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Abstract

Abstract

The demand for versatile electrical energy management systems that
interface diverse energy sources, energy storage elements and loads, is
increasing because of their potential applications in hybrid electric vehi-
cles (HEVs) and fuel cell vehicles (FCVs), renewable energy generation
systems and uninterruptible power supplies. The voltage levels and the
voltage-current, characteristics of the energy sources and storage elements
are normally different from those of the loads. Therefore, a power elec-
tronics system to interface sources, storage elements and loads needs to
be incorporated into energy management systems. The structure of such a
system mostly includes an intermediate power bus and is configured using
various two-port converters to interconnect the bus and the sources/loads.
The main drawback of this structure is the complexity of the whole sys-
tem, even if every two-port converter is simple and has the minimum
number of power switches.

This thesis proposes and investigates a new multi-port converter, i.e.,
a single power processing stage with multiple power ports, which offers
an opportunity to make the whole system simpler and more compact.
Special attention is given to the converter employed in multiple voltage
electrical systems in hybrid electric vehicles and fuel cell vehicles. Bidirec-
tional power flow capability for the ports interconnecting storage elements
and galvanic isolation between the sources and storage elements are key
features of such a multi-port converter.

The isolated three-port bidirectional dc-dc converter, presented in this
thesis, is composed of three full-bridge cells and a high-frequency trans-
former. Besides the conventional phase shift modulation technique man-
aging the power flow between the ports, an additional duty cycle control
is utilized to optimize the system behavior. This allows the system to
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operate with minimum overall losses, no matter if the port voltage is a
fixed value or varying in a wide range.

The dynamic analysis and the associated control strategy of the pro-
posed converter are highly important for future industry applications.
A two-input and two-output control-oriented model is developed by lin-
earization of the static control-to-output characteristic of the converter
based on a small-signal analysis. A decoupling network is applied to de-
compose the multi variable control system into a series of independent
single-loop subsystems and to eliminate the loop interaction. Thus, the
power flow from/to the ports can be controlled independently and simul-
taneously.

Finally, a laboratory prototype is built to verify the converter perfor-
mances and the power management features.



Kurzfassung

Kurzfassung

Der Bedarf nach vielseitigen leistungselektronischen Systemen, die
diverse Energiequellen, Speicherelemente und Verbraucher miteinander
verbinden, wichst aufgrund der zahlreichen Einsatzmdoglichkeiten stetig.
Beispiele hierfiir sind Anwendungen in Hybridautos und Brennstoffzellen-
fahrzeugen, die Energiegewinnung mit erneuerbaren Energiequellen und
unterbrechungsfreie Stromversorgungen. Die Spannungs- und Stromcha-
rakteristiken der Energiequellen sind typischerweise unterschiedlich von
denen der Verbraucher, weshalb leistungselektronische Systeme fiir das
Energiemanagement zwischen Energiequellen, Speicherelementen und Ver-
brauchern benétigt werden. Ein derartiges System umfasst heute im We-
sentlichen einen Leistungsbus, der mittels mehrerer 2-Port-Konverter die
Energiequellen und Verbraucher verbindet. Der hauptsichliche Nachteil
dieser Struktur ist die Komplexitit des Gesamtsystems, auch wenn die
einzelnen 2-Port-Konverter einfach Topologie und eine minimale Anzahl
an Leistungshalbleitern aufweisen.

In dieser Arbeit wird ein neuartiger Multi-Port-Konverter, d.h. eine
Leistungsstufe mit mehreren Ein- und Ausgéngen, vorgestellt und ana-
lysiert um das Gesamtsystem einfacher und kompakter zu gestalten. Be-
sonderes Augenmerk wird dabei auf Konverter fiir die Kopplung von Sys-
temen mit unterschiedlichen Spannungen gelegt, wie dies bei Anwendun-
gen in Hybrid- und Brennstoffzellenfahrzeugen der Fall ist. Die Haupt-
merkmale dieser Multi-Port-Konverter sind die bidirektionale Leistungs-
charakteristik jener Ports, welche Speicherelemente verbinden, und die
galvanische Trennung zwischen den Energiequellen und den Speicherele-
menten.

Der in dieser Arbeit behandelte 3-Port-Konverter besteht aus bidi-
rektionalen DC-DC Konvertern in Vollbriicken-Schaltung und nur einem
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hochfrequent getakteten Transformator zur galvanischen Isolation. Neben
der konventionellen Phasenverschiebungsmodulation zur Regelung des Lei-
stungsflusses zwischen den Ports wird eine zusétzliche Regelung der Ein-
schaltdauern der Leistungshalbleiter zur Optimierung des Systemverhal-
tens vorgeschlagen. Dies garantiert minimale Verlustleistung des Gesamt-
systems unabhéngig vom Spannungsbereich der angeschlossenen Lasten
bzw. Quel

Ein weiterer Schwerpunkt der Arbeit ist die Analyse des dynamischen
Verhaltens und des Regelverfahrens. Mit Hilfe einer Kleinsignalanalyse
und Linearisierung der stationdren Charakteristik des Konverters wird ein
regelungstechnisches Modell mit zwei Ein- und Ausgéngen entwickelt. Ein
Entkopplungsnetzwerk zur Aufspaltung des Mehrgrossen-Regelsystems in
einzelne unabhingige Regelkreise wird entworfen, womit der Leistungs-
fluss zwischen allen Ports gleichzeitig und unabhéngig voneinander ein-
gestellt werden kann.

Anhand von Messungen an einem Labor-Testsystem werden absch-
liessend die Funktionsfihigkeit der Leistungsregelung und eine hohe Per-
formance des Konverters nachgewiesen.
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Ly(n)

Ty Hi
xy_Lo
Ly avg

Ty a> Ty b, Ty c

Notation

RMS value of z,

Magnitude of z,

Amplitude of z,,

Laplace transform of Az, (t)

Perturbation of the continuous-time signal z (t)
Z-transform of Ax,[n]

Samples of Az, (t), resulting in a discrete-time
signal

Laplace transform of Az (t)

Azy(t) D07 0(t — nTsamp), resulting in a
sampled continuous-time signal

Fundamental phasor of z,

Approximation of z, by replacing the exponen-
tial term with its n-order series

x, associated with the MOSFET Sg;
x, associated with the MOSFET Sp,
Half-cycle-average value of x,

x, for the interval a, b and ¢
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Ty peak Peak value of the steady-state waveform z,
Ty ref Reference signal of z,
Tyr Transformer primary-referred value of z,,.



Symbols

ng7 Cgsa Cds
COSS

Csb
D1-D13, Dyi, Dio
dq-d3

dy-dy

fsamp

fs

Notation

Phase displacement of the voltage vector u,,
and the current vector i,

Duty cycle of the full-bridge unit output volt-
age

Skin depth at the switching frequency f;

Phase shift angle between the gate signals of
the switches in two phase legs

Maximum flux density
Output filter capacitor
Inter-electrode capacitances of the MOSFET

Output capacitance of the MOSFET in the HV
unit

Capacitor in the RC snubber

Diode

On-duty ratio of the switch

Off-duty ratio of the switch

Diameter of a single strand of the litz wire

Overall diameter of the litz wire excluding the
insulating layer

Sum of the energy dissipation of two MOSFETs
in the same phase leg during the commutation
interval

Sampling frequency, i.e., twice the switching
frequency fs

Switching frequency
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G

Gar A, Gar_a, Gay_a

G2r p, Gsr_p,Gav D

Gar m, Gar ™

Transfer function matrix of the three-port con-
verter, including the elements G11, Gi2, G21
and G22

Transfer function of the anti-aliasing low-pass
filters

Transfer function of the digital low-pass filters

Transfer function from the port currents to the
measured source/load currents

Gar p1, Gar p1, Gav pr Transfer function of the current/voltage loops

Goar, Gzr, Gav

Gav M

Gap

Gpr 21, Gpr 31, Gpr_av

Gﬂd(z)
Gys(s)

H

hy
T1M-13M
i1-ia

ich

iD

with the PI controllers

Transfer function of the current/voltage loops
without the controllers

Transfer function from the measured port cur-
rent to the measured port voltage

Transfer function of the sample and hold unit
in the A/D converter

PI controllers for the current/voltage loops

Control-to-output-voltage pulse transfer func-
tion in the discrete-time domain

Control-to-output-voltage transfer function in
the continuous-time domain

Transfer function matrix of the decoupling net-
work, including the elements Hii, Hiz, Hop
and H22

Height of the single layer solid foil
Measured source/load current
Input/output current

Channel current in the MOSFET

Current of the body diode of the MOSFET
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tL1-1L3

1Lpd> YLps, ULpl

'L'Ls

io

IRg

Lyo, Ly3, Los
Li-Ls

Ly,

Lpi-Lys
Lpd ’ Lps’ Lpl

L

b
ni-ng
n

ns

Toty Mty Tty

Py y, Po3 y, P13 ¢

Notation

Drain current of the MOSFET

Current flowing through the leakage inductance
of the transformer Li-L3

Currents flowing through the parasitic induc-
tances Lpq, Lyps, Ly

Current flowing through the inductance L

Inductive load current in the test circuit for the
MOSFET switching behavior analysis

Current flowing through the gate resistor R,
Inductance, transformed from Lq-Ls
Leakage inductance of the transformer

Magnetizing inductance of the three-winding
transformer

Inductors in the LC filters on the ports

Parasitic inductances due to the device package
and the interconnection layout

Sum of the leakage inductances in the two-port
converter

Average length of one turn of the winding
Turns ratio of the ideal two-winding transformer
Number of layers of the winding

Number of strands of the litz wire

Number of turns of the winding, n;, and n;, in-
dicating the number of turns of the winding on
the HV bus (port 1) and the 42 V bus (port 2)
sides

Fundamental component of the active power
transferred from one port to the other port.
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Pia, Py3, Pi3

P-Py

Pcond
Pcore

PS’LU

Pwind
Pds

Raca Rac_Litz ) Rac_Solid

Rac, Rac_Litz, Rac_sotia

Ras
Rg
R
R
R

51'5127 SHia SLO
Ty-Ts
Ta'Td

T

Active power transferred from one port to the
other port

Active power transferred from/to the port, i.e.,
active power delivered by the source, consumed
by the load or stored by the storage device

Conduction losses of the MOSFET
Core losses of the magnetic component

Switching losses of four MOSFETs in the same
full-bridge unit

Conduction losses of the winding
Transient power losses of the MOSFET

AC resistance of the winding, R.. rit. and
Rac_solia indicating the AC resistances of the
litz wire and solid foil winding, respectively

DC resistance of the winding, Rg. rit. and
Rac_soia indicating the DC resistances of the
litz wire and solid foil winding, respectively

On-resistance of the MOSFET
Gate resistor

Load resistor

Resistor in the RC snubber

Sum of the resistances in the two-port con-
verter

Switch
Ideal two-winding transformer
Time interval for the switching state

Three-winding transformer
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Tsamp

to-t3

tstep

Vi

Vcore

Vr
ViM-U3M
V1-U3
Vacl1-Vac3

Vgd, Vgs, Uds

Vg

Vin

VL1-vL3

ULs

wy

Notation

Sampling cycle, i.e., half of the switching cycle
T

Switching cycle

Time instant at the beginning of the switching
state

Time step for the numerical calculation in the
switching behavior analysis

Distance between the centers of two adjacent
strands of a litz wire

Distance between the centers of two adjacent
Litz wires of a winding

Forward voltage of the body diode of the MOS-
FET

Core volume

Threshold voltage of the MOSFET
Measured source/load voltage
Input/output port voltage

AC voltage imposed by the bridge unit

Gate-drain, gate-source and drain-source volt-
ages of a MOSFET

Gate supply voltage

Source voltage in the test circuit for the MOS-
FET switching behavior analysis

Voltage applied to the leakage inductance of
the transformer Lq-Lg3

Voltage applied to the inductance L,

Voltage across the capacitor Cy, in the RC
snubber

Width of the single layer solid foil.
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Acronyms
AC

CCM
DAB

DC
DCM
EMI
EPA

FC

FCV
GTO
HB

HCA
HEV

HV

ICE
ICE+EG

IGBT

LC

LV

MCT
MOSFET

Alternating Current

Continuous Conduction Mode
Dual-active-bridge

Direct Current

Discontinuous Conduction Mode
Electromagnetic Interference
Environmental Protection Agency
Fuel Cell

Fuel Cell Vehicle

Gate Turn-off Thyristor

Half Bridge, i.e., phase leg

Half Cycle Average

Hybrid Electric Vehicle

High Voltage

Internal Combustion Engine

Internal Combustion Engine plus Electric Gen-
erator

Insulated-gate Bipolar Transistor
Inductor Capacitor

Low Voltage

MOS-controlled Thyristor

Metal Oxide Semiconductor Field-effect Tran-
sistor
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PS

PV
PWM
RB

RC
RMS
TDR
WWEA
ZVS

Notation

Phase-shift

Photovoltaics

Pulse-width Modulation
Reverse-blocking

Resistor Capacitor

Root Mean Square

Total Device Rating

World Wind Energy Association

Zero-voltage Switching.
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Chapter 1

Introduction

1.1 Introduction to Multi-port Converters

A power electronic system, as shown in Figure 1.1, usually consists of an
energy source, a load, a switching converter and a control circuit. The key
element is the switching converter, which efficiently processes the electric
power from its available input form to the desired output form according
to the signal generated by the controller [1]. The switching converter is
also known as a two-port converter since it has two power ports, one

connecting the source for power input and the other one connecting the
load for power output.

