Value |Description

HV Side Switches Ty, T2, T3, Ta:

max (Vps, T,y peak ) | 450V | maximum HV switch voltages
max (Ip, 1,y peak) | 2226 A | max. HV switch curr. (instantaneous value)
max (1o, T,y ) 14:2 A | maximum HV switch currents (RMS value)
LV Side Switches Ts, Te:
max (Vps, T, peak ) | 75V | maximum LV switch voltages
max (Ip, 1, peak) | 236A | max. LV switch curr. (instantaneous value)
max(lp, 1, ) 157 A | maximum LV switch currents (RMS value)
Transformer:
n 12 turns ratio
max (| ac1 ) 20:0 A | HV transformer winding, max. RMS current
max (1 acza ) 157 A | LV transformer winding 1, max. RMS curr.
max (I acan ) 157 A | LV transformer winding 2, max. RMS curr.
max (Bucorepeak ) | 130mT | for Ny =12, N2 =1, and Ag.coe = 308 mm?
(ELP 58 core, cf. Section A.2.4)
DC Inductor Lpc: :
Loce 0:83 H | inductance value
Max |t pes pea 226 A | maximum instantaneous inductor current
max (I pe, ) 202 A | maximum inductor RMS current
HF Inductor L:
L 6:4 H | inductance value
Max 1L pes peak 22:6 A | maximum instantaneous inductor current
max (Lo, ) 20:0 A | maximum inductor RMS current

HV Side DC Capacitor Cpc; :

maX(ICDc1 )

| 101 A | maximum capacitor RMS current

LV Side DC Capacitor Cpcy :

maX(ICDcz )

| 16 A | maximum capacitor RMS current

Table A.19:

Design summary for the bidirectional push-pull converter.
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A.8 Design of the Bidirectional Buck-or-Boost Con-
verter

A.8.1 Assumptions and Speci cations

In order to simplify the design of the bidirectional buck-or -boost converter
used in Chapter 7 (Figure A.47), the maximum peak-to-peak va lue I,
of the inductor current i . (t) = L, (t) is specied. Typically, 1L
20%:::40% | . [cf. (7.3)] is selected at rated load to limit the increase of
the RMS value of the inductor current [116]. A larger current ripple decreases
the inductor volume (provided that the converter operates i n the continuous
conduction mode), however, the inductor RMS current and in particular
the current through the DC capacitor Cpci increase. The relative increase of
the inductor RMS current | .. re With respect to the relative current ripple
ILpe vl = lipe =l Lpe IS given with:
s
| 2

loc e = 14— (A.170)

Figure A.48 (a) depicts the relative increase. Obviously, v alues below 40%
cause the RMS inductor current to increase by less than 0:7%. In order to
achieve a low inductor core volume, a higher maximum value of the relative
peak-to-peak current ripple of 80% is selected (Table A.20). Still, the relative
increase of the inductor RMS currentis low, || . re < 2:7%. Furthermore, the
RMS current through the DC capacitor Cpci increases linearly with increasing

+0

|T|,buck |D|,boost

T| 4
Jt} & D,

Dl,s h4 . .
Lpc  Iipe=lLpebuck=

. - 5
I, boost 4 1Dy buck Lpc,boost i +
DCi
T %
] Coci Vi

& D,
Dis ¥ —‘7
o L5

Figure A.47: Bidirectional buck-or-boost converter employed for the tw o-
stage converters discussed in Chapter 7.

Vi, =Cpc1
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Relative Increase of the Inductor RMS Curréng: re(® | Lpc.re))
1.04 /
1.03

/
1.02 //
1.01 /

//
1.00
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(a) ° ILDc,I’e|

Maximum RMS Current ThrougBpci: max[cye(® Iiperel)]

/
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2A  —

_—
1A 1/
_—

0 20% 40% 60% 80% 100%
(b) ® ILD(j,reI

Figure A.48: (a) Relative increase of the RMS current through the DC
inductor Loc, ILpe re = lipe =lLpe due to an increase of the relative cur-
rentripple  lipcrel = lLpe = Loe 5 (0) calculated maximum RMS current
through the DC capacitor Cpci , plotted against 1 ¢ rel -

I'Lge el [Figure A.48 (b)]. ® with the selected limit, 'L pe el 80%, the
maximum capacitor RMS current results: lc,,  2:2A.

In order to facilitate the practical realization of the bidi rectional buck-or-
boost converter, the applicable duty cycles are limited to 0  Dpuck 95%
during buck operation and 5% D poost 95% during boost operation.

9For the calculation of the maximum capacitor RMS current dep icted in
Figure A.48 (b), the converter inductance Lpc is rst calculated according to (A.171)
and subsequently, max(lcpg; ) is determined.
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Property Assumption Description
est 95% estimated converter e ciency
D buck,min 0 min. duty cycle, buck operation
D buck,max 95% max. duty cycle, buck operation
D boost,min 5% min. duty cycle, boost operation
D boost, max 95% max. duty cycle, boost operation
max( Ly ) 80%jl L ] maximum peak-to-peak value of
the current ripple on iy . (t)
fs 100 kHz switching frequency

Table A.20: Assumptions and speci cations used to design the bidirecti onal
buck-or-boost converter (in addition to the HV side voltage range speci ed
in Table 1.4).

Furthermore, a switching frequency, fs, of 100 kHz is speci ed in order to
achieve both, low converter volume and low converter losses'® The bidirec-
tional buck-or-boost converter is designed for an assumed ©nverter e ciency
of 95%. Table A.20 summarizes the speci cations and assumptions needed (in
addition to the HV side voltage range speci ed in Table 1.4) t o carry out the
converter design.

A.8.2 Calculation of Lpc

With the speci cations given in Table 1.4 and in Table A.20 an d with the
analytical results presented in Section 7.2, the DC inducto rs can be calculated.
For the con gurations 1 and 2 (i.e. Vi1 >V;, Table 7.1) the inductance value
LDC =150 H,

V2V V)
L max ' 150 H,
- fsVilL pc Jrel P=est V1,min Vi Vimax
Vi,min Vi Vi,max
P =2:1kW
(A.171)
10 The employed silicon-carbide diodes facilitate low switch ing losses; cf. Figure 7.11

and [125].
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results and for the con gurations 3 and 4 ( V1 <V;) Lpc is:

V12 (Vi Vl)

Loc max Vil oo o P= oo Vi min Vi Vimax 200 H.
Vi,min V| Vi,max
P =2:1kwW
(A.172)

With the expressions given in Section 7.2, the peak inductor currents and the
inductor RMS currents can be calculated:

— |
L=150 H: max(lLp peak)=mMax Tppe + % =17:0A, (A.173)

L =200 H: max(lipe peak)=max T + % =11:7A, (A.174)

L=150 H: max(lL, )=13:7A, (A.175)
L=200 H: max(lL,. )=8:9A. (A.176)

A.8.3 Design Summary
Semiconductor Switches and Diodes

According to the voltage and current ratings calculated for the semiconductor
switches and diodes (Section 7.2 and Table A.21), appropriate MOSFETs and
diodes are selected:

" T, Tu: CoolMOS SPW47N60C3 (max. drain-to-source voltage: 600V,
max. drain current at T; =25 C: 47 A; obtained from [153])

" Dy, Dy: Silicon-carbide Diodes SDT12S60 (max. blocking voltage:
600V, max. diode current at T; =25 C: 23 A; obtained from [153])

" Dis, Dus : Schottky Diodes DSS25-0025B (max. blocking voltage: 25V,
max. diode current at T; =25 C: 35A; obtained from [158])

DC Inductor 1: Loc =150 H, max(lLye peak ) =17:0A.

The design of the DC inductors is very close to the inductor de sign presented
in Appendix A.9, however, multilayer windings are used to e ectively utilize
the available winding window. For the inductor design, a pea k ux density of
BL e peakmax =310mT and a maximum RMS current density of Ji pc .

7 A=mm? are assumed!! Furthermore, a litz wire with a single strand copper

11 with respect to the employed ferrite material, a rather larg e value of the ux density
can be used; compared to a HF transformer, the ferrite core of the DC inductor is not
subject to a full reversal of the ux at the rate of the switchi ng frequency and thus, low

core losses result (cf. Section 7.2.5).
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| Property | Value | Description |
Semiconductor SwitchesT,, T (CoolMOS SPW47N60C3):
max(Vos, T, peak ) 475V | maximum switch voltages

max(l T, peak ) 17.0A | max. instantaneous switch current, T,

max(l T, peak ) 17.0A | max. instantaneous switch current, Ty
max(lT,) 11:0A | maximum switch RMS current, T,
max(lt, ) 11:1A | maximum switch RMS current, Ty

Silicon-carbide Diodes D,, Dy (SDT12S60):
max(Vea, b, peak) | 475V | maximum blocking voltages

max(lp, peak ) 17.0A | max. instantaneous diode current, D,
max(lp, peak ) 17:.0A | max. instantaneous diode current, Dy
max(1p,) 8:8A maximum average diode current, D,
max(Ip, ) 89A | maximum average diode current, Dy
max(lp,) 11.0A | maximum diode RMS current, D,
max(Ip, ) 11:1 A | maximum diode RMS current, Dy

Series DiodesD,s, Dy s (DSS25-0025B):
max(Vea, b, peak )| < 10V | maximum blocking voltages

max(lp, peak ) 17.0A | max. instantaneous diode current, D
max(lp, . peak ) 17.0A | max. instantaneous diode current, Dy s
max(I_D,vs) 8:8A maximum average diode current, D, s
max(I_D,,vs ) 89A maximum average diode current, Dy s
max(lp, ) 11:0A | maximum diode RMS current, Ds
max(lp,, ) 11:1 A | maximum diode RMS current, Dy s
DC Inductor 1, Lpc =150 H (cong. 1 and 2, i.e. V; >V;; Table 7.1):

Lbc 150 H| inductance value
max(l L pe peak ) 17.0 A | maximum instantaneous inductor current
max(lL e ) 13:7A | maximum inductor RMS current
DC Inductor 2, Lpc =200 H (cong. 3 and 4, i.e. V; <Vj; Table 7.1):
Lbc 200 H| inductance value
max(l L pe peak ) 11:7 A | maximum instantaneous inductor current
max(lL e ) 89A maximum inductor RMS current
DC Capacitor Cpc; :
Coc1 3 F type of capacitor: 2 Im capacitors
max(l cpe; ) 6:9A maximum capacitor RMS current
DC Capacitor Cpg;i :
Coci 47 F | type of capacitor: 4 electrolytic capacitors
max(lcoc, ) 2:2A | maximum capacitor RMS current

Table A.21: Design summary for the bidirectional buck-or-boost conver ter.
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Figure A.49: Inductance and series resistance of the converter inductor
Loc =150 H, measured with the Agilent 4294A Precision Impedance Ana-

lyzer: (a) series inductance, (b) series resistance; atf = 100kHz, an AC re-
sistance of approximately 290m is measured (according to [152] the rel-
ative error of the resistance measurement is 24% at f = 100kHz). At

f = fLpoc res = 2:9MHz a parallel resonance occurs; the e ective capacitance
in parallel to Lpc is 20 pF.

diameter of 0:2 mm is selected and a realization with one of the planar cores
ELP 32, ELP 38, ELP 43, ELP 58, and ELP 64 is considered.