Sy, 5 %
283 = &%

£ £33
(5]
2 Two-port 2
3 8
S Converter -

Signal

Control

Measurement
Measurement

Controller

Reference

Figure 1.1: Block diagram of a power electronic system with a source and a
load.
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CHAPTER 1. INTRODUCTION

However, there are also some special cases, i.e. a system may accom-
modate multiple sources and/or multiple loads. The structure of such a
system mostly includes an intermediate power bus and is configured using
various two-port converters to interconnect the bus and the sources/loads,
as illustrated in Figure 1.2. These two-port converters are controlled in-
dependently and a communication bus may be needed for the purpose of
managing power flow. The main drawback of this structure is the com-
plexity of the whole system, even if every two-port converter is simple
and realized with the minimum number of power switches.

] 2]
3 S
2 ]
5 S
°~ S
g S
2 Two-port 3
2 b3
3 Converter 3
e T J
| Controller : Two-port '§
! Converter S~
|
m | A
|
9 | Controller |
I |
I |
I | n
L
|
8 |
~ %’ Two-port :
3 Converter
T P4
Controller Two-port '§
Converter 3

Figure 1.2: Block diagram of a power electronic system with various two-port
converters.

A multi-port converter, i.e. a single power processing stage with mul-
tiple power ports, as illustrated in Figure 1.3, is emerging because it offers
an opportunity to make the whole system simpler and more compact. This
multi-port converter cannot only interface all sources/loads, and modify

16



1.2. APPLICATION OF MULTI-PORT CONVERTERS

the electrical energy form, but also manage the power flow between the
sources and the loads.

The major advantage of the multi-port converter over various two-port
converters with an intermediate power bus is that less power switches, less
associated gate drivers and less passive components are needed since the
partial redundant power processing units in the two-port converters are
eliminated. Thus cost can be reduced, and higher power efficiency and
higher power density can be achieved. Moreover, better dynamic perfor-
mance can be obtained since the communication time between the differ-
ent control circuits for the two-port converters does not exist any more
due to the centralized control.

o
2
3
3
1%
m L
! 3
! o
| . —
| Multi-port
Converter
5] I n
e |
E |
=}
W 1
=
<
3
.4
N ] )
I Centralized I
: Control :

Figure 1.3: Block diagram of a power electronic system with a multi-port
converter.

1.2 Application of Multi-port Converters

Demand for multi-port converters is increasing because of their potential
application in renewable energy generation systems [2-10], hybrid elec-
tric vehicles (HEVs) and fuel cell vehicles (FCVs) [11], uninterruptible
power supplies [12-14] and any other application with the requirement

17
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to interface multiple sources/loads [15-30]. The motivation for employ-
ing multi-port converters, and the structure and basic function of the
systems are discussed in following for three energy management applica-
tions: a renewable energy generation system, a propulsion system and a
multiple voltage electrical system in HEVs and FCVs.

1.2.1 Renewable Energy Generation Systems

Nowadays, fossil fuels, including oil, natural gas and coal, are the main
suppliers of energy. It is estimated that in 2006, 79 percent of global
final energy consumption was through the use of fossil fuels, as shown in
Figure 1.4 [31]. There are two issues which need to considered regarding
fossil fuels. One is that fossil fuels are non-renewable resources. These
resources were formed naturally over millions of years and cannot be
produced, re-grown or regenerated as fast as they are consumed. The other
is the impact on the natural environment. In the United States, more than
90 percent of greenhouse gas emissions originate from the combustion of
fossil fuels [32]. The combustion of fossil fuels also produces other air
pollutants, such as sulfur dioxide, nitrogen oxides and heavy metals.

Biofuels 0.3%
Nuclear

3% Power generation 0.8%

Hot waterheating 1.3%

N\

Large hydro power 3%

Renewables
18%
Traditional biomass 13%

Figure 1.4: Global final energy consumption by energy type in 2006 [31].

Moreover, the day-by-day demand for energy is still increasing. The
world energy consumption is projected to expand by 50 percent from 2005
to 2030 in the ITEO 2008 reference, as a result of economic growth and
expanding population in the world’s developing countries [33].

18



1.2. APPLICATION OF MULTI-PORT CONVERTERS

The recognition of above mentioned factors drives mankind to actively
look for solutions. Consequently, clean renewable energy, which can make
deep cuts in fossil fuel use, and technologies for improving the efficiency
in energy use, which can slow the energy demand growth, are of great
interest.

Renewable resources, like biomass, sunlight and wind, are defined in
[34] as .. .] virtually inexhaustible in duration but limited in the amount
of energy that is available per unit of time [...]".

In 2006, renewable energy supplied about 18.4 percent of global elec-
tricity production [31]. There, modern technologies, which have been con-
tinuously growing in recent years, are:

e Wind power: the most competitive renewable energy technology
[35]. In 1997, the installed capacity of wind-powered generators
worldwide was about 7.5 GW. However, the sum of the global in-
stallations reached about 94 GW by the end of 2007, with 20 GW
new installations [36];

e Solar PV: the world’s fastest-growing renewable energy technology.
Its existing world capacity by the end of 2007 was 10.5 GW, with a
36 percent annual average growth rate since 2002, according to the
preliminary data [31];

e Small hydro power: one of the most cost-effective energy technolo-
gies to be considered for rural electrification. It has a relatively low
environmental impact compared to a large hydro power since it does
not interfere significantly with river flows, either being run-of-river
or having a small reservoir. During 2006, the small hydro installa-
tions grew by 11 percent and the world total small hydro capacity
was raised to 73 GW [31].

These modern power generation technologies are still gaining more
momentum. For example, large scale wind farms are being developed
both onshore and offshore. By 2010, the World Wind Energy Associa-
tion (WWEA) expects 170 GW global capacity to be installed, implying
that the overall capacity of 2010 is increased by a factor of two compared
to that of 2007 [36].

However, the main disadvantage of these technologies is the uncontrol-
lability of power production since natural sources vary in their availability.
The detail is the following:
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e Wind turbines convert the kinetic energy in wind into the electrical
energy. The amount of electricity produced is dependent on the
wind speed, more precisely on the cube of the wind speed. The
wind power production fluctuates at different time scales: hourly,
daily, seasonally. More challenging is that the wind turbines are not
able to generate electricity when the wind speed is too low (less
than about 2.5m/s) and the turbines need to be shut down to avoid
the damage of equipments when the wind speed is too high (more
than about 25m/s);

e Solar PV cells convert sunlight into electricity based on the pho-
tovoltaic effect. The amount of electricity produced relies on the
radiation intensity and the angle at which the solar PV cells are
radiated. The solar PV production varies throughout the day and
through the seasons, and is affected by clouds and rain falls;

e Hydraulic turbines convert the gravitational energy of falling or
flowing water into electricity. The amount of electricity produced
is mainly determined by the water level and the speed and rate of
the water flow. The small hydro power production has a seasonal
variability.

Therefore, it would be difficult to operate a power system installed
with only a single renewable generation unit due to the high uncertainty of
the availability of the renewable source and the power difference between
the supply profile and the demand pattern. An energy storage device
needs to be incorporated into the system with the following benefits:

e compensation of the power mismatches between the souring and
loading patterns: the energy storage device stores excess power when
the load is light, and provides supplemental power when the load is
heavy;

e reliable power supply to the load: the energy storage device can serve
as a backup power source, which supplies sufficient power when the
renewable source is not available;

e capture of maximum renewable energy: for example, maximum power
point tracking can be performed and the additional power produced
by the solar panel can be stored;

20



1.2. APPLICATION OF MULTI-PORT CONVERTERS

e avoidance of oversizing the renewable energy generation unit: the
renewable energy generation unit can be sized according to the av-
erage power consumed by the load, The peak power requirement
can be fulfilled by the power from the storage device in addition to
the power of the renewable source.

An overview of the entire renewable energy generation system is illus-
trated in the Figure 1.5. Since different energy sources, storage devices
and loads have different voltage levels and distinct voltage-current char-
acteristics, they cannot directly be connected together. A multi-port con-
verter [37—46], which utilizes a single power stage for interfacing sources
and storage devices, and providing desired voltages/currents to loads, is
a proper choice to achieve flexible, cost-effective, and more efficient power
harvesting from a variety of renewable sources.

Wind Turbine

Grid

—® / Multi-port converter

Solar Array

Hydro Power
Generator

Battery Supercapacitor

Figure 1.5: Multi-port converter utilization in renewable energy generation
systems.

1.2.2 Propulsion Systems in Hybrid Electric Vehicles
and Fuel Cell Vehicles

As is well known, research is ongoing to find a suitable alternative to
conventional power train propulsion systems, which include an internal
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combustion engine (ICE) and its associated subsystems. The conventional
propulsion system has been in existence for over 100 years and it suffers
from two problems, namely:

e Low efficiency: the energy distribution in a mid-size vehicle is shown
in the Figure 1.6. Only 12.6 percent of the energy contained in
gasoline is converted to traction, according to U.S. Urban Test Cy-
cle [47]. The rest are losses: 62.4 percent is lost in the internal com-
bustion engine; 17.2 percent is lost due to idling at stop lights or in
traffic; 5.6 percent is lost in the transmission and other parts of the
driveline.

e High emissions: a report from the U.S. Environmental Protection
Agency (EPA) states that motor vehicles account for about 75 per-
cent carbon monoxide emissions and are responsible for nearly one
half of smog-forming volatile organic compounds, more than half of
the nitrogen oxide emissions, and about half of the toxic air pollu-
tant emissions in the United States [48].

Standby Accessories . Aero
1723.6%  22(1.5% 2.6 (10.9)%
. 18.2% . 12.6% Rolling
0, pe—
100%—> "Engine | 5 oo, —1 Driveline | ) > 42(7.1)%
Engine Losses Driveline Losses L, Braking
624 (69.2)% 5.6 (5.4)% 5.8(2.2)%

Figure 1.6: Energy distribution in a mid-size vehicle [47]. Note: numbers indi-
cate urban energy distribution; numbers in parentheses indicate highway energy
distribution.

Hybrid electric vehicles (HEVs), with an ICE that functions as pri-
mary power source and an energy storage system that functions as the
secondary power source, appear to be one of the viable solutions [49-51].
The drive train efficiency in a HEV can potentially be improved to about
30-40 percent, due to the optimization of the engine operation and recov-
ery of kinetic energy during braking [52].

The hybrid propulsion system proposed in [53] is shown in Figure 1.7,
which includes:
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e an internal combustion engine plus electric generator (ICE+EG)
system: it converts energy from gasoline or diesel to electric energy
and is the main energy source, which is sized up to 60% of the
maximum cruising power;

e a battery system: it is used to provide long-term power, such as
driving the vehicle along when the ICE4+EG system is stopped due
to its poor efficiency, either if the vehicle is at a stop or at light load.
The battery system feeds the 40% rest of the maximum cruising
power;

e a supercapacitor storage: this kind of storage has an advantage over
a battery system in terms of transient power capability. Conse-
quently, a supercapacitor storage is employed to provide transient
power for acceleration and to sink transient power from regenerative
braking. The combination of a battery system with a supercapacitor
can achieve a higher efficiency, a longer run-time and lower cost.

Super
capacitor [ |
tank
Multi-
Battery « [~ |
system " | port boac
converter
I Motor
ICE :@@E AC/DC

Figure 1.7: Hybrid propulsion system proposed in [53].

Fuel cells (FCs) utilize a chemical reaction to generate electricity with
zero emissions if the fuel, e.g. hydrogen is obtained using renewable energy
and very low emission if the hydrogen is derived from fossil fuels. There-
fore, there is an increasing interest in using fuel cells for propulsion, i.e.
replace the ICE system with the fuel cell system to drive the vehicle [54].

Energy storage devices, such as batteries and supercapacitors, should
be combined with the FC stack to achieve the maximum efficiency of
the FC system and to improve the slow response of FC in transitory
situations.

In both hybrid vehicles and fuel cell vehicles, a multi-port converter
[55-59], as illustrated in Figure 1.7, is a compact, efficient and reliable
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solution to combine the power flowing from the on-board generation units
and the storage devices and obtain a regulated bus DC voltage for the
inverter.

1.2.3 Multiple Voltage Electrical Systems in Hybrid
Electric Vehicles and Fuel Cell Vehicles

The present 14 V automotive electrical system has been in use for over
four decades. Recently, the power demand of the electrical system has
been significantly increasing since more and more electrical and electronic
features are added to improve vehicle performance, fuel economy, emis-
sions, passenger comfort, safety and convenience. By 2010, the estimated
power demand can go up to about 5.5 kW for larger cars and about 3 kW
for smaller cars [60].

The practical maximum allowed current in a vehicle is approximately
200 A, i.e. about 3 kW for a 14 V system since higher currents cause three
problems, namely [61, 62]:

e increased size, weight and cost of wiring;

e higher ohmic losses in wiring harnesses, connections and compo-
nents, causing a greater voltage variation at the load and reduced
fuel economy;

e higher temperatures and the need for improved cooling.

Therefore, it is necessary for automotive manufacturers to consider a
higher voltage for the electrical system, i.e. 42 V (3x14 V) is gaining ac-
ceptance internationally as the best compromise considering the predicted
power demand and consumer safety requirements for an unprotected elec-
trical system since 58 V DC, the maximum dynamic over voltage of the
42 V system, is still lower than 60 V DC, the maximum safe voltage to
touch suggested by the medical research [63,64].

Upgrading the voltage from 14 V to 42 V will enable many new systems
throughout the vehicle (cf. Figure 1.8) [62,64], e.g.

e in terms of fuel savings: electromagnetic valves, electric power steer-
ing, electric oil and water pumps;
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e in terms of reducing emissions: electrically heating catalytic con-
verter;

e in terms of comfort, convenience and safety: electrically heated seats,
electrically heated steering wheel, active suspension, electric brak-
ing, electric de-icing, high-end sound.
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radio | | | | ! |
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| | seat heating catalytic converter heater 3 !
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Electrical power —

Figure 1.8: Power requirement for existing and prospective electrical systems
in HEVs and FCVs [62].

It would take enormous resources for any automotive manufacturer to
change the voltage of the electrical system from 14 V to 42 V in a single
step due to the complexity of the present automotive industry. From a
practical point of view, this conversion can only be phased gradually.
During the transition it will be necessary to employ a dual low voltage
system [64-67].

Additionally, a high voltage (HV) bus, ranging from 200 V to 500 V
DC depending on the vehicle requirement, is required for the propulsion
system in HEVs and in FCVs [68]. It means that the electrical system
provides power not only for the vehicle ancillary loads but also for the
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traction loads. Therefore, a multiple voltage (14 V/42 V/HV) electrical
system will likely be employed in HEVs and FCVs, as shown in Figure 1.9
[69-73], where the 42 V starter/alternator is kept as a backup for the HV
battery, although it could be eliminated in full hybrid vehicles. In this
case, the energy from the 42 V starter/alternator can be used to charge
the HV battery. On the other hand, the loads connected on the 14 V and
42 V sides can consume power from the traction generator in HEVs or
the fuel cell in FCVs. A bidirectional multi-port converter, as shown in
Figure 1.9, is needed to interface the three different voltage buses and to
manage the power flow with low cost and high efficiency.

Multi-
port
converter

stack

H.V. Battery

|| II

T

L

oad
]
Inverter

Motor/generator

42V
Starter/Alternator

i}

12V

Battery
jas)
<
o]
Z
Fuel cell )

(a) HEV (b) FCV

Figure 1.9: A multi-port converter interconnecting 14 V/42 V/HV bus in
HEVs and FCVs.

1.3 State-of-the-art Multi-port Topologies

In recent years, multi-port DC-DC converters have drawn increasing re-
search attention and many different topologies have been proposed. These
topologies can be classified into three groups: non-isolated, partially iso-
lated and fully isolated multi-port topologies. Different topologies of these
groups along with their advantages, disadvantages and operation princi-
ples are explained in the following.

1.3.1 Non-isolated Multi-port Topologies

Non-isolated multi-port topologies, where all power ports share a common
ground, are shown in Figure 1.10.
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Figure 1.10: (a)-(f) Different non-isolated multi-port topologies and related
gate signals of the switches.
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F. Caricchi, F. Crescimbini et al. proposed a two-input topology in
1993 [2], referred as topology Al (cf. Figure 1.10(a)). The topology is
composed of two boost, converters, whose outputs are connected in series.
The amount of power drawn from the input power sources is regulated
to the desired levels by adjusting the duty ratios of the switches S; and
So. The peak-to-peak ripple of the output voltage vs can be reduced by
properly choosing the time difference of the leading edges of two gate
signals, as illustrated in Figure 1.10(a). One limit of this topology is that
the sum of the magnitudes of two input voltages must be lower than that
of the output voltage.

Several years later, the same research institute developed a similar
topology in [53, 55], referred as topology A2 (cf. Figure 1.10(b)). This
topology is also composed of two bidirectional boost/buck converters,
whose outputs are connected in parallel and share the output capacitor.
Moreover, each power port of topology A2 has the capability of bidirec-
tional current flow due to the employment of standard inverter phase
legs, where the switches are bidirectional-conducting, forward-blocking,
i.e. normally a metal oxide semiconductor field-effect transistor (MOS-
FET) or insulated-gate bipolar transistor (IGBT) with anti-parallel diode.
Topology A2 allows higher efficiency compared with topology A1l when
the input/output voltages, v1, v, and vz are of the same magnitude.

A double-input topology for high/low voltage sources was proposed
by Y. Chen et al. in [21], referred as topology A3 (cf. Figure 1.10(c)). By
removing port 1 and the switch S; and substituting the forward-biased
diode D; with a short circuit, the remaining circuit of topology A3 can
be recognized as a basic buck-boost converter. Similarly, by removing
port 2 and the switch S5 and replacing the diode Dy with a short cir-
cuit, the remaining circuit is a buck converter. Therefore, topology A3
is a combination of a buck and a buck-boost converter, i.e. the circuit
branch including the switch and the diode of the buck converter is in
series with that of the buck-boost converter with a common LC low pass
filter. The major advantage of the topology is that the magnitudes of the
input voltages, i.e. V7 and V5, can be higher or lower than that of the
regulated output voltage V3 when the output power is drawn from both
power sources. But when only energy from port 1 is available, topology
A3 degenerates into a buck converter and Vi must be higher than V5 in
order to transfer power to the load.

Interest in reducing switch count was presented by M. Marchesoni et
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al. by introducing a three-switch bidirectional topology [58], referred as
topology A4 (cf. Figure 1.10(d)). The topology is a basic bidirectional
boost/buck topology unit but with an additional circuit branch including
a power port, an inductor and a bidirectional-conducting switch placed
in series with the original one, where only three controllable switches are
needed against four switches in the conventional double boost /buck topol-
ogy. In all eight possible switching configurations, only the configurations
with one switch in the off state and the other two switches in the on state
are adequate. Any two off-duty ratios of the switches can be used as con-
trol inputs to manage the power flow; the third duty ratio is determined
by the condition Dj + D5 + Di = 1 in order to ensure a correct
behavior of the topology, where D}-Df indicate the off-duty ratios of the
switches S1-S3.

A two-input topology was developed by F. Rodriguez et al. in [15],
referred as topology A5 (cf. Figure 1.10(e)). This topology is a basic buck
topology unit but with an additional circuit branch including a power
port and a switch placed in parallel with the original one. The switches in
this topology are forward-conducting, bidirectional-blocking, which can
be a gate turn-off thyristor (GTO), a MOSFET or IGBT in series with a
diode, or a new developed reverse-blocking (RB) IGBT. In the continuous
current mode (CCM), if any switch is turned on, the diode is blocking, but
if all switches are turned off, the diode is conducting. If several switches
are in the on state, the topology only captures power from the source with
the highest voltage magnitude for which the respective switch is turned
on. This reduces the effective duty ratio of the switch Sy (marked by the
shaded area in Figure 1.10(e)) in the duty cycle control scheme where
the leading edge of each gate signal coincides, when V; is higher than V5.
The power rating is also limited since only one input/output is allowed
to transfer energy to/from the common magnetic component at a time.

Another two-input topology was proposed by B. Dobbs et al. in [17],
referred as topology A6 (cf. Figure 1.10(f)). This topology is based on a
buck-boost topology unit providing either buck or boost transformation
of the inputs, and its operation principles are similar to those of topology
A5.

The pulse-width-modulation (PWM) controlled non-isolated multi-
port topologies, whose features are summarized in Table 1.1, are mostly
combinations of basic topology units, such as the buck, the boost, the
buck-boost or the bidirectional boost/buck topology unit. These topolo-
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gies have a low parts count of switches, diodes and passive components.
However, the need for one or more inductors for each topology results in
high costs, a large volume and a slow dynamic response. Another disad-
vantage is that the topologies are characterized by hard switching.

1.3.2 Partially Isolated Multi-port Topologies

Partially isolated multi-port topologies, where some power ports share a
common ground and these power ports are galvanically isolated from the
remaining power ports for safety reasons and/or for matching different
port voltage levels, are shown in Figure 1.11.

A partially isolated bidirectional multi-input topology was proposed
by H. Tao et al. in [37], referred as topology B1 (cf. Figure 1.11(a)). The
topology is the integration of a bidirectional boost/buck topology (in-
cluding the boost/buck inductor for port 1 and the phase leg HB1) and
a bidirectional boost-dual-half-bridge topology (including the boost/buck
inductor for port 2, the phase legs HB2 and HB3, and the transformer)
presented by F. Peng in [74]. This topology is based on the combination of
a DC-link and magnetic-coupling, i.e. HB1 and HB2 are linked together
by the DC-link capacitor leg and the isolation transformer links HB2 and
HB3. HB1 is PWM controlled. HB2 and HB3 are operated in phase shift
(PS) mode, i.e. the duty ratios of the switches in HB2 and HB3 are 50%,
and the gate signals of the switches in HB3 are shifted by an angle ¢; with
respect to those of HB2. Moreover, the PWM carrier singal for HB1 is
shifted by 180° compared to that for HB2, leading to a minimum current
ripple for the DC-link capacitor leg. Therefore, a relatively small capac-
itance can be chosen. Thanks to the boost/buck inductors, the topology
draws or injects smooth currents from or to the sources/storage devices.
However, the switches in HB1 are soft-switched only if the current of
the boost/buck indcutor for port 1 is bidirectional over one switching cy-
cle. Otherwise, the diode-to-switch commutation fails and hard-switching
occurs. The variations of the voltage levels of ports 2 and 3 impose a
certain limitation on the zero-voltage switching (ZVS) operating region
for the switches in HB2 and HB3. In [39], the switching conditions for the
switches in HB1 and HB2 and HB3 are improved by introducing a variable
hysteresis band control and an asymmetrical wave control, respectively.

G. Su et al. presented a bidirectional triple-voltage topology in 2005
[69], referred as topology B2 (cf. Figure 1.11(b)). Similar to topology B1,
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this topology makes use of the combination of a DC-link and a magnetic-
coupling to interface three voltage buses. However, the power port 1 of
topology B2 is directly drawn out from the terminals of the DC-link ca-
pacitor leg, not from the boost/buck inductor for port 1 and the phase
leg HB1 as configured in topology B1, resulting in smaller parts count.
The power flow between the primary and the secondary side of the trans-
former is controlled by a shifted angle between the gate signals of S; — So
and those of S3 — S4. In addition, the duty ratios of the switches are ad-
justed to maintain the volt-seconds balance of the boost/buck inductor
for port 2. With regard to the disadvantage, this topology has higher cur-
rent stresses, higher conduction losses and switching losses, and smaller
ZVS operating region compared to topology Al.

G. Su et al. proposed a reduced-complexity triple-voltage topology in
2007 [71], referred as topology B3 (cf. Figure 1.11(c)). This topology is
derived from the bidirectional dual-half-bridge topology and the power
port 2 is directly drawn out from the midpoint of the DC-link capaci-
tor leg, eliminating the boost/buck inductor and the filter capacitor for
port 2 in topology B2. The power management strategy is similar to
that of topology B2. However, the average current of port 2 has to flow
through the magnetizing inductance of the transformer since the DC cur-
rent cannot flow through the capacitors, resulting in a DC flux bias of
the transformer which lowers the utilization of the magnetic material.
The average current, of port 2 also has a small impact on the switching
conditions of S; — Ss.

A tri-modal half-bridge topology was proposed by Al-Atrash et al.
in [40], referred as topology B4 (cf. Figure 1.11(d)). This topology is es-
sentially a modified version of the isolated half-bridge topology by adding
a free-wheeling circuit branch consisting of a diode and a switch across the
primary winding of the transformer. In a constant frequency PWM con-
trol scheme, a switching cycle is composed of three basic operation modes,
where one and only one switch is turned on at a time. This switching se-
quence allows the main switches .S; and S5 to achieve zero-voltage switch-
ing by utilizing the energy of the leakage inductance of the transformer,
although the free-wheeling switch S5 is hard-switched. In addition, the
magnetizing inductance of the transformer is used to store energy to in-
terface the sources/storage devices of port 1 and 2, which needs to be
considered in designing the transformer.

Furthermore, Al-Atrash et al. developed a soft-switched multi-port
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topology in 2006 [38], referred as topology B5 (cf. Figure 1.11(e)). This
topology is based on the integration of a two-phase boost/buck unit into
the phase-shift full-bridge topology. Two power ports on the primary side
of the transformer are bidirectional. The load port can be either unidi-
rectional or bidirectional, depending on whether a diode rectifier or a
synchronous rectification is employed. The power delivered to the load is
regulated by the phase shift angle between two phase legs in the bridge
and the energy flow in the boost/buck unit is controlled by the duty cy-
cles of the switches. A DC magnetizing current appears in the primary
side of the transformer in order to compensate the DC component of the
primary-reflected load current. Moreover, the current-sharing control en-
suring the current balance between two boost/buck inductors would be
necessary in the practical circuit, although the duty cycles of two phase
legs are required to be equal.