The design algorithm suggests the planar ferrite core ELP 64 (material
N87) to be used with respect to minimum inductor volume. The f ollowing list
summarizes the inductor design results.

" Total air gap length: 1:51 mm
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" Number of turns: 16
" Employed litz wire: 65 0:2mm.

Figure A.49 depicts the measured inductance and the measurel resistance
of this DC inductor, plotted against the measurement freque ncy.

DC Inductor 2: Loc =200 H, max(lLye peak ) = 11:7A.

The second inductor is again designed according to Appendix A.9 (except
for the employed multilayer winding) and employs a planar fe rrite core.
The selected peak ux density and the maximum RMS current den sity are:
Bloe peakmax =310MT, Jioc imax = 7A =mm?.

Minimum inductor volume is achieved with the ELP 58 ferrite ¢ ore; since
the ELP 58 core was not available, an E 58 core was used, insted (the di-
mensions of the ELP 58 and the E 58 cores are nearly identical, cf. [155, 156];
employed ferrite material: 3F3).

" Total air gap length: 1:62 mm
" Number of turns: 24

" Employed litz wire: 50 0:2mm.

Figure A.50 depicts the measured inductance and the measural resistance
of this DC inductor, plotted against the measurement freque ncy.

DC Capacitors

Due to the large value of the maximum RMS current through Cpci

[max(lcye, ) = 6:9A], 2 Im capacitors, each with a capacitance of 1:5 F and
a rated DC voltage of 630V, are connected in parallel to form Cpci . A con-
siderably lower RMS current rating is required for Cpci [max(lcy ) =2 :2A];
there, 4 electrolytic capacitors, each with a capacitance of 47 F and a rated
voltage of 250V, are forming the DC capacitor with a total capacitance of

47 F and a rated voltage of 500V. Figure A.51 depicts the impedance of
Coci , measured with the Agilent 4294A Precision Impedance Analy zer.

A.9 HF Inductor Design

The additional HF inductor employed for the DAB ( Luyv in Figure 3.30) con-
sists of a ferrite core, 3 air gaps, and a litz wire winding in order to achieve a
compact inductor design and a low AC resistance R, [Figure A.52(a)]. The
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Figure A.50: Inductance and series resistance of the converter inductor
Loc =200 H, measured with the Agilent 4294A Precision Impedance Ana-

lyzer: (a) series inductance, (b) series resistance; atf = 100kHz, an AC re-
sistance of approximately 390m is measured (according to [152] the rel-
ative error of the resistance measurement is 24% at f = 100kHz). At

f = fLoc ;res = 3:5MHz a parallel resonance occurs; the e ective capacitance
in parallel to Lpc is 10:3 pF.

proposed design procedure (Appendix A.9.1), required for the design of the
DAB (Appendix A.2) is thus con ned to inductors with a litz wi  re winding
and a magnetic core. Apart from that, the design procedure is exible regard-
ing the geometric properties of the employed core. For the DAB hardware
prototype, however, there is space for 2 inductors, each macde of 3 stacked
planar ELP 32 cores (Table A.22). Therefore, the design of Luyv is carried
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Figure A.51: Capacitance and series resistance of the electrolytic DC ca
pacitor Lpci 47 F, measured with the Agilent 4294A Precision Impedance
Analyzer: (a) series capacitance, (b) series resistance; & f = 100kHz, an
AC resistance of approximately 250 m is measured (according to [152] the
relative error of the resistance measurement is 1:1% at f = 100kHz). For
f > 10kHz the capacitance value drops considerably; at fcp; ;res = 850 kHz
the series resonance frequency, which is due to the parasitt equivalent series
inductance, occurs.

out with these ELP 32 cores (ferrite material: 3F3). 12

12 Since the ELP 32 core was not available, an E 32 core was used, i nstead (the dimen-
sions of the ELP 32 and the E 32 cores are nearly identical, cf. [155, 156]).
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Figure A.52: (a) Cross-sectional drawing of the employed planar HF in-
ductor, composed of an E-core / I-core combination; (b) modi ed position of
the inductor air gap considered in Appendix A.9.3 to calcula te the fringing
coe cients; dimensioning according to Table A.22.

A.9.1 Design Procedure

The proposed design procedure, outlined in Figure A.53, starts with a single

turn, N.,, =1, and a single core,Ncores = 1, and increases the number of
stacked cores in order to keep the peak ux density, calculated with (4.15),

below the speci ed maximum value: B, peak < B L,y peakmax . Thereafter,

the optimal winding arrangement with respect to minimum AC r esistance
(Appendix A.9.2) is calculated in order to determine the res ulting maximum

current density, Jrms , and subsequently the number of turns is increased
until the maximum current density exceeds the speci ed maxi mum value:
Jrms > J rusmax - The proposed design procedure nally returns the induc-

tor design with the highest number of turns, N_,, , and the lowest number
of cores, Ncores, Which ful lls the conditions By, peak < B L,y peakmax and
Jrms Jrmsmax - It further returns the optimal winding arrangement with
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Property Value Description
ELP 32
o} 31.8mm core width
be 9.5mm breadth of the window area
by 7.5mm breadth of the window area used for the
winding (1 mm space on either side)
h 3.2mm height of the window area
hieLp32 6.4 mm total core height
Gc 20.3mm core depth
Pe 6.4 mm width of the inner core leg
Ps 3.2mm width of each outer core leg
PLT 32
o} 31.8mm core width
hpLra2 3.2mm core height
G 20.3mm core depth
Combination ELP 32 / PLT 32
Im 35.9mm average length of the magnetic path
Ac 130 mm? core cross section

Table A.22: Geometric properties of the planar ELP 32 core and the PLT 32
plate (from [155]).

respect to minimum AC resistance: for the given copper diameter of a single
strand, dc, the optimal number of strands, nNsyandss , and the optimal num-
ber of parallel wires in horizontal direction, nNparareh , @and vertical direction,
Nparatieh » (Cf. Figure A.54) are given. In a nal step, the required ind uctor
air gap (Appendix A.9.3) and the expected AC resistance (App endix A.9.4)
are calculated; the total inductor core cross-sectional area, AL, core , iS €qual
to:

AL,y core = Necores Ac. (A.177)

A.9.2 Winding Con guration, Optimal Litz Wire Calculation
Based on the given number of turns N ,, and the geometric properties of the

winding area, this subroutine identi es the best possible ¢ hoice of litz wires,
i.e. the number of litz wire strands and the number of paralle | wires [either in
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Start inductor design
set:Nipg !'1

¥ ¥

set: Neores ! 1

Ning! Nina+ 1

| Ncores! Ncores+ 1

! [
Peak flux density: Eq4.15)

inputs: |:HVy Nind, Neores Ac, iLl
results: Bing

B\nd < Bind.max

Determine suitable litz wire &

winding configuration
(Appendix A.9.2)

inputs: 1, d., geometric core par.,
litz wire parametergy,, , !
results: JRMS| Nstrands nparalle\.vs nparal\el‘h

—T

Yes
Restore previous inductor
design obtained fdXi,q — 1
results: Ning! Ning—1,
" Mures Binda
k}?MS, Nstrands nparallel,\n rlpara\llel,r

]
Calculate air gap length and
winding resistance
(Appendix A.9.3 and A.9.4)

inputs: Ninds Neores

MNstrands Nparallel,y Nparalel,h
result:  ling, Ry

1

( End, inductor design )

Figure A.53: Inductor design owchart: the proposed procedure uses the
constraints By, peak < B L,y ,peakmax and Jrws Jrvsmax  to search for
the optimal number of turns N_,, and the optimal number of stacked cores
Ncores , in order to achieve a most e ective core utilization.
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horizontal direction, Figure A.54 (a), or vertical directi on, Figure A.54 (b)] 13
in order to obtain the constrained minimum for Jgrwms .

The procedure therefore requires the outer diameter of the litz wire (in-
cluding the covering with thread), dy, to be known as a function of the single
strand copper diameter, dc, and the number of strands, Nsyrangs - A Suitable
approximation is discussed in [139]:

1

di = e Ao diy ™ e (A.178)
Nstrands

iz = 1:16, (A.179)

iz = 0:915, (A.180)

Fip =06, (A.181)

drer = 0:079 mm. (A.182)

The coecients i, and | are obtained from manufacturers data [159]
using least mean square approximation; the selected litz packing factor Fp
and the reference diameterd,es are adopted from [139].

A.9.3 Inductor Air Gap Length

Compared to the core dimensions (Table A.22), the total air g ap length, g, of
the employed inductors is relatively large (1 > 1 mm) and thus, the calcula-
tion based on the well-known equation Ly = N2, 0AL,, coe =lg predicts
a considerably wrong air gap length.

A more advanced approach employs the reluctance model depited in
Figure A.55 and the fringing coecients Fi, F2, and Fz given in [145] in
order to determine the air gap reluctances Rgmia and Rgsige . For the fring-
ing coe cients given in [145], however, 2 E-cores are considered instead of the
E-core / I-core combination depicted in Figure A.52 (a). Sti Il, good results are
obtained for the inductance value if the inductor air gap is ¢ onsidered in the
middle of the inductor, according to Figure A.52 (b).

With the arrangement depicted in Figure A.52 (b), the fringi ng coe cients
F1, F2, and F3 become [145]:

3 The employed method only considers  (Nparaieth > 1% Nparallely = 1) _ (Nparalletn =
1" Npaaley > 1) to avoid a large number of parallel wires.
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Nparallel,h = 3, Nparallelv = 1

@)

Nparallel,h = 1,
Nparallel,y = 2

XXX ><Sr>acer ><>< X

(b)

Figure A.54: Considered winding con gurations for round litz wire (the
numbers inside the wire denote the turn number the wire belon gs to);
(@ NiL,, = 1:in order to utilize the winding area the best possible way,
3 wires are placed in parallel (Nparatleln = 3, Nparatlely = 1); (0) Ni,, =5:
best possible utilization of the winding area is achieved with 2 parallel litz
wires (Nparaileth =1, Nparallely = 2).
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R g,side

RCZ

Figure A.55: Reluctance model of the HF inductor: R¢1 and R¢, denote the
reluctances of the core, Rgmig is the reluctance of the middle air gap, and

Rgside denote the reluctances of the outer air gaps.

1
fo 2 f:; , h=2 3&:(2&2)20:5bc(h:2 d)? + 3:;2, (A.183)
o2y, 044(h=2) + K] d2:218dh=2+0367bcd+ (A.184)
0:330 h=2d: 0:7825 . (A185)
Fs= 1 arccosh 3:395 (Muereez +dht~PLT32 )=2 2+
(hieesz + Miprse )=2 4 455 (A.186)

0:15
d

(using the parameters listed in Table A.22 and d = 13=4). With these fringing
coe cients, an increased e ective air gap area is considered for the calculation

of Rg,mid and Rg,side .
1 2d
Romy = = , A.187
g.mid 0 AL,y core 2 F1 dg:Ncores +2 F2 dpc ( )
1 2d
Rgside = — . A.188
g:side 0 ALy core =2+ (F1+ F3)dg:Ncores +2 F3 dps ( )
The reluctances of the left core leg and of the right core leg are equal to:
1 |m
Re + Re2 = . A.189
o ¢ o r AL Hv core =2 ( )
The total reluctance, R, , becomes:
(A.190)

1
RLHV = Rg,mid + E(Rg,side + Re1 + RCZ)
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and the result for the inductance is:

NZ
Luy (d= 1g=4) = RL¢. (A.191)

L v

Finally, a numerical solver is used to solve for the air gap length |4, required
to obtain a given inductance Ly .

A.9.4 Inductor AC Resistance

The DC resistance of a litz wire with ngsyangs Strands, single strand copper
diameter dc, and length lji; is equal to:

4ljit
Rpcjliz = ———; A.192
pelie cuNstrands  d 2 ( )

cu denotes the conductivity of copper [146, 147],

562 10°( m) 1
1+39 103(Cc) > T 06 106(C)? T2
T=Te 20C. (A.194)

. (A.193)

Cu

The increase of the wire resistance due to the skin e ect at th e excitation
frequency f is determined with [38, 148]:14

= p— (A.195)
o cuf

= ng, (A.196)

Fo = P3 Bero( )Beii( ) Bero( )Beri( )

R 4 Bery( )2 +Bei1( )2

Beio( )Beri( )+ Beio( )Bei1( )
Beri( )2+ Beiy( )2 ' (A.197)
Racjizskin = FrR Rbciitz (A.198)

and the increase due to the proximity e ect by reason of the cu rrents in
the surrounding conductors and an external magnetic eld Hex (RMS value)

¥ Ber,( ) and Bei,( ) are the n™ order Kelvin functions obtained from the n™ order

Bessel function Jn( ): Bern( ) = Re[J n( & 37 4)] and Bein( ) = Im[J n( & 37 4);
denotes the skin depth.



HF Inductor Design 377

is [38, 148]:
G = P3 242 Bery( )Beri( )+ Ber 2( )Beis( )
R- 2 Bero( )2 + Beio( )2
Bei( )Beii( ) Beix( )Beri( )
- . (A.199
Bero( )2 +Beio( )? ( )
dy=27
4 . .
Prclizpoc = 7GR Naranas Roc JH (1" )jrd dr, (A.200)
tl 0 o
- 2Ir . . .
A(n )= 57 ( sifex+cos'ey)+ Hea(r' ), (A.201)
tl
P .
RAC,Iitz,prox = m; (A202)

12
[each strand is assumed to carry current with the same RMS value 1=n gyrangs ;
moreover, in (A.201), the conductor current | is oriented along the positive
z-axis).

The challenge in the calculation of the AC resistance is to correctly de-
termine the external magnetic eld Hex (r;" ) (in particular close to the air
gap, where high eld densities considerably deteriorate th e HF properties of
the inductor). Dierent possibilities to approximate Hex (r;' ) include the
Schwarz-Christo el transformation [38], eld approximat ions [149], or FEM
simulation. The Schwarz-Christo el transformation resul ts in a rather com-
plex mathematical problem and the eld approximation given in [149] fails
due to the large air gaps of the employed inductors. Thus, FEM simulation is
used to determine H (r;' ) for a sample inductor with Lyy =15 H, a peak
current of 30 A and an RMS current of 15A (the speci cations used for the
sample inductor, Table A.23, are close to the speci cations of the inductors
required for the DAB, cf. Table A.1). The sample inductor inc orporates a
space of 1 mm (approximately equal to 14=2) between the winding and the
sides of the inductor core [Figure A.52: (b by)=2 =1mm] in order to avoid
excessive magnetic elds inside the winding; the winding employs 2 parallel
litz wires in order to e ectively utilize the remaining wind ing area.

Figure A.56 depicts the simulated magnetic eld strength (R MS values)
by reason of an RMS current of 15A: close to the air gap, the magnetic
eld reaches values of up to 35kA/m; moreover, the lower row o f conduc-
tors (la ::: 5a) is exposed to considerably higher magnetic elds than the

upper row (1b ::: 5b). Numerical integration conrms the higher values
dRe2
of jH(r;" )j?rd' dr for the lower conductor row (Table A.24). Conse-

0o o0
quently, di erent AC resistances result for the 2 parallel ¢ onductors, which
causes a considerable increase of the inductor HF losses (beeen f = 5kHz
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Figure A.56: Cross-sectional plot of the magnetic elds (RMS values) in

the sample inductor, L =15 H, Table A.23, by reason of an RMS current of
15A (FEM simulation, f = 100kHz); the winding is optimized according to

Appendix A.9.2: Nparaeth = 1, Nparaelv = 2 [cf. Figure A.54 (b); the circles

indicate the litz wires]; (a) full inductor cross-sectiona | view: close to the air
gap, the magnetic eld reaches values of up to 35 kA/m; (b) and (c) magni ed

winding window areas [to the left and to the right of the middl e leg shown
in (a), respectively]: the numbers inside the litz wires den ote the turn number

the conductor belongs to; a and b are used to distinguish between the
2 parallel wires.
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Speci cations:

Property Value Description
L 15 H inductance
I peak 30A maximum peak current
| 15A maximum RMS current
B peak,max 150 mT maximum peak ux density excitation of
the ferrite core
Jmax 10 A=mm? maximum RMS current density

Inductor Design Properties:

Property Value Description
lg 2.06 mm total air gap length
NL Ly 5 number of turns
N paratiel,h 1 number of horizontally arranged parallel
conductors
N parallel,y 2 number of vertically arranged parallel
conductors
N cores 5 number of employed cores (ELP 32/
PLT 32 combinations)
lwdg,core 5 203 mm litz wire length inside the core
lwdg,end turns 5 49mm litz wire length due to the end turns
dc 0.071 mm litz wire, single strand copper diameter
Nstrands 200 litz wire, number of strands

Table A.23: Specications and properties of the sample inductor used to
verify the calculations discussed in Appendix A.9.

and f = 500kHz in Figure A.57). The slightly modi ed winding con gura-
tion depicted in Figure A.58 cancels this e ect: there, the 2 parallel litz wires
are twisted by 180 on one side in order to achieve an equal increase of the
AC resistance for both litz wires. The measured AC resistance thus decreases
from 33m to 22m (at f = 100kHz in Figure A.59).
dRF2R
The evaluation of jH (r;" )j?rd' dr enables the calculation of the
0

0
winding's AC resistance for di erent litz wires (Table A.25 ), whereas the AC
resistance of the end turns is calculated on the assumption Hex (1;' ) = O.
Thus, in a nal step, the optimal litz wire with respect to min  imum AC re-
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Conductor Number la 1b 2a 2b
dRe2

R- P2 2 2 2 2
jH(r;" )jerd' dr 1359A 287A 329A 9:3A
0

Conductor Number 3a 3b 4a 4b
IR2R
jH(r; )j2rd dr 18:5A? 6:5A2 71:5A? 29:1 A?
0 0
Conductor Number 5a 5b
dRF2R

jH(r; )j?rd dr 2367 A? 53:6 A2
0

dfF2
Table A.24: FEM simulator results for jH(r;* )j?rd' dr with respect
0o 0

to the di erent conductors depicted in Figure A.56; the oute r conductor di-
ameter used in the simulation is dy = 1:51 mm.

sistance is to be determined: with an increasing single strand copper diam-
eter dc, the e ective copper area increases and the DC resistance dereases;
however, with increasing dc, the impact of high frequency e ects increases,
too (Table A.25). With the given data (Tables A.22, A.23, and A.24), min-

imum AC resistance is achieved with single strand copper diameters of ei-
ther 0.071mm or 0.1 mm. For the inductor winding, d. = 0:071mm and
Nswands = 200 is selected due to the availability of the respective litz wi re.®

For dc = 0:071 mm, the di erence between DC and AC winding resistances
is rather small (145m vs. 152m ; cf. Table A.25) and the impact of this
di erence on the total converter losses is negligible. Ther efore, the presented
calculation of the AC resistance is used to determine the appropriate single
strand diameter d. = 0:071 mm of the litz wire and the DC resistance, calcu-
lated for dc. = 0:071 mm, is used to approximately determine the resistance
RL,, used to calculated the inductor copper losses.

15 The dierence between the measured AC resistance of 22m  and the calculated
AC resistance of 15m is addressed to the precision of the Agilent 4294A Precision
Impedance Analyzer: at f = 100kHz , the accuracy of the resistance measurement is

42%, since the phase angle of the inductor's impedance is close t 0 90 (calculated ac-
cording to [152]). Moreover, the measured total series resi stance includes (small-signal)
core losses, as well.
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Luv/'H Sample Inductor with Straight End Turns
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(b) 1k 2k 5k 10k 20k 50k100k 200k 500k 1M 2M

Figure A.57: Inductance and series resistance of the sample inductor
(Table A.23) with straight end turns, measured with the Agil ent 4294A Pre-
cision Impedance Analyzer: at f = 100kHz, the accuracy of the resistance
measurement is  30%, since the phase angle of the total impedance is very
close to 90 (calculated according to [152]). Still, a considerable increase of
RL,, can be observed forf > 5kHz due to di erent AC losses in each of the
2 parallel wires (cf. Table A.24).
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straight end turns twisted end turns

@
e imemy oo
(o

Figure A.58: (a) Picture of the sample inductor (Table A.23) with the mod-

i ed winding con guration; an insulating tape holds the 2 pa rallel litz wires
together. The picture shows the employed end turns: on the right side, the
end turns are twisted by 180 in order to decrease the AC resistance of the in-
ductor. (b) Cross-sectional drawing of the inductor to illu strate the resulting
arrangement of the litz wires (cf. Figure A.56).
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Sample Inductor with the
Luv/!H Modified Winding Configuration
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Figure A.59: Inductance and series resistance of the sample inductor
(Table A.23) with twisted end turns on one side, according to Figure A.58,

measured with the Agilent 4294A Precision Impedance Analyzer: at f =

100kHz, the accuracy of the resistance measurement is 42%, since the
phase angle of the total impedance is very close t090 (calculated according
to [152]). Still, compared to Figure A.57, a reduced AC resistance is observed
for 5kHz <f < 500 kHz.
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de Nstrands dy DC resistance Rpc  AC resistance Rac

0.03mm 964 1.51 mm 16:8m 169m
0.04 mm 569 1.51 mm 16.0m 16:2m
0.05mm 378 1.51 mm 154 m 15:7m
0.071 mm 200 1.51 mm 145m 15:2m
0.1 mm 106 1.51 mm 13.8m 152m
0.2mm 29 1.49 mm 126 m 191m
0.355mm 10 1.48 mm 11.6m 331m

Table A.25: Number of strands, nsyands , and outer litz wire diameter, dy,

calculated with the algorithm discussed in Appendix A.9.2. The DC resis-

tance increases with decreasing values of the single strandcopper diameter
dc due to a decrease of the e ective copper area [i.e. i < 1in (A.178)]; the

ratio Rac =Roc increases with increasingd. due to increasing AC losses (eval-
uated at f = 100kHz). Regarding the shown numerical precision, minimum
AC resistance is achieved with dc = 0:071 mm and with dc = 0:1 mm.