Later in 2007, Al-Atrash presented a similar topology in [42], referred
as topology B6 (cf. Figure 1.11(f)). A single-phase boost/buck unit, not
a two-phase arrangement as in topology B5, is integrated into the phase-
shift full-bridge topology to form the multi-port topology. This allows
two phase legs to operate at different duty cycles, i.e. the duty cycle of
the leading leg is chosen to be complementary to that of the lagging one
in order to increase the voltage gain of the full-bridge section and lower
conduction losses compared to topology B5.

Partially isolated topologies, whose features are summarized in Ta-
ble 1.2, are based on diverse isolated bridge topologies, such as the bidi-
rectional boost-dual-half-bridge, the bidirectional dual-half-bridge, the
half-bridge and the phase-shift full-bridge topology. These topologies can
accommodate both a low-voltage input source/storage device and a high-
voltage industry load by adjusting the corresponding winding turns ratio
of the transformer; accordingly a stacking of many low-voltage cells to
support higher voltage can be avoided that reduces costs and complex-
ity. Moreover, the energy flow between two sources/storage devices of
port 1 and 2 is controlled by the duty cycles of the switches, where the
voltage level of port 1, i.e. V3 must be higher than that of port 2, i.e. V5.
Furthermore, interleaving the topologies in multiple phases is an effective
means to achieve higher power capabilities, and to reduce the port current
ripples while their frequency multiplies, and to reduce or even eliminate
the DC-link capacitor legs [22,70,72,73,75].
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1.3.3 Fully Isolated Multi-port Topologies

Fully isolated multi-port topologies, where each power port has its own
independent reference potential (ground) and the energy transfer between
all ports is combined into a single magnetic device, i.e. the isolation trans-
former, are shown in Figure 1.12.

Matsuo et al. proposed a fully isolated two-input topology in [18],
referred as topology C1 (cf. Figure 1.12(a)). This topology is essentially
a variation of topology A6, i.e. the inductor in topology A6 is replaced
by the transformer with a separate winding for each input/output. The
operation principles, which are based on the time-sharing concept due to
the clamped voltage across the winding of the transformer, are similar to
those of topology A6. Hence, the power from the different sources cannot
be transferred to the output simultaneously. The disadvantage that the
switches S; and Sy are hard-switched is improved in [8] by driving the
switches alternately with a phase difference of 180°.

A two-input current-fed topology was developed by Y. Chen et al.
in [4], referred as topology C2 (cf. Figure 1.12(b)). This topology is de-
rived from the current-fed full-bridge topology by adding a current-source
input-stage and the associated transformer winding. The energy from the
input sources is combined by adding up the produced magnetic flux in the
magnetic core of the coupled transformer. A phase-shifted PWM control
instead of the conventional PWM scheme is used to avoid the transformer
winding voltage-clamping problem. The inductor of each input transforms
the voltage source into a current source, which implies that the voltage
level of the voltage sources can be different. Due to the employment of
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Figure 1.12: (a)-(e) Different fully isolated multi-port topologies and related
gate signals of the switches.
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Figure 1.12: (a)-(e) Different fully isolated multi-port topologies and related
gate signals of the switches (continued).
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Figure 1.12: (a)-(e) Different fully isolated multi-port topologies and related
gate signals of the switches (continued).
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CHAPTER 1. INTRODUCTION

only forward-conducting and bidirectional-blocking switches, this topol-
ogy has the capability to deliver power to the load from different sources
simultaneously, but allows power flow only in one direction. The topology
has other features such as the soft-switching accessibility.

A constant switching frequency series resonant multi-port topology
was presented by H. Krishnaswami et al. in [30], referred as topology C3
(cf. Figure 1.12(c)). The topology is an extension of the series resonant
topology, where two windings of the transformer are connected to full-
bridge units through series resonant tank circuits. The phase shift angle
between the fundamental components of the output voltages of the full-
bridge units and the phase shift angle between two phase legs in one
full-bridge are utilized to control the output voltage vs and the power
drawn/delivered through port 1. The switches can achieve zero-voltage
switching in a limited operation range depending on the load condition
and the power distribution between ports 1 and 2 when the topology
operates above the resonant frequency.

D. Liu et al. developed a multi-input bidirectional topology in [20],
referred as topology C4 (cf. Figure 1.12(d)). This topology is viewed as
an extension of the boost-dual-half-bridge topology. The leakage induc-
tances of the three-winding transformer determine the power transfer in
connection with the phase displacements between the square-wave output
voltages of the bridges. The topology presents the natural bidirectional
power flow property. Although the existence of the boost inductor reduces
the port current ripple, it increases the system cost and size and limits
the system bandwidth, thus slows the system dynamic response. For a
wide voltage variation, the multi-port topology cannot operate optimally
since there are high peak/RMS currents which lead to high conduction
losses, and even the loss of soft-switching in some cases.

A triple-half-bridge bidirectional topology based on the boost-dual-
half-bridge topology was proposed by H. Tao et al. in [76], referred as
topology C5 (cf. Figure 1.12(e)). Similar to topology C4, the phase shift
control manages the power flow between the inputs and outputs. More-
over, the operation of the topology is optimized by accommodating a
source/storage device/load that has a dynamically changing voltage mag-
nitude by a boost-half-bridge unit and by adjusting the duty ratios of
the switches to keep the voltage levels of the capacitor legs constant.
However, this topology can only be used in applications where only one
source/storage device/load with a widely varying voltage level is inter-
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connected since the same duty cycle is used in all half-bridge units and
is the only variable that can compensate for the variation of the voltage
level.

Fully isolated topologies, whose features are summarized in Table 1.3,
are based on diverse isolated bridge topologies by adding an input- /output-
stage circuit and associated transformer winding. The high-frequency
transformer has multiple functions. It not only integrates and exchanges
the energy through all power ports, but also provides full isolation be-
tween all sources/storage devices/loads. Different port voltage levels can
be matched by suitable turns ratio of the transformer. For some topolo-
gies, the large leakage inductances, caused by the imperfect coupling of
the windings which are arranged on the same core, can be used for deliv-
ering energy transfer, which results in higher power density and be more
compact.

1.4 Main Objectives of the Research Work

Even though some multi-port topologies have been proposed, it is ob-
served that only limited research has been conducted in the field of multi-
port converters, since:

e Most of the research performed for multi-port converters has focused
on the circuit topologies. Those topologies, which are reviewed in
Section 1.3, have one or more disadvantages listed in the following;:

— Lack of bidirectional power flow capability, which does not al-
low to accommodate in the energy storage devices in the sys-
tems;

— Requirement for the high-voltage storage devices formed by
stacking many low-voltage cells with voltage balance circuits,
which adds to the complexity of the system;

— No galvanic isolation, which results in topologies not meeting
safety requirements in many applications;

— Need for one or more DC inductors, which increases cost and
volume, and slows down the dynamic response;

— Lack of the capability to transfer power from different sources
to outputs simultaneously, which increases the current stresses
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of the components and allows a utilization of systems only for
low power applications;

— Presence of the DC magnetizing current in the transformer,
which leads to a DC flux bias of the transformer, lowers the
utilization of the magnetic material and increases the design
difficulty of the transformer.

e Very few technical papers have specifically addressed the dynamic
response of the converters to changes in the input voltage or in the
load with the aim to keep the output voltage constant.

Besides, multi-port converters can find many applications with mul-
tiple sources/storage devices/loads. Among these applications, multiple
voltage electrical systems in HEVs and FCVs are a typical example, where
the multi-port converter interfacing HV /42 V/14 V buses should meet the
following requirement:

¢ Bidirectional power flow capability for all three ports that intercon-
nect voltage buses;

e Electric isolation between the 14 V/42 V buses and the HV bus;
e Low overall system losses in a wide operating range;
e Fast dynamic response in case the load changes;

e High power density.

The main objective of this work is to develop a novel power converter
interconnecting multiple ports for multiple voltage electrical systems in
HEVs and FCVs. This converter should have the following features:

e Multi-port interfacing capability. Power can flow from/to any port
individually and simultaneously;

e Different voltage levels of the different ports adapted by the turns
ratios of corresponding transformer windings;

e Electrical isolation between any two ports considering safety re-
quirements;
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e Safe start-up without any additional pre-charge circuit in order to
minimize the realization effort and system complexity and ensure
high power density.

The second main objective of the work is to develop a digital control
system for multi-port converters. The control system should meet the
following requirements:

e Control of the power transfer between the energy storage devices
connected to two system ports. The voltages of the corresponding
ports are assumed constant, accordingly the power transfer is con-
trolled by controlling the charging/discharging currents.

e Voltage mode control for the port left without energy storage de-
vice. This ensures a constant output voltage independent of the load
condition.

1.5 Publications

The results related to the dissertation have been published in international
conferences and journals as listed below:

e C. Zhao, S. D. Round, J. W. Kolar, “Full-order averaging modelling
of zero-voltage-switching phase-shift bidirectional DC-DC convert-
ers” IET Power Electronics, vol. 3, no. 3, pp. 400-410, 2010.

e C. Zhao, S. D. Round, J. W. Kolar, “An isolated three-port bidirec-
tional DC-DC converter with decoupled power flow management”
IEEFE Transactions on Power FElectronics, vol. 23, no. 5, pp. 2443—
2453, 2008.

e C. Zhao,S. Round, J. W. Kolar, “Buck and boost start-up operation
of a three-port power supply for hybrid vehicle applications,” in Pro-
ceeding of IEEE Power Electronics Specialists Conference (PESC),
pp. 1851-1857, 2005.

e C. Zhao, J. W. Kolar, “A novel three-phase three-port UPS employ-
ing a single high-frequency Isolation transformer,” in Proceeding of
IEEFE Power Electronics Specialists Conference (PESC), pp. 4135—
4141, 2004.
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Chapter 2

Steady-state Analysis of
Three-port Converter

In this chapter, the description of the converter topology, the discussion
of the operation principle and the analysis of the possibilities of power
exchange between the ports are presented.

2.1 Description of the Proposed Converter
Topology and the Operation Principle

2.1.1 Proposed Converter Topology

Figure 2.1 shows the proposed isolated three-port bidirectional topology
for a multiple voltage electrical system in HEVs and FCVs, which is an
extension of the dual-active-bridge (DAB) topology [77].

A traction motor, for example, can be connected to the HV bus
(port 1) through an inverter. Energy storages devices, such as batter-
ies and supercapacitors, can be interfaced with the two low voltage buses,
i.e. the 42 V bus (port 2) and the 14 V bus (port 3). The HV, the 42 V
and the 14 V buses are coupled via a three-winding transformer 7, and
corresponding full-bridge units.
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Port 1: HV bus Port 2: 42V bus
. il ip .
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Port 3: 14V bus

Figure 2.1: Proposed isolated three-port bidirectional converter topology,
where high frequency linking of the full-bridge units is realized via a single
transformer T..

The three-winding transformer 7;. plays an important role in this
topology. It has the following functions:

e It combines/delivers the energy from/to three voltage buses via
magnetic coupling;

e It provides electrical isolation between the voltages buses;

e Different voltage levels of the buses can be matched by suitable
turns ratios of the transformer windings.

e The leakage inductances of the transformer are utilized for delivering
the energy transfer between the inputs and outputs.

The switches are implemented with MOSFETSs. Since the MOSFET is
a current-bidirectional two-quadrant switch, the current flowing in a full
bridge unit can be bidirectional, i.e. this topology has bidirectional power
flow capability. For example, the storage device connected to the 14 V
bus can be charged by the energy generated by the motor functioning as
a generator (on the HV bus side). On the other hand, it can also provide
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power to the components interconnecting to the 42 V bus during start up
when needed.

In addition, the leakage inductances of the transformer and the out-
put capacitances of the MOSFETs are utilized to achieve the zero-voltage
switching for the MOSFETSs, reducing the switching losses and eliminat-
ing the body diode reverse recovery process and the potentially resulting
over-voltage problem which could lead to breakdown and failure of the
MOSFET. No extra active switches or passive components are required.

The zero-voltage switching of the MOSFETs, i.e. the diode-to-switch
commutation mechanism, is explained in the following, assuming that a
positive current flows through the bottom MOSFET, which is going to
be turned off, and this current, which also flows through the transformer
leakage inductance, remains constant during the commutation interval:

e Turn off: the conducting bottom MOSFET is turned off, and the
positive current is diverted to the associated parasitic output ca-
pacitance and which therefore is charged;

e Turn on: at the same time, the diverted current discharges the para-
sitic output capacitance of the top MOSFET in the same phase leg.
Once the capacitance is fully discharged, i.e. the drain-to-source
voltage of the top MOSFET passes through zero, the body diode
of the top MOSFET becomes forward-biased and the transformer
leakage inductance current freewheels through the diode. The top
MOSFET can then be forced on at zero voltage, i.e. without induc-
ing turn-on switching losses.