Appendix B

Converter Comparison: Calculation
of the VA ratings

B.1 Semiconductor Switches
Following [116], the VA rating of each semiconductor switch is expressed with
Sswitch = MaX  Vswitch,peak max | switch (B.1)

using the maximum voltage applied to the switch, max(Vsuitch,peak ), and the
maximum RMS current through the switch, max(l switch )-

B.2 Transformer

The VA rating of a single-phase transformer with m windings (i.e. m = 2
for the transformer used for the DAB, Figure 2.10), operated with sinusoidal
voltages and currents, is calculated with

X
‘Otri r\tri, (B.Z)

1
Sy = E
i=1

whereas Vi denotes the RMS voltage applied to the i-th winding and [
denotes the RMS current through the i-th winding [92]. In order to consider
the increased component stress due to the wide operating rarge, (B.2) is

385
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modi ed accordingly: *

Sy = max Vyi  max (i ; (B.3)
i=1
there, max(¥y i) and max([ ;) denote the maximum RMS values of the volt-
ages and currents applied to the i-th winding, which are calculated within the
operating ranges de ned in Table 1.4.
However, none of the DC DC converters discussed in Section 22 employs
purely sinusoidal voltages and currents; accordingly the modi ed expression

X

1
S[r = E max Vtr i; eq max I tri; eq (B4)
i=1
with
AR VAR
max Vi i (t) dt min Vi (t) dt
Vir ieq _ -0 -0 -
\/ - = Ts =Ts B
. max i (1) dt min O i (1) dt
0 0
Z 4 AR
max Vi i (1) dt min Viri (1) dt
= : P= : = (B.5)
2y
f S tri
D WV . .
= p—z v (for rectangular voltages according to Figure 3.3), (B.6)
tri
ltrieq = r\tri , (B.7)

is used instead of (B.3). There, the currents |y i, eq and the voltages Vi i; eq are
selected with respect to the resulting losses (on the assumpions of negligi-
ble high frequency e ects and negligible stray and magnetizing inductances).
Consequently, the employed current RMS values remain unchanged. The volt-
ages Vi i, eq, however, are adjusted such that the peak magnetic ux density
caused by vy i (t) becomes equal to the peak magnetic ux density caused by
the sinusoidal voltage ¥ (t) [92].

B.3 AC and DC Inductors

Similar to (B.3), the VA rating of an AC inductor can be de ned

Sing =max ¥  max " (B.8)
10n the assumptions of a limited value of the current density Jmax in the winding
and a limited value of the magnetic ux density B peakmax  in the core, i.e. no thermal

limitations apply.
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[max(¥) denotes the maximum RMS voltage applied to the inductor and
max(l") denotes the maximum RMS value of the AC component of the in-
ductor current, calculated within the operating ranges de ned in Table 1.4].
However, none of the DC DC converters discussed in Section 22 employs
purely sinusoidal inductor voltages and currents, and the m odi ed expression

Sina =max Veg mMax leg (B.9)
with
Z 4 Z 4
max v(t)dt min v(t)dt
Veq = =0 20 =
\,) Z Ts Z Ts
max (1) dt min ¢(t) dt
0 0
Z 4 Z 4
max v(t)dt min v(t)dt
= 0 p— 0 , (B.10)
2y
fs
qu
— =1 B.11
r (B.11)

is used instead of (B.8), cf. Appendix B.2.

For DC inductors, ? the VA rating de ned with (B.8) is of no relevance: with
increasing inductance L and unchanged inductor voltage v(t), the RMS value
of the AC component of the inductor current, [, decreases and converges to
OforL!1 .Itisthus more meaningful to specify the peak magnetic energy
Whmag,peak Stored in the DC inductor, since the inductor volume increas es with
increasing Wmagpeak (Appendix B.3.1).

B.3.1 Theoretical Relation between Winag,peak and Inductor
Volume V_

The inductance L of an inductor with a magnetic core and an air gap
(Figure B.1) is approximately:

L oNzAl—Fe. (B.12)
On the assumption of a maximum allowable peak current density Jpeakmax
inside the winding window Aw and with a lling factor kw

ko Ay = N peakmax (B.13)

J peak,max

2For a DC inductor, the DC component of the inductor current is predominant.
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Figure B.1: Principle setup of an inductor with magnetic core and air gap .

applies and thus, the maximum allowable peak value of the win ding current
is:

kAw J
I peakmax = W+ak,max' (B.14)

The permissible peak ux density Bpeakmax de nes a second requirement:

NI
Bpeakmax = Ow- (B.15)

With this, the stored magnetic energy is proportional to the product Ag
Aw,

1 @12 1 | peak,
Whnagpeak = ELl geak,max =" =N oN —peamax_ Arelpeakmax =
| {z }

= B peakmax - Cf. (B.15)

(B-é‘l) Bpeak,max AreAw kJ peak,max (B 16)
> . .

Provided that Bpeakmax , K, and Jpeakmax are constant, Wiagpeak / AreAw
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applies. With the scaling laws given in [92],

Are Lin

A Un (B.17)
Fe

A Lin 2

AT T (B.18)
w

vV, Lin 3

v O (8.19)
L

(Lin denotes a linear reference dimension, quantities without denote the
reference design values, and quantities with denote all values obtained from
the scaled design), the expression forV,_ =\, can be rewritten [92]:

Bw

' Wmag,peak

—— = e (B.20)
VL Wmag,peak
Thus,
Wmag,peak _ Wimag,peak =L - Vi 13 (B.21)
Wmag,peak Wmag,peak =VL VL , ’

results, i.e. the energy density of an inductor increases with increasing volume
(the presented calculation, however, neglects thermal aspects; in case of a
thermally limited design  decreases [92]).

B.4 AC and DC Capacitors

Similar to the AC inductor, a VA rating can be de ned for an AC ¢ apacitor
with a given capacitance C:

max [?
Sep =max ¥ max ' =max ¥ I = ;7 Bc=2f sC. (B.22)
C

The VA rating is meaningless for DC capacitors and the peak el ectric energy
storage capability Weipeax and the peak RMS capacitor current max(l") are
used, instead:

" Weipeak IS a gure for the expected capacitor volume
(cf. Appendix B.4.1),

" depending on the capacitor technology (e.g. electrolytic capacitors, ce-
ramic capacitors, Im capacitors), max(l") may have a considerable im-
pact on the required number of capacitors [138].
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Figure B.2: Principle setup of a parallel-plate capacitor.

B.4.1 Theoretical Relation between Welpeak and Capacitor
Volume V¢

The capacitance C of the parallel-plate capacitor depicted in Figure B.2 is
given with:
A
C= or=; (B.23)
d
a dielectric material with = o ; lls the space between the two metal plates
(provided that fringing e ects are negligible). The respec tive capacitor volume

is equal to:
Ve = A d. (B.24)

On the assumption of a maximum permissible peak value of the electric

eld strength Epeakmax inside the dielectric material, the minimum distance
dmin between the plates is:

Y
Qi = Jpeakmax (B.25)

E peak,max

and the maximum allowable voltage is:

Vpeak,max = dmin Epeak,max . (B-26)
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With d! dmin the energy stored in the parallel-plate capacitor becomes:

1 A
or; — (dmin Epeak,max )2 =

- E dmin
1 2
= E or ﬁ_?ﬂﬂ_n} Epeak,max . (B.27)

=V¢: min

1
Welpeak = Ecvpzeak,max

Thus, in theory, the volume of a parallel-plate capacitor is proportional to the
stored electric energy, Wei /' Vc: min 3

3 According to (B.27), the capacitor volume should be directl y proportional to  C and
szeak,max . i.e. Vg [ C for constant Vpeakmax and Ve / szeak,max for constant C.
Data sheet values conrm V¢ / C; however, with increasing peak voltage Vpeakmax - the
capacitor volume rather increases according to Ve / Vpeak,max with 1< < 2 ( needs

to be extracted from data sheet values for the selected type o f capacitor).






Appendix C

Extracting the Steinmetz Coe cients

According to Chapter 4, the Steinmetz equation is used to estimate the core
lossesPcore Of the transformer and the inductor:

Pcore Veore kf Bpeak (C-l)
(Veore denotes the respective core volume,Beac is the respective peak ux
density, and f is the excitation frequency). The Steinmetz coe cients Kk,
and are obtained from data sheet values using a least mean squargLMS)
approximation. In order to obtain a polynomial function sui table for the LMS
approximation, the natural logarithm is rst applied to (C. 1),

IN(Peore ) = IN( Pcore =Veore ) = IN(K) +  In(f)+  In(Bpeax ) (C.2)

(pcore denotes the core loss density), and the LMS approximation is ac-
complished with respect to In(k), , and . The employed input data
Peore (f; B peak ) @nd the calculated Steinmetz coe cients are given in Table C .1
for the N87 ferrite [160] and in Table C.2 for the 3F3 ferrite [ 161].

In Figure C.1 and Figure C.2 the input data listed in Table C.1 is compared
to the values calculated with (C.1). For Teore = 25 C the maximum relative
error due to the Steinmetz approximation (C.1) is 21% and the average rela-
tive error is 9:3%; for Teore = 100 C the maximum relative error is 30% and
the average relative error is 11%. Figure C.3 compares the input data listed in
Table C.2 to the values calculated with (C.1); the resulting maximum relative
error is 19% and the average relative error is 8:8%.

In [161] the core losses of the 3F3 ferrite material are comprhensively
characterized for Tcore = 100 C. Since the DAB converter model presented in
Chapter 4 is parameterized for Tcore = 25 C, the Steinmetz parameters listed
in Table C.2 need to be modied. According to Table C.1, all 3 S teinmetz
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Extracting the Steinmetz Coe cients

f

B peak

Peore

k|

Ferrite material: N87, core temperature:

Teoe =25 C [160]

50 kHz 50 mT 11 kwW=m?®
50 kHz 100 mT 67 kW=m?
50 kHz 200mT 285 kW=m?3
100 kHz 25mT 4:1 kW=m?3
100 kHz 50mT 67 kW=m?3
100 kHz 100 mT 128 kW=m?3
100 kHz 200mT 650 kw=m?3
. —3
200 kHz 25mT 9:9 kW=m 14.1 197 242
200 kHz 50mT 50 kW=m?
200 kHz 100mT 320 kwW=m?
200 kHz 200 mT 1:4 MW =m?®
300 kHz 25mT 19 kW=m?3
300 kHz 50 mT 100 kW=m?3
300 kHz 100mT 627 kwW=m?3
300 kHz 200 mT 3:1 MW =m?®
Ferrite material: N87, core temperature: Tcoe = 100 C [160]
50 kHz 50 mT 2:4 kW =m?®
50 kHz 100mT 17 kw=m?
50 kHz 200 mT 141 kW=m?3
50 kHz 300mT 426 kw=m?
100 kHz 25mT 1:2kwW=m?
100 kHz 50mT 7:8 kW=m?
100 kHz 100mT 51 kW=m? 0.0786 172 2.74
100 kHz 200 mT 393 kw=m?®
200 kHz 25mT 6:2 kw=m?
200 kHz 50 mT 30 kw=m?*
200 kHz 100mT 175 kw=m?®
200 kHz 200 mT 1:2 MW =m?®
Table C.1: Core loss densities of the N87 ferrite material for di erent excita-

tion frequencies and di erent peak ux densities (from [160 ]); the Steinmetz

parameters are obtained with a least mean square approximation.
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Figure C.1: Comparison of the core loss densities calculated with (C.1)
(solid lines) to the core loss densities obtained from the data sheet [160];
ferrite material: N87, core temperature: 25 C.
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Figure C.2: Comparison of the core loss densities calculated with (C.1)
(solid lines) to the core loss densities obtained from the data sheet [160];
ferrite material: N87, core temperature: 100 C.
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Extracting the Steinmetz Coe cients

f

B peak

Pcore

k_| |

Ferrite material: 3F3, core temperature: Tcoe = 100 C [161]