The use of the full-bridge units instead of half-bridge units, which is
employed in topology C4 [20] and C5 [76] (cf. Chapter 1), to build the
three-port topology is justified as follows.

The cost of the active semiconductor devices is a large share of the
overall costs and this suggests to evaluate different topologies by com-
paring their total device rating T DR, which is defined for a topology
containing k switches as

k
TDR = Z Vas i1a_rms_js (2.1)

J=1
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where Vys j and Iy rms_; are the voltage stress of and the RMS value of
the current flowing through a switch j, respectively.

The voltage buses in the multiple-voltage electrical system in HEVs
and FCVs can be viewed as DC voltage sources. The voltage-source full-
bridge unit, as illustrated in Figure 2.2(a), can selectively generate a a
positive, negative or zero voltage using different combinations of the gate
signals of the switches, i.e. v,y = Vi when S; and S4 are turned on,
Vge1 = —Vi when Sy and S35 are in the on-state and v,.; = 0 when S
and S3 or S and Sy are conducting, where V; denotes the DC magnitude
of the voltage bus v1. Therefore, each MOSFET in the full-bridge unit is
subject to a voltage stress equal to the port voltage level Vi. I11 s 18
the RMS value of the current 77;. The RMS value of the current ﬁowing
through each MOSFET is Iz ,ms/v/2 since each MOSFET in the full-
bridge unit conducts for half switching cycle. Therefore, the TDR of the
full-bridge unit is

4
TDRFB = Z Vds_jld_rms_j
=1
V2
= 2\/5 ‘/1[L171‘ms-

o—’j [ S—
Sl S3 V1/21== S] /

L o o
Vi i Vacll Vi 21“ Vucl/zl

| SR ——o

S Sy Vl/zl L %
1 M
(a) (b)

Figure 2.2: Circuit schematic of (a) full-bridge unit and (b) half-bridge unit.

For the half-bridge unit as illustrated in Figure 2.2(b), each MOS-
FET’s voltage stress is still equal to the port voltage level V3. The DC
voltage across each capacitor in the DC-link capacitor leg is V; /2. There-
fore, the half-bridge unit generates the high-frequency voltage v4c1/2. In
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order to transfer same power, the current through the half-bridge unit
is twice that through the full-bridge unit. Thus, the RMS value of the
current flowing through each MOSFET in the half-bridge unit is equal to
2171 ,«ms/\/ﬁ. The TDR of the half-bridge unit is

2
TDRyp =Y Vas jla rms
j=1
2IL17rms (23)

V2
=2V2VilL1 s

Therefore, the total device rating is the same for the full-bridge unit
and the half-bridge unit at the same output power. But the use of more
semiconductor devices instead of passive components like bulky elec-
trolytic capacitors, which is used in combination with high frequency
polypropylene capacitors to form DC-link capacitors, allows the full-bridge
unit to be more compact.

2.1.2 Modulation Technique

The modulation technique for the proposed topology can be described as
follows:

e Each MOSFET operates at a fixed switching frequency and fixed
50% duty ratio. The gate signals of two MOSFETs in the same
phase leg are complementary and the diagonal opposite MOSFETs
in the same full-bridge unit are turned on and off simultaneously.
The gate signals of the switches in the full-bridge unit of the trans-
former primary side (the HV side), for example, is illustrated in
Figure 2.3(b). This voltage-source full bridge unit generates a high
frequency square-wave voltage vqc1- In order to simplify the anal-
ysis, we represent this full-bridge unit and the voltage bus by a
high frequency voltage source, as shown in Figure 2.3(a). Similarly,
we can simplify the other two full-bridge units and the associated
voltage buses to two voltage sources. Thus the simplified equivalent
circuit of the proposed topology (cf. Figure 2.1) can be obtained, as
illustrated in Figure 2.4(a).
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e The power flow between the voltage buses is controlled by shifting
the patterns of the gate signals of the switches in the other two
full-bridge units with respect to those in the full-bridge unit of the
transformer primary side (the HV side), i.e. by shifting the high-
frequency voltages vqco and v,.3 With respect to vee1, as shown in
Figure 2.4(b). The phase shift angle of the voltages vac1 and vgeo
is denoted as ¢; in the following; accordingly, ¢o denotes the phase
displacement of v,e1 and vee3. There, ¢ and/or ¢o are defined as
positive when v, is leading vaee and/or v,e is leading vges. The
control range of ¢; and ¢ is from —7 to m.

Port 1: HV bus
i

Sdﬁ A== Sl A= in

o
11 v —
Vi acl = Vacl
o

SzJ;:l A= Sﬂ;:l A=

o

(a)

_Vl,

(b)
Figure 2.3: (a) High-frequency voltage source representing the full-bridge unit
and the associated voltage bus; (b) Idealized gate signals waveforms and high-

frequency voltage waveform wvge1, which is determined by the pattern of the
switch gate signals and the port voltage level Vi.
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iL1 T, in
VHCIICI\b .‘ ‘. élvacz
i3
vaé l e-
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Vi 1 Vacl —
t
V-
V2 — /vad —
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Yy
Vs ‘T 3 | Vac3 —
N !
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TP,
> l«—TS
I : 7[
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Figure 2.4: (a) Simplified equivalent circuit of the proposed topology (cf. Fig-
ure 2.1); (b) Idealized high-frequency voltages vgci, Vac2 and vqcs, where ¢1 and
¢2 denote the phase displacement of vee1 and vee2 and vae1 and vges, respec-
tively.
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2.1.3 Equivalent Circuit of the Proposed Topology

The simplified equivalent circuit of the three-winding transformer T, is
shown in Figure 2.5 [79], where T} and T, are two ideal two-winding
transformers with turns ratios 1 : n; and 1 : ng, L, is the effective
magnetizing inductance, Ly, Lo, and L3 are the leakage inductances.

I:n Ly
Ly
o— o
T
Ln Iy L
T

Figure 2.5: Simplified equivalent circuit of the three-winding transformer 7;.
[79].

The magnetizing inductance L., of the transformer is usually much
larger than the leakage inductances. Thus, the magnetizing inductance
L,, can be neglected on a first step.

The resulting equivalent circuit of the proposed topology (cf. Fig-
ure 2.1) referred to the transformer primary side (the HV side) is shown
in Figure 2.6, where the suffix , indicates that all voltages, currents and

impedances are referred to the transformer primary side, i.e. Ly, = L1,
irir = i01, VLlr = VL1, Vaclr = UVacl, Vip = Vi, Loy, = Lo/ni,
irer = irana, Vo = VL2/M1, Vac2r = Vac2/N1, Vor = Va/mq, and
L3T = LS/nga 7:L37‘ = iL3n27 VLp3r = ULS/”Q; Vac3r = Uac3/n27
Vi, = Vs/ng, Vo and V5 indicate the voltage levels of ports 2 and 3,

vr1-vrs and ip1-i13 denote the voltages and currents of the leakage in-
ductances Li-Ls3.

It is observed that the leakage inductances Li,, Lo, and Ls, of the
transformer are delivering the energy transfer between the high frequency
voltage sources in combination with V;-V3 and ¢; and ¢s.
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LZV
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i L

l Vacar
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Vaclr VL1r

Figure 2.6: Simplified Y-type equivalent circuit of the proposed topology
(cf. Figure 2.1) referred to the transformer primary side.

2.2 Power Transfer between the Ports

2.2.1 Power Transfer between Two Ports

When the third port is left open, the three-port circuit can be simplified
to a two-port circuit, whose primary-referred equivalent circuit is shown
in Figure 2.7, .

Lsr
L

—

UL
v“drl i l Vacar

iLcr

Figure 2.7: Simplified primary-referred equivalent circuit for studying the en-
ergy transfer between two ports when the third port is left open.

The energy transfer principle can be easily explained by studying the
simplified primary-referred equivalent circuit (cf. Figure 2.7):

e The inductance Lg,, which is the sum of the primary and secondary
leakage inductances, is utilized for delivering the energy transfer
between the two voltage sources.

e The voltage sources generate two square-wave voltages vq.1, and
Vac2r Which are applied to the two sides of the inductance Lg,. The
voltage difference voltage v s, = Vgelr - Vac2r determines the wave-
form of the inductance current ¢y,q,.
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e The inductance current iy, is a pure AC current when the con-
verter has reached a steady-state operation. The switching of the
full-bridge unit on the primary and the secondary side translates
this AC current into the port currents iy, and is,.

2.2.2 Operating Characteristics of the Two-port Con-
verter

In order to derive the operating characteristics of the two-port circuit, it
is assumed that the switching is instantaneous, i.e. the current is diverted
from one switch to the other switch of a phase leg instantaneously.

Analytical Expression of the Inductance Current iy (1)

The idealized voltage and current waveforms of the two-port circuit for
the case of v4c1, leading vgeo,- are shown in Figure 2.8.

Vard | !
T |

Ir: Vacar :
! Lt
‘ ‘

V : Vaclr :

Vi

V] ‘ ‘ g —
= o ~ o !
! D ML D !
| .,
I \ ‘ ‘
| y "
\\(Z) Isr 1 |
S~ L m !
R AU :
e P !
I Y SR N |
A s V- 8 ¢
tot hit3 to+T
I | [ | E— |

Switching State  a b ¢ d

Figure 2.8: Idealized voltage and current waveforms of the two-port circuit
for vgcir leading vgeor.

There are four switching states (a, b, ¢ and d) in one switching cycle.
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The inductance current iy, is a function of time:

Vaclr (t) — Vqgc2r (t)
L,

insr(t) = (t—ti) +ipse(ti) ti <t<t;, (2.4)

where ¢; and ¢; are the starting and ending time instants of each switching
state, and iy (t;) is the initial current of each switching state.

From the Figure 2.8 and (2.4), the inductance current i, can be
found to be:

e Switching state a: tog <t < t;

_ Vlr +VY27‘

iLsr(t) - L., (t - tO) + iLsT(tO)a (2'5)

where t1 = tg + (¢175)/(27) and T indicates the switching cycle;
e Switching state b: t; <t <ty

Vlr - VYQT

.. (t — tl) + iLsr(tl); (26)

iLsr(t) =

where to = tg + Ts/2;
e Switching state c: to <t < 3

*‘/17‘ - ‘/27“

.. (t — tg) + iLST(tQ), (27)

'L'Lsr (t) =

where t3 = tQ + (¢1TS)/(27T),
e Switching state d: t3 <t <ty + T

*‘/17‘ + ‘/27“

L. (t —t3) +iLsr(ta). (2.8)

iLS’I‘ (t) =

Due to the odd symmetry of the waveform of i,

iLsr(tO + Ts/2) = iLST(tQ) = *Z‘Lsr(to)

iLsr(tl + Ts/2) = iLsr(t3) = _iLsr(tl); (29)

we can solve for i (to), insr(t1), insr(t2) and ips-(t3) from (2.5), (2.6)
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and (2.9)

(‘/lr - ‘/27“)77 + 2V, ¢y
47rstsr

(‘/27‘ - ‘/17‘)7T + 2‘/17‘¢1
47Tstsr ’

iLsr(tO) = _iLsr(tQ) = —
(2.10)

iLsr(tl) - 7iLST(t3) =

where f; = 1/Ts denotes the switching frequency.

Substituting (2.10) into (2.5), (2.6), (2.7) and (2.8), we can obtain the
complete analytical expression of the inductance current iy, (t).

Direction and Amount of the Power Flow

The average active power Pio delivered from port 1 (vge1r) to port 2
(vqeor) via two phase-shift controlled full-bridge units within one switch-
ing cycle Ty can be derived based on the mathematical expression of
iLsr(t)

1 to+Ts
= Vol /t i1 (£)dt)
s 0

(2.11)

:vh[%( /t i ()t + /t Ciner(D)dt)]

_ ¢1(7T - ¢1)V1r‘/27‘
272 fs Lsr ’

where I, denotes the DC current magnitude of port 1 referred to the
transformer primary side.

A similar analysis for the case where the square-wave voltage vgcor
leads vge1r-

The general expression of the power P for both cases is

¢1 (7T - |¢1 |)V1r‘/27‘ )

Py =
2 22 fs Lsr

(2.12)

According to (2.12), the power P as a function of the phase shift
angle ¢ is illustrated in Figure 2.9. The maximum power Pj5 of the two-
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Table 2.1: Operating parameters of the power stage in the two-port converter.

Description Parameter
Port 1 dc voltage Vi=14V
Port 2 dc voltage Vo =300V
Transformer turns ratio ni = 20

Sum of leakage inductances Lg. — 160 nH
Switching frequency fs = 100 kHz

port converter is found for ¢; = /2. It is interesting to notice that the
direction of the power flow Pjs is determined by the sign of the phase
shift angle ¢, i.e. a positive value of the phase shift angle indicates that
a power is delivered from port 1 (vgc1r) t0 port 2 (veer) and a negative
value denotes a power transfers from port 2 (vge2r) to port 1 (vae1r)-

W] \

2000

1000

Power P12

Phase shift @,

Figure 2.9: Power P;> versus phase shift angle ¢; with parameters as given in
Table 2.1.