25kHz 100 mT 125 kw=m?
25kHz 200mT 85 kw=m?
25kHz 300mT 220 kW=m?3
100 kHz 60mT 17 kw=m?
100 kHz 70mT 27 kw=m?®
100 kHz 100mT 70 KW =m? 6.79 1.34 2.63
100 kHz 200mT 480 kW=m?®
200 kHz 40mT 20 kw=m?®
200 kHz 70mT 88 kw=m?
200 kHz 100 mT 215 kw=m?®
200 kHz 200mT 1:15 MW =m?®

Table C.2: Core loss densities of the 3F3 ferrite material for di erent excita-
tion frequencies and di erent peak ux densities (from [161 ]); the Steinmetz
parameters are obtained with a least mean square approximation.
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Comparison of the core loss densities calculated with (C.1)
(solid lines) to the core loss densities obtained from the data sheet [161];
ferrite material: 3F3, core temperature: 100 C.
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Figure C.4: Relative temperature dependency of the core losses (ferrie:
3F3) for an excitation frequency of 100kHz and for a peak ux density of
100 mT [161].

parameters are expected to change due to the change of the ca tempera-
ture; however, in [161], the temperature dependency of the core losses is only
speci ed for selected combinations of Byeax and f (e.g. for Bpeax = 100 mT
and f = 100kHz in Figure C.4), which is insu cient to calculate k, , and

. For the DAB converter, the switching frequency is 100 kHz an d the peak
magnetic ux densities in the transformer core and in the ind uctor core are
typically close to 100 mT. Thus, solely the Steinmetz parameter k is scaled
according to the function depicted in Figure C.4 and and remain unmod-
i ed. This approximation is considered accurate enough for the given DAB
converter, since, at rated output power, the total core loss es (inductor and
transformer) are found to account for less than 10% of the tot al losses. If
more accurate Steinmetz parameters are required, the core bsses rst need to
be measured and, subsequently,k, , and are obtained from a least mean
square optimization using (C.2).






Appendix D

Evaluation of Power MOSFETs

The decisions on the power semiconductors used for the DAB are mainly
based on the maximum blocking voltages and the maximum switch RMS
currents calculated in Appendix A.2. On the LV side, MOSFETs are most
suitable due to low voltage and high current ratings [162]. O n the HV side,
either IGBTs or MOSFETSs could be used: at high currents, IGBT s o er lower
on-state losses than MOSFETSs, however, the turn-o losses of IGBTs are con-
siderably higher than the turn-o losses of MOSFETs. Regard ing the peak
switch currents of up to 24 A during turn-o, * the high switching frequency of
100 kHz (Table 1.4), and the required voltage and current ratings of the semi-
conductor switches, MOSFETs are found to be superior to IGBT s; therefore,
the HV side full bridge also employs MOSFETSs.

D.1 HV Side

D.1.1 Selection of the MOSFETSs used for the DAB Converter

The HV side full bridge of the DAB converter requires MOSFETs with a
maximum blocking voltage of 450 V. Considering a safety margin of 30%, the
drain-source breakdown voltage of the selected MOSFET, V(grypss , should
be at least 585 V. The maximum switch RMS current is 11 A for phase shift
modulation [Table A.1 and (4.18)].

With the alternative modulation schemes, detailed in Secti on 5, hard
switching operation does not occur during steady-state operation of the DAB.
During transient operation, however, sporadic hard switch ing processes may
occur. Therefore, acceptable reverse recovery charactestics of the MOSFETS'
body diodes is required in order to ensure reliable converter operation.

LE ciency optimal operation of the DAB, Table A.1.
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400 Evaluation of Power MOSFETs

Considering the MOSFETSs listed in Table D.1, three devices are most suit-
able: IXFH36N60P (IXYS), SPW47N60CFD (In neon), and STW77 N65M5
(ST Microelectronics). Amongst these MOSFETSs, the STW77N6 5M5 facili-
tates minimum conduction losses ( 3:6 W per MOSFET at Ip = 11A and
T, =25 C; typ. Rpson =30m ); however, the reverse recovery charge of the
body diode is comparably large (Table D.2). Conversely, the IXFH36N60P
contains a body diode with a low reverse recovery charge but the device
generates high conduction losses. The SPW47N60CFD presers a trade-o ;
its low on-state resistance (typ. 70m at Ip = 29A, Vgs = 10V, and
T; =25 C) allows for comparably low conduction losses ( 8:5W per MOS-
FET at Ip =11 A and T; = 25 C) and the low reverse recovery charge ensures
reliable converter operation.

D.1.2 Drain-Source Breakdown Voltages and On-State Re-
sistances

On the HV side, all single-stage topologies regarded in Appendix A require
semiconductor switches with a rated voltage of 450V. However, for the two-
stage topologies discussed in Chapter 7, semiconductors vith a di erent volt-
age rating may be considered. Therefore, in Table D.1, a seletion of MOS-
FETs with di erent drain-source breakdown voltages is pres ented. In order to
allow for a comparison, all considered MOSFETs employ the TO -247 pack-
age. Moreover, each table entry gives the device with the maximum available
continuous drain current amongst all devices available in t he TO-247 package
for a certain type series.

Most commonly, the vertical MOSFET structure is used to real ize power
MOSFETs in order to achieve both: a low on-state resistance and a high
blocking voltage capability. According to [150], the on-st ate resistance of the
device is almost identical to the resistance of the epitaxial layer, Rps,on
Repi, for high blocking voltages. The relative resistance of the epitaxial layer,
Achip  Repi, Scales according to:

5
Achip Repi I V3

(BR)DSS (©.1)

(Acnip is the surface of the semiconductor) [150]. With increasing breakdown
voltage the relative resistance Achip Repi increases by more than V(éR)DSS .
Thus, a MOSFET with a higher breakdown voltage requires a lar ger chip area
in order to maintain a given current carrying capability for ~a given maximum
junction temperature.

The so-called super-junction devices facilitate a more e ective utilization
of the available chip surface. There, the relative resistance of the epitaxial
layer scales according to [150]:

7
Achip  Repi / V(BGR)DSS . (D.2)
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Max. On-State Resistances of Selected MOSFETs, TO-247 Case
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Figure D.1: On-state resistances of selected MOSFETs in the TO-247
package with drain-source breakdown voltages Vgrypss between 200V and
1200 V.

Thus, the chip area required to maintain a given current carr ying capability
(for a given maximum junction temperature) becomes smaller if the break-
down voltage increases.

Figure D.1 depicts the on-state resistances of the MOSFETs listed
in Table D.1 at Tj =25 C. For Vgrppss > 300V, the on-state resistances of
the IXYS power MOSFETs increase approximately proportiona |to V&iShss -
Conversely, the on-state resistances of the super-junctim CoolMOS MOS-
FETs scale approximately proportional to Viggipss -~

Except for the CoolMOS with Vggrpss = 900V, IPW90R120C3, highly
optimized MOSFETs are only available for Vggrjpss close to 600 V. Besides,
the IPW90R120C3 is not considered to be used for the DAB due to the large
reverse recovery charge of the body diode (Table D.2).

2Provided that all the listed power MOSFETs employ the same ch ip areas, the relations
between Rpson and Vgrppss  given in Figure D.1, directly apply to Achip Repi . Thus, a
vertical MOSFET structure seems to be employed for the IXYS M OSFETSs; the CoolMOS

MOSFETs employ the super-junction technology.
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Evaluation of Power MOSFETs

Manufacturer's
part
designation

Drain-source
breakdown
voltage

V(er)pss

Continuous
drain current
Ip (case
temp.: 25 C)

Max. on-state resistance
Roson (Vs =10V,
T,=25 C)

IXYS, Power MO

SFETs with fast intrinsic diode, TO-247 packa ge

IXFH120N20P 200V 120A 22m (Ip =60A)
IXFH100N25P 250V 100A 27m (Ip =50A)
IXFH88N30P 300V 88A 40m (Ip =44A)
IXFH52N50P2 500V 52A 120m (lp =26A)
IXFH36NG60P 600V 36A 190m (Ip =18A)
IXFH24N80P 800V 24 A 400m (Ip =12A)
IXFH24N90P 900V 24A 420m (Ip =12A)
IXFH20N100P 1000V 20A 570m (Ip =10A)
IXFH16N120P 1200V 16 A 950m (Ip =8A)
CoolMOS, C3 series, TO-247 package

SPW52N50C3 500V 52A 70m (Ip =30A)
SPW47N60C3 600V 47 A 70m (Ip =30A)
SPW47N65C3 650V 47 A 70m (Ip =30A)
IPW90R120C3 900V 36A 120m (lp =26A)

Selected miscellaneous power MOSFETSs, TO-247 package

IPW60R041C6 600V 775A 41m (lp =44:4A)
SPW47N60CFD 600V 46 A 83m (Ip =29A)
STW77N65M5 650V 69 A 38m (Ip =34:5A)
Table D.1: Drain-source breakdown voltages Viggypss , continuous drain cur-

rents |p, and maximum on-state resistances Rpson 0f the power MOSFETs
used for the survey depicted in Figure D.1 (data sheet inform ation obtained
from [153,158,163]). All listed MOSFETs employ the TO-247 p ackage. More-
over, amongst all devices available in the TO-247 package fa a certain type
series, each table entry gives the device with the maximum available contin-
uous drain current.
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Manufacturer's
part
designation

V(er)pss

Body diode: reverse recovery chargeQ,
peak reverse recovery current| mm

er

mm

Measurement conditions
(besides
dip=dt = 100A= s,
T, =25 C)

IXYS, Power MOSFETs with

fast intrinsic diode, TO-247 packa ge

IXFH120N20P 200V 04 C 6A |Ip= 25A, Vps =100V
IXFH100N25P 250V 06 C | 10A | Ip = 25A, Vps =100V
IXFH88N30P 300V 06 C Ip = 25A, Vbs =100V
IXFH52N50P2 500V 1.3 C | 14A |Ip = 26A, Vps =85V

IXFH36N60P 600V 08 C 6A |Ip= 25A, Vps =100V
IXFH24N80P 800V 08 C 6A |Ip = 25A, Vps =100V
IXFH24N90P 900V 1:1 C | 11A |Ip = 12A, Vps =100V
IXFH20N100P 1000V 09 C 9A |Ip = 10A, Vps =100V
IXFH16N120P 1200V | 075 C|75A | Ip = 8A, Vps =100V

In neon, CoolMOS, C3 series, TO-247 package

SPW52N50C3 500V 20 C | 70A | Ip = 52A, Vps =380V
SPWA47N60C3 600V 23 C | 73A | Ip = A47A, Vps =350V
SPW47N65C3 650V 19 C | 56A | Ip = 4T7A, Vps =480V
IPW90R120C3 900V 30 C | 65A | Ip = 26A, Vps =400V

Selected miscella

neous power MOSFETs, TO

-247 package

IPWG60R041C6 600V 32 C | 62A | Ip = 444A, Vps =400V
SPW47N60CFD 600V 2 C 18A | Ip = 46A, Vps =480V
STW77N65M5 650V 12 C | 46A | Ip = 345A, Vps =100V

Table D.2: Reverse recovery characteristics of the body diodes of the pwer
MOSFETSs listed in Table D.1 (data sheet information obtaine d from [153,

158, 163)).
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D.2 LV Side

At the time the LV side full bridge of the DAB was designed, the |IRF2804
MOSFET o ered the lowest on-state resistance in the TO-220 p ackage (max.
Rpson =2:3m at Tj =25 C) for a drain-source breakdown voltage of 40V
(for the DAB, the selection of the LV MOSFETSs is detailed in Ap pendix A.2
on page 289)° Meanwhile, suitable MOSFETs with an on-state resistance
below 223m are available (Table D.3), which could be used instead of the
IRF2804.