This is also clear from the fundamental phasor diagram of the voltages
and currents, which is depicted in Figure 2.10 (a) and (b), where v,.q,,
Vgeors ULer and iy . are the fundamental phasors of vgcir, Vacor, Vrsr and
irsr, and « denotes the phase displacement of the phasors v, and iy, ;
Vier = Ugelr — Ugeor and iy . is oriented perpendicular to vy .
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YVaclr

Yacar

(a) (b)

Figure 2.10: Fundamental phasor diagram of the voltages and currents of the
two-port circuit (a) ¢1 > 0 and (b) ¢1 < 0.

The fundamental active power Pp yis
1~ -
P12_f = §U17‘IL5T cos(a), (2.13)

where Ul,« = 4V3,. /7 and I Lsr are the amplitudes of the voltage phasor

Vae1, and the current phasor i; ., respectively.

For ¢1 > 0 (cf. Figure 2.10(a)), in case vqc1r i leading vgeor, « is
smaller than /2. Therefore, we have P2 > 0, the power flow is phys-
ically oriented from port 1 (vgeir) t0 port 2 (veer) and it reverses for
¢1 < 0 since « then is larger than 7/2 (cf. Figure 2.10(b)).

Optimization of the Ration of Voltage Levels V},. and V5,
Let’s go back to the case where the square-wave voltage vqc1, leads vgeor.

According to (2.11), the phase shift angle ¢; to deliver power P2 from
port 1 to port 2 can be predicted as

¢ B (E B W\/‘/l%“/;r - 8P12V1r‘/2rstsr
D 2V1,-Va,

). (2.14)

Figure 2.11 shows the dependency of the phase shift angle ¢; on the
voltage level V... It is observed that for transferring a constant amount
of power required, the phase shift angle ¢; decreases with voltage level
Vip.

Another quantity to be considered is the peak value of the induc-
tance current (absolute value). Combining the initial current (2.10) of

60



(V]
o

2. POWER TRANSFER BETWEEN THE PORTS

[rad]

0.7

Phase shift ¢,
(=]
N

Port voltage level V3,

Figure 2.11: Dependency of the phase shift angle ¢, on the voltage level Vi,
for transferring a constant amount of power P2 = 1 kW; other parameters as
given in Table 2.1.

each switching state and (2.14), the peak value irsr pear Of the induc-
tance current within one switching cycle can be calculated as a function
of the voltage level V.., resulting in Figure 2.12. Accordingly, the optimal
for relationship of the voltage levels would be V3, = V5, where the peak
value of the inductance current is minimal. This is important for improv-
ing the circuit efficiency because the power losses are closely related to
the peak value of the inductance current irs, peak-

2.2.3 Direction and Amount of the Power Flow in the
Three-port Converter

The Y-type primary-referred equivalent circuit depicted in Figure 2.6
can be transformed into a A-type equivalent circuit shown in the Fig-
ure 213, where L12T = Lk/Lgr,\, L13r = Lk/LQT, LQgT = Lk/Llr,\ and
Ly = Li,Lo. + Ly.L3. + Lo.L3,. It should be noted that the A-type
and Y-type equivalent circuits are developed for different usage. The A-
type equivalent circuit is suitable to analyze the power flow between three
ports. On the other hand, the Y-type equivalent circuit is convenient for
the switching-condition analysis and the losses calculation.

Now the resulting power flow of the three-port circuit can be deter-
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Figure 2.12: Peak value of the inductance current irsq pear Within one
switching cycle versus voltage level Vi, when transferring a constant power
P12 = 1 kW, other parameters as given in Table 2.1.

Lo,
A < (el irar
3.
Vuclrl @ i I3 @ lvadr
~ l Vac3r

Figure 2.13: A-type primary-referred equivalent circuit of the proposed topol-
ogy (cf. Figure 2.1).
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Vactr l

Figure 2.14: Equivalent circuit for studying the power flow between the three
ports. The direction of power flow is only determined by the phase shift angles
¢1 and ¢2, not by the voltage levels Vi,, Vo, and V3,.
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mined by superposition of the power transfer of three two-port circuits
VaclriVac2ry VaclrsVac3rs and Vac2r,Vac3r: For examplea for ¢1 > 07 ¢2 >0
and ¢1 > ¢2 (cf. Figure 2.14 (a)), the power flow is from port 1 (vgc1r)
to port 2 (vaear), from port 1 (vae1r) to port 3 (veesr), and from port 3
(Vaear) to port 2 (vgeor). Therefore, port 1 (vec1r) 18 acting as a source
and port 2 (vgceor-) is consuming power. Dependent on the relationship of
¢1 and ¢, port 3 (vecsr) can be sinking or sourcing power or remain at
ZEero power.

In summary, a power transfer is possible in any direction between any
two ports and the direction is only determined by ¢1, ¢2, not by Vi,., Va,
and V3, (cf. Figure 2.14).

According to (2.12), the power transferred from port 1 (vge1,) to port 2
(vacar), from port 1 (vge1r) to port 3 (vaesr) and from port 2 (vge2r) to
port 3 (vaesr), denoted as Pjo, Pis and Po3 in the following, is

o1(m — |1]) Vir Vor

Py =

2 27r2st127‘

d2(m — |2|) Vi Var

P = 2.15

13 27T2fSL137‘ ( )
Py — (1 — P2)(m — |1 — ¢2|)Var Vi,

23 = — 5 .

272 fs Loz,

Moreover, we have the active power transferred via the ports Py, P,
and P3

Py = Pis+ Pi3
Py = Po1 + Pas

— _Piy+ Py (2.16)
Py = P31 + Pso

= —Pi3 — Ps.

The dependency of the input/output active power Py, P, and P on
the the phase shift angles ¢ and ¢9 is illustrated in Figure 2.15, where a
positive power value indicates that the corresponding port acts as a source
and a negative power value marks that the power is consumed by the
corresponding port. It is observed that the maximum input power from
port 1 P; is found when the phase shift angles ¢; and ¢o are both 7/2,
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i.e. when the partial power flows delivered from port 1 to ports 2 and 3,
P15 and Pi3, reach their maximum values.

Figure 2.15: Dependency of the input/output active power, P, P, and Ps,
on the phase shift angles ¢, and ¢2; parameters as given in Table 2.2.

2.2.4 Three-port Converter with One Port at Zero
Average Power

An important feature of the three-port converter is to directly supply
power from one port, e.g. port 1, to another port, e.g. port 2, without
charging or discharging the energy storage element located at the third
port, e.g. port 3. This cannot be realized when the magnitude of vg.3, is
lower than that of vge1, and/or v,eo,- even if all power transistors of the
port 3 full-bridge unit are remaining in the off-state as the anti-parallel
free-wheeling diodes would be forced into conduction by vse1, and/or
Vge2r- Therefore, ¢1 and ¢o must be selected properly in order to achieve
P; = 0 and a given value of P, = —P, = P (since the sum of the power of
three ports has to be zero, P, + P, + P3 — 0, if all losses are neglected).

From (2.16), now the relation of Py, ¢1, and ¢o can be derived under
the side conditions P; = 0 and P, = —P, = P. Figure 2.16 shows an
according example operating point; there are two solutions (¢11, ¢21)
and (@12, ¢22) for ¢1 and ¢o. As a set of higher phase shift angle values
(¢12, ¢22) results in a higher peak value of the leakage inductance current
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and/or in higher conduction and switching losses, the lower phase shift
angle values (¢11, ¢21) are advantageously selected for the system control.

[rad]

3n
o 4
oD
=)
[+
s n
g L
202
3
=
~ n
4
0
0 1000 2000 [W]
Power P,

Figure 2.16: Phase shift angles ¢ and ¢2 for achieving Pi = —P> = 1 kW
and P3 = 0 W; parameters as given in Table 2.2.

2.3 Simulation Results

Digital simulations of the steady-state operation of the three-port con-
verter under open-loop control of the phase shift angles have been im-
plemented using SIMPLORER. There, the converter, whose circuit sche-
matic is illustrated in Figure 2.1 (associated circuit parameters are given
in Table 2.2), is connected to three different voltage sources.

Two operating points were studied: (¢1, = 0.488, ¢9, = 0.381) and
(015 = 0.369, o, — 0.178). Steady-state simulation waveforms for the
operating point a and b are illustrated in Figure 2.17 and the Figure 2.18,
respectively:

e the voltages of the phase leg outputs, vac1, Vac2 and vges;
e the leakage inductance current of each winding, i1, i1 and ips;
e the input/output port currents and their associated average values,

il and Il, i2 and IQ, i3 and 13.
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Table 2.2: Circuit parameters of the three-port converter power stage.

Description Parameter
Port 1 dc voltage Vi =300V
Port 2 dc voltage Vo =42V
Port 3 dc voltage Vs=14V
Transformer turns ratios ny = 3/20
ny — 1/20
Leakage inductances Ly =22 uyH
Lo = 495 nH
L3 =55 nH
Switching frequency fs = 100 kHz

The resulting port power values for operating point a are P; = 1.5 kW,
P, =-1.0kW, and P; =-0.5 kW; for operating point b we have P; = 1.0 kW,
P, = -1.0 kW and P; = 0 kW. This verifies that with properly selected
phase shift angle values a power transfer in any direction between the
three ports is possible where any port also could remain at zero average
power.
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2.4 Summary

In this chapter, an isolated three-port bidirectional converter topology,
which consists of three full-bridge units and a high frequency three-winding
transformer, is proposed. This topology enables a power transfer from any
port to the other two ports. In addition, the leakage inductances of the
transformer and the output capacitances of the MOSFETSs are utilized to
achieve zero-voltage switching for the MOSFETs.

The steady-state analysis of the proposed topology is performed based
on a derived A-type primary-referred equivalent circuit. There, by prop-
erly adjusting the phase shift angle values, an independent power flow
control between any two ports can be achieved while the power flow to
the third port is not affected.
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Chapter 3

Optimization of the
Three-port Converter
Operating Point

3.1 Introduction

The transformer plays an important role in the proposed three-port con-
verter. As mentioned in Section 2.1, one function is to match the different
voltage levels of the ports by the suitable turns ratios. However, in case
a port voltage varies in a wide range, the three-port converter can not
always operate optimally since there are high peak/rms current values
occur, which lead to high conduction losses, and even the loss of soft-
switching in some cases.

Accordingly, an improved control method has been presented recently
in [78], where the duty cycle of one port is adjusted according to its
voltage level. However, soft-switching is lost immediately when more than
one power source/storage element is involved. The idea in [76] is that a
three-port converter composed of half-bridge cells instead of full-bridge
cells operates with phase shift and pulsewidth modulation techniques.
Again, this converter can only be used in applications where only one
power source/storage element is interconnected since the same duty cycle

71



CHAPTER 3. OPTIMIZATION OF THE THREE-PORT CONVERTER OPERATING
POINT

is used in all half-bridge cells and the duty cycle is the only variable which
can compensate for the variation of the voltage level.

This chapter presents an optimization method, i.e. a new modulation
technique, with the aim to achieve minimum overall system losses and/or
high efficiency of the power transfer.

3.2 Introduction of Duty Cycle Control

In order to gain degrees of freedom for optimizing the operating behavior,
a duty cycle variation of the full-bridge unit output voltages vacir, Vac2r
and v, is introduced in addition to the phase shift control as shown in
Figure 3.1. The control range of d1, d2 and d3 is from 0 to 7/2.

Vaclr

Vacar

Vac3r » A
5 >t

Figure 3.1: Definition of phase displacements and duty cycles of the full-bridge
unit output voltages vacir, Vacer and vgcsr.

Here, each MOSFET still operates at a fixed switching frequency and
keeps the 50% duty ratio. However, the diagonal opposite MOSFETs in
the same full-bridge unit, e.g. S; and 54, are not turned on and off si-
multaneously any more, as shown in Figure 3.2; but, the gate signal of
the MOSFET S, is lagging the control signal of MOSFET S; by 61 /775,
resulting in a rectangular-wave output voltage v,.1, with a time span of
the positive/negative voltage pulse of (1/2 — d1/7)T5.
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Figure 3.2: Idealized gate signals waveforms and high-frequency voltage
waveform vec1r with a time span of the positive/negative voltage pulse
(1/2 = 61/m)Ts.
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3.3 Avoiding Circulation of the Active Power
inside the Converter

3.3.1 Fundamental Frequency Representation of the
Power

For the sake of simplicity the further considerations are restricted to the
fundamental components of the voltages, currents and corresponding ac-
tive power values, i.e.

Po~ Pig g
Pos = Pz (3.1)
P33~ Pi3 g

Furthermore, it is assumed that the leakage inductances L;, Lo and

L3 are identical, i.e.
L1y = L13r = Loy, (3.2)
The corresponding phasor diagram is shown in Figure 3.3 where v,

aclr
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Figure 3.3: Phasor diagram for the converter voltages and currents.

defines the orientation of the real axis

Yoclr = Vaetr + 0] (33)

Considering the phase displacement ¢; of v4e1, and vgeor, i.€. of v,.q,

and v, .9, Useor CaN be expressed as
Vaeor = Vaczr €08(¢1) — Vacar sin(¢1)j. (3.4)
Accordingly, v; 1, formed by v,.;, and v, is

Yri2r = Yaclr = Yacor

(3.5)

= Vaclr - Vac27‘ COS((bl) + Vac27‘ Sin(¢1 ).7

Introducing the phase displacement « of v and 4719, U119,, Which

aclr
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......

CONVERTER
is leading 7,15, by 7/2, can be alternatively formulated as
« T - . (T :
Vrior = ‘lezr Cos (5 - jl) + V12, sin (5 - 04) J (3.6)
= V12, sin(a) + V12, cos(@)j.
Combining (3.5) and (3.6) results in
Viaczr sin(¢1) = Vi12, cos(a). (3.7)

Considering (3.7), the power flow Pj2 now can be represented as

Pio = Pia_ 5 = =VacrrIL12r cos(a)

> VLlQr
Vaelr 57f. Lo, cos(a)
Vaclr (38)

B 47rst12r

_ ‘A/aclr‘A/aCQT Sin(¢1)
477st127‘ .

1
2
1
2

Viior cos(a)

Furthermore, the full-bridge unit output voltages vgec1,- and vgeo, (cf. Fig-
ure 3.1) are periodic time functions. The amplitudes of the fundamental
frequency components of v4.1, and vgeo, can be derived using a Fourier
series, i.e.

N 4
Vaclr = ;Vlr COS(51)

4 (3.9)
Vac?r = _‘/27“ COS(52)-
T
Substituting (3.9) in (3.8), P2 can be represented as
4 .
Py = th cos(01)Va, cos(d2) sin(¢1). (3.10)
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Figure 3.4: Zero active circulating power, i.e. P12 + P23 + P31 = 0.

Analogously, we have for Py and P

4
P13 = ————V1, cos(61) V3, cos(d3) sin(¢2)
™ fSL13’I‘ (3 11)
4 . '
Py = mVQT cos(02) V3, cos(d3) sin(dz — ¢1).

3.3.2 Zero Circulating Active Power

For optimizing the operating point, i.e. for achieving minimum overall
converter losses, a circulation of active power inside the three-port con-
verter, which would not contribute to the active power of the ports, has
to be prevented, i.e.

Pio+ Pos+ P31 =0 (312)

has to be ensured (cf. Figure 3.4).

Considering (2.16) with (3.12), we then have Pjs, P»3, and Pi3 in
dependency on P, P3

2 1
Po=—2"P —_P
12 3 2 3 3
Py3 = 1P 1P (3.13)
23 — 3 2 3 3 .
Pi3=—P31 = 1P 2P
13 — 31 — 3 2 3 3-
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3.3.3 Operating Area

For controlling the converter, 5 degrees of freedom, i.e. the phase displace-
ments ¢1 and ¢ and the duty cycles d1, d2 and 03 are available. Defining
the active power of two ports, e.g. P> and P3 and ensuring zero circu-
lating power means that the transfer of active power between the ports,
i.e. Pia, P13 and Psg, is determined (cf. (3.13)), and only two degrees of
freedom are remaining, i.e. the converter characteristics can be expressed
in dependency on ¢ and ¢s.

Referring to (3.10) and (3.11), the duty cycles é;, d2, and d3 now can
be expressed as

5 arccos(A) if (01 > Z) A (P2 <75)
L P arccos(A) otherwise

73 fsPraLs
50 — 8 r (3.14)
2 T areeos <4V1TV2T cos(d7) sin(¢1))
5 = arccos 73 foPig L3y
3 4V, V3, cos(01) sin(epa) )

where

7\/7 fs P12 P13 L2, (tan(¢2) — tan(¢))
2Vir \/ng tan(¢ ) tan(¢p2) .

Taking into account that the argument of an inverse cosine function
should remain within [-1, 1], (3.14) results in a restriction of the converter
operating range and/or in a limit on the admissible range of ¢; and ¢,.
For example, there follows considering 61 (1, ¢2)

—1<A<I. (3.15)

The corresponding range of ¢1, ¢o is denoted as Area 67 in Figure 3.5. In
analogy, Area §3 and Area 5 are resulting from da(d1, ¢2) and d5(d1, P2).
Considering all restrictions, the converter operation finally is restricted
to Area A defined by the intersection of Area 01, Area 05 and Area J3.
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Phase shift ¢,
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Phase shift ¢,

Figure 3.5: Operating area A, i.e. admissible range of phase shift angle ¢; and
phase shift angle ¢2, for P = 1.5 kW, P, = -1.0 kW, P; = -0.5 kW, and zero
circulating power; other parameters as given in Table 2.2.

3.4 Power Loss Analysis

In this section, the losses of the different components in the power stage
are estimated. These losses can be categorized into two main parts: ac-
tive components (MOSFETS) losses and magnetic components losses. Any
other passive component losses, such as capacitor losses and PCB losses,
are ignored.

3.4.1 MOSFET Losses

There are two main power loss mechanisms in MOSFETs: conduction
losses and switching losses.
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Conduction Losses

For MOSFETS, the conduction losses can be computed straightforward
via
Pcond = Id271‘ms Rd57 (316)

where Rg4s is the on-resistance of the MOSFET given in the datasheet.
The RMS value of the current flowing through the MOSFET 1; s is
1/ V/2 of that of the associated transformer winding since each MOSFET
of the full-bridge unit conducts for half a switching cycle.

Switching Losses

Calculating the switching losses is more involved than calculating the
conduction losses. The switching losses of the MOSFETSs of a full-bridge

unit are
4

Py, = stEsw7j5 (317)
j=1
where Ej,, ; is the sum of the energy dissipations in two MOSFETSs of a
phase leg over the commutation interval j.

A typical test setup, comprising of a MOSFETs Sy; and a MOSFET
SLo, a DC voltage source and an inductive load, is simulated for analyzing
the MOSFETSs switching behavior.

The equivalent circuit of the test setup for the commutation interval
when the current in Sy, is diverted to the body diode Dpg; of Sg; is
depicted in Figure 3.6, where the suffixes p; and 1, indicate that the
association of elements to the upper MOSFET Sp; or the lower one Sp,:

e the current source with current i., 1, representing the current in
the MOSFET channel, which is determined by the instantaneous
values of the gate-source voltage vgs 1, and the drain-source voltage
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Vds_ Lo in [80]

0 for vgs 1o e <0

v L >0
gs Lo e

. ) K(vgs 1o )? for -

ZChfLO - - Uds_Lo > Ugs_Lo_e

v L >0
gs_ Lo e
K'Uds_Lo[Q'Ugs_Lo_e Uds_Lo] for

Uds_Lo < Ugs_Lo_ea

(3.18)
where vgs 1o ¢ = Ugs Lo—Vr, Vr is the threshold voltage and K =
MnsCon/_(QL_) is a device parameter. The parameters K and Vp
can be obtained by curve fitting (3.18) to the output characteristics

given in the datasheet.

e the body diode Dp;, whose reverse recovery characteristics are avail-
able in the datasheet;

e the non-linear inter-electrode capacitances, Cyq ni, Cys mi, Cas Hi,
Cyd Lo» Cygs Lo and Cgs o, which are directly available in the
datasheet;

e the parasitic inductances, Lpq Hi, Lps Hiy Lpt His Lpd Lo and Lys Lo,
which can be estimated based on the dimensions of the device pack-
age and the layout of the interconnections.

e the small RC snubbers, Ry, p; and Csp_mi, Rsv 1o and Cg Lo,
which are needed to limit the rate of rise of drain-source voltages in
order to reduce the peak power dissipation;

e the gate resistors Ry p; and Ry 105

e the gate supply with a voltage v, 1o, which is an ideal pulse voltage,
stepping from Vi to 0 for turning off the switch;

e the inductive load with a current i, and the DC source with a
voltage v;,, which both can be considered as constant during the
short switching interval and therefore are replaced with a constant
current sourcel, and a constant voltage source V;,, respectively.

The switching transient behaviors can be divided into two parts de-
pendent on whether or not the body diode Dg; conducts. If the diode does
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Ry mi

| = Cob_ni
Cas ti | Dui a Rop mi

Figure 3.6: Equivalent circuit of the test setup within the commutation in-
terval when the current in MOSFET S;, is diverted to the body diode Dp;.

The suffixes

MOSFET Sp; and the lower MOSFET Sp,.

mi and 1, denominate the components associated to the upper

not conduct, i.e. the body diode current ¢ D_Hi Temains zero, the circuit
equations based on the equivalent circuit (cf. Figure 3.6) are expressed
using a Laplace transform

irg Hi(8) = 5Cga_mivga mi(s) +5Cgs HiVgs mi(8)
_mi(s)
irg Hi(S) +iLp mi(8)

iLpd Lo(8) — Io(s)
5Cgd_LoVgd Lo(5) +5Cys LoVgs Lo(S)

—iRrg_Lo(8)

ZLpd HilS

7/Lps HilS

’LRg Lol\S

ZLpd Lol\S

(s) =
(s)
(s)
iLpl_mi(s)
Lo(8)
(s) =
(s) =

’LLps Lo (S)

- ZRg_Hi( s)+irps

7/Lps LolS) = chs Lo Ugs Lo( )+ich7Lo(5)

+ s C(dsiLo vdsiLo(S) + s C(sbiLo 'UsbiLo(S)
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Ugs_Hi(S) = - Rg_Hi iRg_Hi(S) — S Lps_Hi ins_Hi(S) (3.19—8)
Vga_Hi(8) = vgs_mi(8) — Vas_mi(s) (3.19-9)
Vds_mi(S)
s i = = 3.19-10
vab_1i(s) 1+ sRs miCsb mi ( )
1 )
Vas Hi(s) = ———(irpa Hi(S) +5Cga HiVga Hi(S)
sCuas_Hi
—5Cs mivsh Hi(S)) (3.19-11)
Ugdeo(S) = vgsiLo(S) - 'UdsiLo(S) (3.19-12)
UQS_LO(S) = Ug_LO(S) - Rg_Lo iRg_Lo(S)
- S Lps_Lo ins_Lo(S) (319—13)
Vds LO(S)
Vsb LolS) = = 3.19-14
bt ( ) 1+s Rsb_Lo CVsb_Lo ( )
Vis Lo(8) = — 8Lpa Hiirpd Hi(S) — 8 Lps HilLps Hi(S)

—8Lpi_mitrpl Hi(8) =S Lpa LoiLpd Lo(8)
-8 Lps_Lo ins_Lo(S) - 'Uds_Hi(S) + V;n(s) (3.19—15)

If the body diode Dpg; conducts, (3.19-11) is replaced by
vis_mi(s) = —Vy/s where V; is the diode forward voltage. Moreover,
the diode current is determined by

iD_Hi (S) = _ind_Hi(S) — S ng_Hi 'Ugd_Hi (S) (320)

Furthermore, the reverse recovery charge @, is considered in the
switching transient analysis. After the forward current of the body diode
Dyy; goes to zero, the diode conducts a current in reverse direction un-
til the area under this reverse current calculated starting from the zero
crossing reaches the reverse recovery charge @,.., which can be found in
the datasheet.

In order to reduce the calculation effort, a numerical solution of the
circuit equations of both intervals is preferred to a closed-form solution.

As an example, the calculated turn on and turn off waveforms are
shown in Figure 3.7 for MOSFETs IXFX64N60P from IXYS based on nu-
merical calculation results with circuit parameters as given in Table 3.1.
The effects of the parasitic components on the switching transient behav-
ior are well demonstrated. For the turn on waveforms (cf. Figure 3.7(a)),
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the slope of the gate-source voltage vgs 1, is lower when the drain current
iLpd Lo is increasing than in the previ(;us interval with i7pq o = 0. This
is caused by the voltage across the source inductance vrps 1, which re-
duces the effective gate source voltage. At the same time, the drain-source
voltage vgs Lo decreases proportionally to d(irpd ro)/dt. The ringing is
caused by the parasitic inductances in connection with the inter-electrode
capacitances of MOSFETs. The small RC snubbers provide sufficient
damping, so that overvoltage transient spikes are suppressed. The ca-
pacitive displacement currents, which charge/discharge the drain-source
capacitances Cys 1o/ Cqs mi and the capacitors Csp 1o/ Csp my of the
RC snubbers, play an important role in the turn off waveforms (cf. Fig-
ure 3.7(b)), and result in an almost about linear increase/decrease of the
drain-source voltages Vas Lo /Vds Hi-

Table 3.1: Circuit parameters of the equivalent circuit for the switching
behavior analysis of MOSFETs IXFX64N60P. ~

Description Parameter
DC source voltage Vin =300V
Inductive load current I, =10 A
Gate supply voltage Ve =12V
Gate resistors Ry mi(on) = Ry po(on) = 8.2 Q
RgiHi(Oﬁ‘) = RgiLo(Oﬁ‘) =350
RC snubbers Rsb_Hi = Rsb_Lo — 1850
Csp_ i = Cap_1o = 390 pF
Parasitic inductances Lpdi i — 14 nH
Lys mi — 10 nH
LpliHi —2nH

Lpd_Lo — 12 nH
Lps_Lo =10 nH

* Other parameters are available in the datasheet of MOSFET
IXFX64N60P.