D.2.1 Drain-Source Breakdown Voltages and On-State Re-
sistances

Some of the topologies designed in Appendix A require switches with blocking
voltages dierent to 16 V.

" The bidirectional full bridge converter with LV side DC ind uctor
(Appendix A.5) requires switches with a maximum blocking vo ltage of
37.5V on the LV side.

" The LV side switches of the bidirectional current doubler
(Appendix A.6) and of the bidirectional push pull converter
(Appendix A.7) are exposed to a maximum blocking voltage of
75V (on the assumption of negligible voltage spikes).

Table D.3 and Figure D.2 present suitable MOSFETs (TO-220 pa ckage)
for this low voltage and high current application. For drain -source breakdown
voltages between 100V and 200V, the on-state resistance of he selected de-
vices are approximately proportional to V(éR)DSS (Figure D.2). However, for
Verpss < 100V, the on-state resistances are considerably higher than the
on-state resistances predicted with the least mean square gproximations.
Thus, for Vrppss < 100V, MOSFETs with a higher breakdown voltage are
capable of a higher VA rating, which is demonstrated below.

According to Table D.3, a new converter design may consider the MOS-
FETSs listed below.

" DAB converter: IPPO15NO4N with Rpson =1:5m ;

"~ full bridge converter: IPPO23NE7N3 with  Rpson = 2:3m  (due to
possible overvoltage spikes, a drain-source breakdown vdiage of at least
1:5 375V =56V is considered);

3 At the time the LV side full bridge of the DAB was designed, onl y surface-mounted
MOSFETs o ered a higher power density (in particular the IRF 2804S-7P with a maxi-
mum on-state resistance of 1:6m at T; = 25 C). However, compared to through-hole
components, it is considerably more di cult to attach surfa ce-mounted devices to a heat
sink and therefore, through-hole components are preferred
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~ current doubler, push pull converter: IPPO41N12N3 with Rpson =
4:1m (due to possible overvoltage spikes, a drain-source breakawn
voltage of at least 1:5 75V =113V is considered).

With the selected MOSFETSs, the following conduction losses are calculated
for the di erent converter topologies ( T; =25 C is assumed).

DAB converter: the maximum switch RMS currentis 163 A [suboptimal
modulation scheme, Table A.1 and (4.25)]; with 4 switches, t he total
conduction losses are:

Psacond =4 (163A)° 1:5m =159W. (D.3)

Full bridge converter: the maximum switch RMS current is 157 A and
with 4 switches, the total conduction losses are:

Psocond =4 (157A)% 2:3m =227W. (D.4)

Current doubler: each switch operates 2 MOSFETs in paralle | in order to
allow for a comparison with the DAB and with the full bridge co nverter;
the maximum switch RMS current is 159 A. Thus, the total conduction
losses are:

Psocond =2 2 (79:5A)> 41m =104W. (D.5)

Push pull converter: each switch operates 2 MOSFETs in parallel in
order to allow for a comparison with the DAB and with the full b ridge
converter. The maximum switch RMS current is 157 A and the total
conduction losses are:

Psocond =2 2 (785A)> 41m =101W. (D.6)

Thus, lowest conduction losses result with the push pull converter, even
though the VA rating of the respective switches is higher tha n for the DAB
(push pull converter: 23.5 kVA, DAB: 10.5VA).
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Manufacturer's Drain-source | Continuous |\ oo resistance
breakdown | drain current _
part Rps,on (Ves =10V,
designation voltage lo (case Tj =25 C)
V(er)pss temp.: 25 C) ]

International Recti er, HEXFET, TO-220 package
AUIRF1324 24V 195A 1:5m (Io =195A)
IRLB3034PBF 40V 195A 1.:7m (Io =195A)
IRLB3036PBF 60V 195A 24m (Ip =165A)
IRFB3077GPBF 75V 120A 33m (Ip =75A)
IRFL4030PBF 100V 180A 4:3m (Io =110A)
IRFB4115GPBF 150V 104 A 11m (Ip =62A)
IRFB4127PBF 200V 76 A 20m (Ip =44A)
IRFB4332PBF 250V 60 A 33m (Ip =35A)
In neon, OptiMOS, TO-220 package
IPPO15N04N 40V 120A 1:5m (Io =100A)
IPPO23NE7N3 75V 120A 2:3m (Io =100A)
IPP0O28NO8N3 80V 100A 28m (Ip =100A)
IPPO30N10N3 100V 100A 30m (Ip =100A)
IPPO41N12N3 120V 120A 4:1m (Io =100A)
IPPO75N15N3 150V 100A 75m (Io =100A)
IPP110N20N3 200V 88A 11m (Ip =88A)
IPP200N25N3 250V 64 A 20m (Ip =64A)

Table D.3: Drain-source breakdown voltages V(grypss , continuous drain cur-
rents |Ip, and maximum on-state resistances Rpson 0f the power MOSFETs
used for the survey depicted in Figure D.2 (data sheet inform ation obtained
from [153,164]). All listed MOSFETs employ the TO-220 packa ge. Moreover,
amongst all devices available in the TO-220 package for a cetain type series,
each table entry gives the device with the maximum available continuous
drain current.
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Manufacturer's Body diode: reverse recovery chargeQy,
part V(eRr)DSS peak reverse recovery current! mm
designation

er

mm

Measurement conditions

(besides
dip=dt = 100A= s,
T, =25 C)

International Recti er, HEXFET, TO-220 package

AUIRF1324
IRLB3034PBF
IRLB3036PBF
IRFB3077GPBF
IRLB4030PBF
IRFB4115GPBF
IRFB4127PBF
IRFB4332PBF

24V
40V
60V
75V
100V
150V
200V
250V

160nC
39nC
310nC
89nC
88nC
300nC
458 nC
820nC

7.7A
1.7A
44A
25A
3.3A
6.5A
8.3A

Ip
Ip
Ip
Ip
Ip
Ip
Ip
Ip

= 195A, Vps =20V
= 195 A, Vps = 34V
= 165A, Vbs =51V
= T5A, Vps =64V

= 110A, Vps =85V
= 62 A, VDS =130V
= 44A, VDS =100V
= 35A, Vps =50V

In neon, OptiMOS, TO-220 package

IPPO15N04N

IPPO23NE7N3
IPPO28NO8N3
IPPO30N10N3
IPPO41N12N3
IPPO75N15N3
IPP110N20N3
IPP200N25N3

40V

7BV

80V
100V
120V
150V
200V
250V

141nC
129nC
317nC
232nC
356 nC
478nC
640nC
780nC

Ip
Ip
Ip
Ip
Ip
Ip
Ip
Ip

= 120A, Vps =15V
= 120A, Vps =375V
= 100A, Vps =40V
= 100A, Vps =50V
= 120A, Vpbs =60V
= 100A, Vps =75V
= 88A, Vps =100V
= 64A, Vps =100V

Table D.4: Reverse recovery characteristics of the body diodes of the pwer
MOSFETSs listed in Table D.3 (data sheet information obtaine d from [153,

164)).
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Max. On-State Resistances of Selected MOSFETs, TO-220 Case
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Figure D.2: On-state resistances of selected MOSFETSs in the TO-220 pack
age with drain-source breakdown voltages Vigrjpss between 24V and 250 V.



Appendix E

Practical Implementation

E.1 Digital Control: Concept

A digital signal processor (DSP) controls the converter cur rents and volt-
ages according to the block diagram depicted in Figure 6.2. The DSP runs
the PI controllers, interfaces to current and voltage measu rement peripherals
(A/D converters), monitors overcurrent and overvoltage co nditions in order to

ensure safe converter operation, and communicates with a catrol PC which

is used to start and stop the bidirectional DC-DC converter a nd to adjust the
output voltage. The DSP as well calculates the di erent timi ng parameters,
i.e. the phase shift time '= (2 f s), the HV side duty cycle duration D;=fs,
and the LV side duty cycle duration D,=fs (cf. Section E.2), and interfaces
to a programmable logic device ( eld programmable gate array, FPGA) that

generates the dedicated gate signals (Section E.3).

The employed DSP is a TMS320F2808 (Texas Instruments) operated with
a clock frequency of 100 MHz; the software is implemented in the computer
language C. For the FPGA, the device LCMX02280, Lattice Semi conduc-
tor, operated with a clock frequency of 100 MHz, is employed; the hardware
description language VHDL is used to program the FPGA.

E.2 On-Line Calculation of the Modulation Parameters

Except for phase shift modulation, elaborate numerical cal culations are re-
quired in order to determine the 3 timing parameters ' , D1, and D, depending
on the operating point de ned with Vi, V2, and Py (Section 5). With the
given computational power of the DSP, on-line parameter cal culation is not
feasible. In order to still run the discussed extended modulation methods, the
respective timing parameters are calculated o -line for a s et of basic values
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and stored in a table on the DSP. The controller software then uses linear
interpolation to approximately determine the actual timin g parameters.

Each timing parameter depends on the current operating poin t, character-
ized by Vi, V2, and Pout 0 ' (V1; V2, Pout ), D1(V1; V2; Pout ), and D2(Va1; Vz; Pout ).
Consequently, a 3-D table is required for every timing param eter to store the
basic values; an appropriate algorithm then interpolates t he function values
between the basic values.

In order to develop the 3-D interpolation algorithm, a simpl i ed 2-D version
is rst discussed based on a table with x- and y-axis and is then extended to
3-D. For the sake of clarity, the input values to the underlyi ng 2-D function
f(x;y) are connedto 0 x landO y 1 with four surrounding basic
values f(0; 0), f(0;1), f(1;0), and f(1; 1), obtained from the 2-D table. The
interpolated function values at x =0 and x = 1 are calculated using linear
expressions,

fi(0;y) =f(0;0) +[f(0;1) f(0;0)] v,
fi(l;y) =f(1;0)+[f(1;1) f(1;0)] vy.
The obtained values f;(0;y) and fi(1;y) are then used to calculate the inter-
polated function value fi(x;y),
ficcy) =fi@y) +[Fi(Ly)  fi(0y)] x. (E.1)

This method is extended to a 3-D function f(x;y;z) with 0 X 1,
0 y 1,0 z 1and 8 surrounding table values f(0;0;0) ::: f(1;1;1) in
a straight forward manner:

fi(0;0;2) =f(0 ;0;0) +[f(0 ; 0; 1)  f(0; 0; 0)]
fi(0;1;z) =f(0;1;0) +[f(0;1;1) f(0;1;0)]
fi(1;0;z) =f(1 ;0;0) +[f(1;0;1) f(1;0;0)]
fi(1;1,2) =f(1;L0)+[f(1;11) f(1;1;0)]

N N N N

fi(0;y;z) =fi(0;0;2) +[fi(0;1;2z) fi(0;0;2)] v,
fid;y;2) =1i(1;0;2) +[fi(1;1;2) f£i(1;0;2)] v,

fiy;z) =fi(0ry;2) +[Fi(Liy;2)  fi(Osy;2)] x. (E.2)
The calculation of fi(x;y;z) requires a total of 7 multiplications and 14 addi-
tions or subtractions.
The current implementation uses 16 basic values Vi« and V,,,
Vl,max Vl,min
15

V2,max V2,min
15

Vl;k Vl,min + k

,k2No”0 k 15 (E.3)

V2;I = V2,min + | 02 No” O | 15, (E.4)
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and 32 valuesPout :m :

2P0ut,max
31

In total, the tables for D1, D,, and ' require 3 167 32 = 24576 memory
cells; this ts into the on-chip FLASH of the TMS320F2808.

Depending on the operating point, the actual converter outp ut power may
deviate from the set output power by reason of the linear inte rpolation. The
maximum output power errors occur approximately in the midd le between 8
adjacent basic values, i.e.

Pout;m = Poutmax + M ,mM2Ne~0 m 3L (E.5)

Vik + Vika

Viex = > ,k2Nog”~0 k< 15 (E.6)
4+ Vous
Voei = % 12No” 0 I< 15 and (E.7)
Poute m + Poute m +
Poute m = —eil — TOMeM™ 'm 2 NgAO m< 31, (E.8)

2
is considered in order to calculate the absolute and relative errors:

ep(Viek; Voe1; Poute, m) = Pout Pouti (V1ek; Voe 1 Poute, m), (E.9)

er (Viek; Ve 1; Poute, m)
Pout

(Pouti denotes the output power calculated with the interpolated d uty cy-
cles and the interpolated phase shift angle). Table E.1 summarizes the errors
calculated for the di erent modulation schemes. The maximu m absolute er-
ror of 107 W occurs for phase shift modulation; with the exten ded triangular
and trapezoidal current mode modulation, a maximum relativ e error of 15%
occurs. In order to eliminate the error due to the linear inte rpolation, the
current controller discussed in Section 6.3 is required.

err (Viek: Ve ; Poute, m) = (E.10)

E.3 Flexible Gate Signal Generation Unit

The voltage sequences required for the di erent modulation schemes demand
for a highly exible gate signal generation unit. The gate si gnal generation is
therefore performed with nite state machines (FSMs) being executed in the
FPGA, this approach allows for very high exibility regardi ng the generation
of di erent gate signal pulse patterns.

The gate signal generation unit consists of 6 di erent state machines: the
master FSM (Figure E.1) and its supporting subsidiary FSM (F igure E.2)
control 4 subordinate FSMs which in turn generate the gate signals
(Figure E.3). Let us assume, that the state POS1 of the mast er FSM be-
comes active with the con gured direction of power transfer being HV! LV.
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Phase shift modulation:

maxjep | jerj maxjep; j jerrj
107W 4.7W 5.7% 0.32%

Extended triangular and trapezoidal current mode modulati on:

51W | 4.7W | 15% | 0.77%

Suboptimal modulation scheme:

58 W | e2w | 6.0% | 0.83%

Table E.1: Output power error by reason of the linear interpolation: jepj
and jep,j denote the average absolute and relative errors. The error values
are calculated according to (E.9) and (E.10), whereas the calculation of the
relative error excludes zero output power.

The FPGA thus resets the half-cycle counter (required in ord er to detect the
end of the half-cycle), updates the FSM timing parameters, a nd generates an
external DSP interrupt to synchronize the DSP controllers t o the FPGA. It
further sets the switch signal events S;.» to 1 which triggers the half bridge
FSM assigned to T1 and T, (Figure E.3 with i =1 and j = 2). At the time
the half-cycle counter reaches T1, the master FSM state changes to POS2,
triggers the half bridge FSM assigned to Ts and T, and resets an independent
counter used to control the subsidiary FSM. In order to avoid an erroneous
switching sequence, a ag indicating the current half-cycl e, HC1_active_ ag,
is set (Figure E.1). As soon as the half-cycle counter reaches T,, the half bridge
FSM assigned to T3 and T4 is triggered. The master state machine starts with
the second half-cycle, as soon as the half-cycle counter elpses.

The use of the independent subsidiary state machine enablesthe time be-
tween the events Ss.¢ and S7.g (which is equivalent to the duration D;=fs)
to range from O to Ts=2on the assumption of a power transfer direction
from the HV port to the LV port. With the extension to both powe r transfer
directions, as shown in Figures E.1 and E.2, the proposed arditecture allows
to reproduce all required voltage sequences discussed in Chpters 3 and 5.

The use of independent FSMs for each half bridge nally allow s the switch-
ing events S;; to be delayed individually in order to compensate for the
switching time delays discussed in Sections 4.3.2 and 4.3.3
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POS1 POS2 ZERO1_2
Half cycle counter Half cycle counter Half cycle
reached;  /~ \ reachedr, /~ O\ counter elapsed

\®/ \_/ \_/

HV'LV: S,! 1 HV'LV: Se! 1 HV'LV: Su! 1
LV'HV: Se! 1 LV'HV: S,! 1 LV'HV: Sg! 1
Furthermore: Furthermore:

- Reset half - Reset subsidiary

cycle counter FSM counter

- Update FSM -HC1 activeflag! 1

timing parameters

- Generate

external DSP
interrupt (sync.)

ZERO2_ 2 NEG2 NEG1
Half cycle Half cycle counter Half cycle counter
counter elapsed /" "\ reachedl, ,~ Y\  reachedr;

/ N /

HV'LV: S0 0 HV'LV: S6! O HV'LV: S,! 0

LV'HV: Sg! O LV'HV: S,! 0 LV'HV: Sg! O
Furthermore: Furthermore:
- Reset subsidiary - Reset half
FSM counter cycle counter

-HC2_active_flag! 1

Figure E.1: Master state machine: employed for the DAB to control 3 out
of 4 half bridge state machines (cf. Figure E.3). The 4" half bridge is con-
trolled with the additional state machine depicted in Figur e E.2, since those
particular switching commands may occur after the half-cyc le has elapsed
(cf. Figure 4.29 and Figure 5.29). It is important to note, th at the assign-
ments related to each state are only performed at the instant when the FSM
enters the respective state.
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ZERO2_1b

\Q HC1_active_flag 4
P

HC1_active_flag! 0 Subsidiary FSM
counter elapsed and
HC2_active_flag 4

ZERO2_1la
\Q HC1_active_flag 4
/ o
HV'LV: gl 1 Subsidiary FSM
LV'HV: Sl 1 counter elapsed and
' HC2_active_flag 4
Furthermore:

HC1_active flag! 0

Subsidiary FSM
counter elapsed and
HC1_active_flag 4 ZERO1_1la
ON
_ AN
HC2_active_flag 4 HV'LV: Sg! 0
LV'"HV: S4! O
Furthermore:

HC2_active_flag ! 0
Subsidiary FSM
counter elapsed and

HC1_active_flag 4 ZERO1_1b

[

HC2_active_flag! 0

HC2_active_flag 4

Figure E.2: Subsidiary part of the master state machine depicted in
Figure E.1; controls the state machine of the 4" half bridge (HV ! LV:
T7, Tg; LV I HV: T3, T4). This additional state machine is required, since
the switching action of the 4™ half bridge may occur after the half-cycle in
the master state machine has elapsed. Therefore, the contrd of the 4™ half
bridge needs to be decoupled from the master state machine (¢. Figure 4.29
and Figure 5.29). The state machine uses the variables HC1_active_ ag and
HC2_active_ ag to prevent failure modes during unsteady co nverter opera-
tion. It is important to note, that the assignments related t o each state are
only performed at the instant when the FSM enters the respect ive state.



Flexible Gate Signal Generation Unit

415

HB;,_LOW

(o)

HB;;_WAIT1

()

HB;;_ZERO1

()

\_/ S;j=1 \\/ command \\/
Gate, T!'1 reset delay Gate, T!0;
dead time command counter reset dead| dead time
delay delay elapsed time counter; delay
counter counter counter
elapsed elapsed
HB;; ZERO2 HB;_WAIT2 HB;;_HIGH
4R 4 4
_/ command \_/ S,;=0 N
Gate, T!0; delay reset Gate, T!'1

counter command

elapsed delay
counter

reset dead
time counter

Figure E.3: State machine HB;; employed to generate the gate signals of
a single half bridge (inclusive command delay and dead time interval gener-
ation). The indices i and j denote the indices of the MOSFET's reference
designators given in the respective circuit diagrams (e.g. Figure 2.10 for the
DAB). In case of the DAB, the FPGA runs four of these state mach ines,
i.e. HB1.2, HB3:.4, HBs:6, and HB7.g, simultaneously. It is important to note,
that the assignments related to each state are only performed at the instant
when the FSM enters the respective state.






Appendix F

Supplement to the Small-Signal
Model of the DAB

F.1 Small-Signal Model

F.1.1 Matrix Expressions (from [120])

The state space matrix A for phase shift modulation (6.10) contains the
derivatives of all system state variables at the end of the half-cycle, x(t =
Toag ), With respect to the state variables at the beginning of the h alf-cycle,
x(t=0),

2 @ @i @i @i @i @i e 3
@i o @ha;0 @hkb;0 @ipa;oM) @i oM) @¥i;0 @nvizo)
@.h.a @.h.a @.\‘1a @.\‘1a @.\‘1a @.\‘1a @.\‘1a
@i o @ha;0 @hp;0 @ipa;oM) @irp oM) @¥i;0 @nviz;o)
@bp @hp @hp @bp @bp @b @hp
@i o @ha;0 @b ;0 @ipa;oM) @irp oM) @¥i;0 @nvizo)
A = lim @ipam) @ipam) @igaM) @iaM) _@igaM) Qipa") @ipa)

@i o @ha;0 @hkp;o0 @ipa;oM) @irp 0M) @¥i;0 @nvizi0) L’
Qipp™) @ipp™) @ipp™) @ipp™) @ippa) @ipp") ipp)
@i o @ha;0 @hb;0 @ia;oM) @irp oM) @vi;0 @nvizo)
Qw1 Qw1 Qv Qw1 Qw1 Qw1 Qw1
@i o @ha;0 @b ;0 @ipa;oM) @irp oM) @¥i;0 @nviz;o)
A@nvp) @nvp) @nvp) anv ) anv ) A@nvp) _@nvp)
@i o @ha;0 @kp;0 @ia;oM) @irp oM) @vi;0 @nvizo)
(F.2)

t! Tpas
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and is evaluated at the steady-state operating point % (0). Bps and C contain
the derivatives of %(t = Tpag ) with respect to the input variables,

2 g 3 2 @ @ 3
@T. o @M;0  @nvz;o)
@ha @ha @.tla
@T. o @M;0  @nvz;o)
@bp @by @i
@T. o @M;0  @nvz;o)
. ifoa . ifa ™ ifoa
Brs = lim R%2MT and C = lim RE&GmT) Sells  (F))
t! Tpas - t! Tpas - S
@lipp ) @iy ™) @ipp=)
@T. o @M;0  @nvyz;o)
Qv @w @w
@T. o @M;0  @nvyz;o)
@anv) @nvep) @nvp)
@T. o @M;0  @nvz;o)

For the alternative modulation (6.17), A and C are again derived according
to (F.1) and (F.2), only Bps changes toB g, ,

2 @i @i @i 3
@Ti;0 @T;0 @T;0
@i1a @i1a @ha
@Ti;0 @T;0 @T;0
@b @b @b
@Ti;0 @T;0 @T;0
— @lipa™) @ipa™) @ipaT)
Balt _t' ll-rrTl]DAB @Ti;o @T;;O @T:;O : (F3)
@ipp™) @ipp™) @igp=)
@Ti;0 @T;0 @T;0
@wy @wy @wy

@Ti:0 @T;0 @T3;0

@nvp) @nvp) @nvp)
@0 @T;0 @T3:0

Bps, Bat, and C are again evaluated at the steady-state operating point
Kst (0)

F.1.2 Small-Signal Transfer Function

The z-domain control to output transfer function is derived with equa-
tions (71) and (74) in [120],

G=E" [zome!| Q(KRP (K)AP (K)Q(K)] * Q(K)RP (k)Bps, (F.4)

with R being de ned in (6.12) in Chapter 6, an integer number Kk, and
( b~ 03 2( ik (iv;0) 03
sgn(ic o
P (k)= 4 1, Q (k=4 ', (F.5)
77 0 | 7 7 0 |
6 1 6 6 6 1 6 6
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The products P (k)Q(k) and Q(k)RP (k) are equal to
2 3
sgn(i; o) O
"= R,
6 1 6,6
sgn(ic;0) O
P(k)Q(k) = 4 OL ’ "% =Q(0) for k2 Z,
6 1 6 6

Q(K)RP (k) = 4
(F.6)

and thus independent on k which allows for the simplied representa-
tion (6.11), (6.12).

F.2 Sampling Rate Reduction

For a given discrete time system with sampling rate T, step response func-
tion h(kT), k 2 No, and corresponding z-domain transfer function G(z), the
transfer function G, (z) with increased sampling time T, = N T, N 2 N and
similar step response function h;(kT;) = h(kNT), is derived.

The original z-domain transfer function

a(z)
G(z) = ——= (F.7)
b(z)
contains two polynomials a(z) and b(z) with constant and real coe cients
and deg[a(z)] < deg [(z)].

Based on the relation between thei-th pole ps; of a continuous time transfer
function and the i-th pole p;i of the corresponding discrete time transfer
function [151],

Pzi = eps;i T, (FS)

the i-th pole prz; of G;(z) can be expressed as

Przi = ePsi Tr = gPsi NT = p’z\‘;i . (F.9)

The method discussed in [151] then represents a simple way toobtain the
numerator a,;(z) of G;(z) based on the step responseh,(kT,) of the corre-
sponding time domain function which is equal to the step resp onse of the
already known function h(kn T) for kn = N Kk (this can be achieved with the
Matlab command d2d as well).

F.3 Derivation of Gpag

For the sake of clarity, the derivation of Gpag is based on a simpli ed single-
input, single-output system with input Xy and output Yoy in Figure F.1 .
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Xin Yout
X G Ye

Figure F.1: Single-input, single-output system with internal feedbac k used
to derive Gpas :

It contains the multiple-input, multiple-output transfer  function G(z) in the
forward path and H (z) in the feedback path. Vector X denotes the input of
G(2),

T
X= Xin X} , X/ 2C", (F.10)
with the system input value Xi, and internal system values in X;. The output
of G(2),
T
Y=G X= You Yo , Ys2C", (F.11)

contains Yot and another set of internal system values Ys that denote the
inputs to H(z). The output of H (z) is then equal to X,

Xr= H Y, (F.12)
n m
in order to close the feedback loop. The transfer function matrix G is split
according to 2 3
4 Goo (130r c
G = "o, F.13
GsO Gsr ( )

With (F.10), (F.11), (F.12), and (F.13) the system output va lue Yo, and the
vector Ys become

Yout = GooXin + Gor Xr = GooXin + Gor HYs (F.14)
Ys= GsoXin + Gsr Xr = GgoXin + GsrHYs (F-15)

and thus
Ys=(1 GgH) 'GeoXin. (F.16)

Based on (F.14) and (F.16) the system transfer function Gpag results:
Goas = You =Xin = Goo + GorH (I Ga«H) 'Go. (F.17)



Glossary

Commonly Used Abbreviations

HV High Voltage
Lv Low Voltage
HF High Frequency
ZVS Zero Voltage Switching
DAB Dual Active Bridge
SRC Series Resonant Converter
PRC Parallel Resonant Converter
SPRC Series-Parallel Resonant Converter
LLC Series-Parallel Resonant Converter: the resonant network
consists of two inductors (L and L) and one capacitor
C (cf. Figures 2.17 and 2.18)
LCC Series-Parallel Resonant Converter: the resonant network
consists of one inductor L and two capacitors (C and Cp;
cf. Figures 2.16 and 2.19).

Commonly Used Designators of Physical Properties

| Designator | Description
fs switching frequency
Ts switching period, Ts = 1=fg
n transformer turns ratio
L series inductance of the DAB and LLC converter inductor

continued on next page
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Glossary

continued from previous page

Designator Description
C series capacitance of the LLC converter capacitor
Lm transformer magnetizing inductance
R resistor in series to L; R models the converter conduction
losses.
Cobc1 HV side DC capacitor
Lta main Iter inductor, HV side
Rf1a resistor in series to Ls1a; Rna models the inductor's con-
duction losses
L1 HV side Iter inductor, damping circuit
Rip HV side Iter, damping resistor
Cn HV side Iter capacitor
Cobc2 LV side DC capacitor
L i2a main Iter inductor, LV side
Rta resistor in series to Lra; Rra models the inductor's con-
duction losses
Ltop LV side Iter inductor, damping circuit
R LV side Iter, damping resistor
Cr LV side lter capacitor
Vi HV port voltage
\Z2 LV port voltage
V1,min minimal HV port voltage (within the speci ed range)
V1,max maximal HV port voltage (within the speci ed range)
V2, min minimal LV port voltage (within the speci ed range)
V2, max maximal LV port voltage (within the speci ed range)
p1 instantaneous HV port power ( > 0 for power transfer from
the HV port to the LV port)
p2 instantaneous LV port power ( > 0 for power transfer from
the HV port to the LV port)
Vaci instantaneous bridge voltage, HV side
Vac2 instantaneous bridge voltage, LV side
VR instantaneous voltage applied to the HF networks of the
DAB and the LLC converters, VR = Vaci1 NVac2
iL instantaneous inductor current, HV side (used by the
DAB models without magnetizing inductance)

continued on next page
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continued from previous page

Designator Description |
L= i negative instantaneous inductor current, HV side (used by
the DAB models without magnetizing inductance), used
in Section 4.3.3
i, instantaneous inductor current, HV side (used by the
DAB model with magnetizing inductance)
iL, instantaneous inductor current, LV side (used by the DAB
model with magnetizing inductance)
Vi1 instantaneous voltage applied to Cs
Viz instantaneous voltage applied to Cr,
ifn sum of the instantaneous currents through Lna and Lp
it sum of the instantaneous currents through La and Ly
P1 average HV port power obtained from the electric DAB
model (> 0 for power transfer from the HV port to the
LV port)
P, average LV port power obtained from the electric DAB
model (> 0 for power transfer from the HV port to the
LV port)
Vac1 RMS bridge voltage, HV side
Vac2 RMS bridge voltage, LV side
n RMS value of the HV side inductor and transformer cur-
rent (magnetizing inductance neglected)
I, RMS values of the inductor and transformer currents on
the HV side (magnetizing inductance considered)
I, RMS values of the inductor and transformer currents on
the LV side (magnetizing inductance considered)
Vi RMS value of the DAB lter capacitor voltage, HV side
Vi RMS value of the DAB lter capacitor voltage, LV side
It1 RMS value of the DAB lter inductor current, HV side
l 1 RMS value of the DAB lter inductor current, LV side
Pprec,1 precise HV port power obtained from the accurate DAB
loss model > O for power transfer from the HV port to
the LV port)
Pprec,2 precise LV port power obtained from the accurate DAB
loss model (> O for power transfer from the HV port to
the LV port)

continued on next page
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Glossary

continued from previous page

Designator Description
= total losses (Pt = Ppreci  Pprec2 )
Pcond total conduction and copper losses
Ptr.cond transformer copper losses
PL .y cond inductor copper losses
P1.cond total conduction losses of the HV side of the converter
(including the HV transformer winding)
P2.cond total conduction losses of the LV side of the converter
(including the LV transformer winding)
Ps1.cond conduction losses, all HV switches
Ps2.cond conduction losses, all LV switches
Pu1,cond conduction losses, HV transformer winding
Ptr2,cond conduction losses, LV transformer winding
Ps1,sw total switching losses, HV side
Ps2,sw total switching losses, LV side
Ps1,gate gate driver losses, HV side
Ps2,gate gate driver losses, LV side
Ptr,core transformer core losses
P1,aux power demand of the HV side auxiliary power supply
P2 aux power demand of the LV side auxiliary power supply
Ves,1 gate driver voltage, HV side
Ves,2 gate driver voltage, LV side
Qa1 gate charge of a single MOSFET, HV side
Qa2 gate charge of a single MOSFET, LV side
VDs, T« drain-to-source voltage applied to the switch Ty
Rs1 MOSFETSs' on-state resistances, HV side
Rs2 MOSFETSs' on-state resistances, LV side
Ry copper resistance of the DAB inductor, HV side
Rir1 copper resistance of the HV side transformer winding
Rir copper resistance of the LV side transformer winding
Rpca,a LV side PCB resistance, HF path
Recs,b LV side PCB resistance between LV side full bridge and

the (ceramic) DC capacitor

continued on next page
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continued from previous page

Designator Description
Vir,core transformer core volume
VL core inductor core volume
i index counter
X average value of placeholderx
R small-signal value of placeholder x
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