The transient power losses of the MOSFETs Sg; and Sy, are
Pas Hi(t) = vas mi(t)irpa mi(t) (3.21)
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Figure 3.7: (a) Turn-on and (b) turn-off waveforms of a bridge leg employing

MOSFETs IXFX64N60P based on numerical calculations.

84



3.4. POWER LOSS ANALYSIS

and
Pds Lo(t) = Vas Lo(t)iLpd Lo(t)- (3.22)

The total energy dissipated in the two MOSFETs Sg; and Sp, within
a the commutation interval can be estimated as

n—1
pas_mi(tk) + pds mi(thi1)
Esw = tstep Z[ S S +

= 2 (3.23)

Pds Lo(tk) + pdsto(tkH)]
2 )

where ¢, is the time step for the numerical calculation of the switching
behavior analysis and nts.p is the duration of the commutation interval.

Again, as an example, the dependency of the energy dissipation F,, on
the drain current I; p, is illustrated for a bridge leg built with MOSFETs
IXFX64N60P from IXYS in Figure 3.8, where the drain current I; 1, is
positive when the current in the MOSFET Sp, is diverted to theibody
diode Dy, i.e. the zero-voltage switching occurs, and is negative when
the current in the body diode Dy, is diverted to the MOSFET Sy, i.e.
hard switching occurs. As expected, the energy dissipated for zero-voltage
switching is much less than for the hard switching, where the energy
lost during the ringing period, i.e. the energy for the reverse recovery
of the body diode and stored in the output capacitor of the MOSFET,
is the dominant part. Therefore, it is clearly desirable to operate the
converter with zero-voltage switching in order to have lower losses and
lower electromagnetic interference (EMI).

3.4.2 Magnetic Components Losses

The main magnetic component in the converter is the three-winding trans-
former, which provides electrical isolation and the matching of different
voltage levels of the buses by suitable winding turns ratios. Additionally,
series inductors are required if the leakage inductances of the transformer
are too small for a precise control of the power transfer with a limited res-
olution of the phase shift angles. There are two kinds of losses in magnetic
components: core losses and winding losses.
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Figure 3.8: Dependency of the energy dissipation Fs, of of a MOSFET
IXFX64N60P employed in a bridge leg on the drain current Ii Lo The drain
current I; 1, is positive when the current in the MOSFET Sj, is diverted to
the body diode Dy, i.e. when zero-voltage-switching occurs, and is negative
when the current in the body diode Dy, is diverted to the MOSFET Sg, i.e.
for hard-switching.

Core Losses

With the assumption of a sinusoidal excitation and uniform magnetic flux
distribution inside the core, the core losses can be calculated using the
empirical Steinmetz equation [81]

Pcore — C’m fg Bﬁlaz chore; (324)

where Bj,q. is the maximum flux density, V.. is the core volume, C,,,
« and (3 are three material constants provided by the manufacturer; al-
ternatively the constants could be extracted from specific core loss data
by curve fitting.

Winding Losses
The winding losses increase dramatically with frequency due to the eddy

currents. The litz wire, made of many isolated strands twisted or woven
together in a specific pattern, is used for the windings of the HV and the
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42 V sides in order to reduce the AC resistances of the windings.

The analytical expression for the AC resistance of a litz wire winding
for the assumption of a one-dimensional magnetic field and a sinusoidal
current excitation is derived in [82] as

Rac_litz :Rdc_litz

d? 4(n? -1
% |:75an — 27‘(‘7’)}3 <7’]§ + 772 ¢ s > < (nl ) + 1> ’Yprox:|

' 2mngd2, 3
(3.25)
with
4pcu
Rac 1it- = 710652 ng ly
ek _ ber(ya)bei’(va) — bei(va)ber’(va)
s ber'?(74) + bei”? (74)
; :berg (va)ber’ (v4) + beia(ya)bei (v4)
prow ber? (va) + bei? (va)
Vd = NI
_ds |7
e =\ 4
_ds 7
i = L\
where

e n;, n; and [; are the parameters of the winding, i.e. n; and n; are
the numbers of layers and turns of the winding, and I; is the average
length of one turn of the winding;

e ng, dg, dy, ts and t,, are the parameters associated with the litz wire,
i.e. ng is the number of strands in the litz wire, ds is the diameter
of a single strand of the litz wire, d,, is the overall diameter of the
litz wire excluding the insulating layer, ¢t is the distance between
the centers of two adjacent strands in the same litz wire and ¢,, is
the distance between the centers of two adjacent litz wires in the
same winding;
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® 05 = \/pCu/(ﬂ-fs Lo tow) is the skin depth of copper at the switch-
ing frequency fs;

® pcu, Mo and pe,, are the material constants, i.e. pcy, is the copper
resistivity at a given operating temperature, po the permeability of
the free space and pg, = 1 is the relative permeability of copper;

e additionally, ber, and bei, stand for the Bessel-real and Bessel-
imaginary parts.

Due to the high current, the winding of the 14 V bus side is made
of a solid foil. The winding arrangement with the planar core and the
associated m.m.f. diagram of an operating point, e.g. the optimum oper-
ating point A (cf. Figure 3.10), are shown in Figure 3.9. With the same
assumption of a one-dimensional magnetic field and a sinusoidal current
excitation, the AC resistance of the solid foil winding can be calculated
according to [83] as

Rac_solid - Rdc_solidlyh[(2m2_2m+1)Gl (Vh)—4m(m—1)G2(7h)] (326)

with
Rdc_solid = pou ng ly
hywy
_ sinh(2y3) + sin(275)
Gilm) = cosh(2vy) — cos(2v,)
Golom) = sinh(~yp,) cos(yr) + cosh(y ) sin(vyy)
20 cosh(27,) — cos(2vp)
_ hs
TYh = 3t
s
3(1) - 3(2)

3(1) = TNy, ILli'r‘ms

3(2) = Ny, IL2_7‘7TLS)
where hy and wy are the height and width of the single layer solid foil,
§(1) and §(2) are the magnetomotive forces on the HV and 42 V sides

as illustrated in Figure 3.9, ny, and ny, are the numbers of turns of the
winding on the HV side (port 1) and the 42 V side (port 2).
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Figure 3.9: Transformer winding arrangement and associated m.m.f. diagram
for operation in optimum operating point A (cf. Figure 3.10).

Therefore, the total losses of one winding Py;,4 can be calculated as
Puing ~=2I7 .. Rac, (3.27)

where Iy ;s denotes the RMS value of the current flowing through the
MOSFET which is 1/ V2 of that of the associated transformer winding
since each MOSFET in the full-bridge conducts for half a switching cycle,
Ry is the ac resistance of the winding for switching frequency, no matter
if it is made of litz wire or solid foil.

3.5 Optimum Operating Point

The overall converter losses, which are composed of conduction and switch-
ing losses of the MOSFETSs, and the core and the winding losses of the
magnetic components, can be evaluated numerically for every operating
point in the admissible operating area Area A (cf. Figure 3.5). Any point
in the operating area Area A is determined by the fundamental power
(cf. (3.1)), and not by the total power. However, as the difference be-
tween these two power values is relatively small, it is acceptable to define
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Figure 3.10: Overall converter losses in the whole admissible operating area
Area A in dependency on ¢1 and ¢2; operating point A results in minimum
overall converter losses. Operating parameters and circuit parameters as for
Figure 3.5.

the operating point by the fundamental power.

In order to speed up the calculation process and still to guarantee
sufficient accuracy, a discrete grid is chosen, which divides the allowable
range of each variable into 50 values and each value is then used in the
numerical calculation. It should be noted that the allowable range of the
dependent variable, i.e. of the phase shift angle ¢, varies depending on
the value of the independent variable, i.e. the phase shift angle ¢;, in this
case (cf. Figure 3.5).

The contour plot of the overall converter losses for all grid points
is illustrated in Figure 3.10, for a particular power transfer and circuit
parameters as in Figure 3.5. Figure 3.10 shows that for operating point A
results in minimum overall converter losses. This is clearly verified by
another operating point B, which is characterized by significantly higher
current magnitudes and higher voltage and current phase displacements
and significantly higher losses, as illustrated by a simulation of the steady-
state waveforms (cf. Figure 3.11).
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Figure 3.11: Simulation of steady-state waveforms for operating point A (a)
and B (b) in Figure 3.10. The current magnitudes and the voltage and current
phase displacements of the operating point B are higher than those of operating
point A, resulting in significantly higher losses.
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Figure 3.11: Simulation of steady-state waveforms for operating point A (a)
and B (b) in Figure 3.10. The current magnitudes and the voltage and current

phase displacements of the operating point B are higher than those of operating
point A, resulting in significantly higher losses (continued).
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Figure 3.12 depicts the estimated power loss distribution of the three-
port converter for the optimum operating point A. It can be observed
that:

e the switching losses of the MOSFETs are a dominant part of the
total losses, i.e. 45%, although all MOSFETS in the converter oper-
ate with zero-voltage switching (cf. Figure 3.11(a)). The MOSFETSs
of the full-bridge on the 42 V side (port 2) contribute the largest
share due to the high currents at the switching instants and the
large parasitic inductances;

e considering the MOSFET conduction losses, the MOSFETs of the
full-bridge on the HV side (port 1) show higher losses than the other
MOSFETs due to the larger on-resistance as a result of the required
higher voltage capability;

e the core losses of the transformer are relatively low since the am-
plitude of the flux density in the core is much smaller than the
saturation value of the material;

e regarding the transformer winding losses, the winding on the HV
side (port 1) causes higher losses than the winding on the 42 V side
(port 2) due to the longer length of the winding on the HV side
(port 1). The high losses of the copper foil winding on the 14 V side
(port 3) are caused by the large ac resistance since this winding is
placed in the middle of the other two windings (cf. Figure 3.9);

e the inductor losses are relatively low due to small inductance values
required.

3.6 Experimental Results

The theoretical considerations detailed above have been verified with an
experimental set-up, with a circuit schematic of the power stage as de-
picted in Figure 3.13 and circuit parameters as given in Table 2.2.

In the implemented three-port system, there are three different LC
filters connecting the ports of the converter to the voltage sources or
the RC load, i.e. connecting port 1 to the voltage source Vip, = 300 V,
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Transformer core losses (c)

Transformer winding losses, HV side (w1)
Transformer winding losses, 42V side (w2)
Transformer winding losses, 14V side (w3)
Series inductors losses (i)

Switching losses, the H.V. bus side (s1)
Switching losses, the 42V bus side (s2)
Switching losses, the 14V side bus (s3)
Conduction losses, the H.V. bus side (c1)
Conduction losses, the 42V bus side (c2)
Conduction losses, the 14V bus side (c3)
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Figure 3.12: Estimated power losses distribution (in Watts) of the three-port
converter for the optimum operating point A (cf. Figure 3.10).
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Figure 3.13: Implemented three-port system, where three LC filters connect
the ports to the sources or loads.

port 2 to the RC load, and port 3 to the RC load arranged in parallel to
the voltage source V3p; = 14 V. Accordingly, port 3 can sink or source
power or remain at the zero power. Film/ceramic capacitors are placed
near to the outputs of the full-bridge units in order to absorb the high
frequency ac ripple currents generated by the full-bridge cells and keep
the port voltage variations lower than 1%. Ly1, Lp2 and Ly3, which are the
parasitic inductances (or possibly small auxiliary inductors), are used to
smooth the flowing currents since these currents are measured and some
of them act as controlled variables in the control system, which will be
explained in Chapter 5.

The switching devices are implemented with power MOSFETs:

e two IRF2804S MOSFETs from IR are connected in parallel to form
a high current switching device for the bridge on the 14 V side;

o IXFX64N60P MOSFETs from IXYS and IRF2907 MOSFETs from
IR are employed in the bridge on the HV and 42 V sides, respec-
tively, where each switch is formed by a simple device.

The planar transformer comprises an ELP 64/10/50 ferrite core from
EPCOS, a single turn copper foil winding on the 14 V side, a 3-turn litz
wire winding for the 42 V side and a 20-turn litz wire winding for the HV
side.
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Figure 3.14 illustrates the measured steady-state operation results,
showing

o the voltages between the phase leg midpoints in the full-bridge units,
ie. Vacly Vac2 and Vac3;

e the input current of each winding, i.e. ir1, ir2, i13.

The voltage waveforms are measured directly at the phase leg midpoints
of the full-bridge unit, so the voltages of the lead inductances of MOSFET
and PCB layout inductances are excluded, resulting in the difference be-
tween the oscilloscope recorded waveforms and the ideal ones, especially
for the waveforms vges (cf. Figure 3.14 (c) and (f), Figure 3.15 (c)) when
the corresponding current ir3 changes rapidly.

The particular operating point for Figure 3.14 is point A and point B
for Figure 3.10. In optimal operating point A, the converter shows min-
imum overall losses, resulting in an efficiency of 91.7%. By altering the
operating point to point B, where significantly higher current amplitudes
and/or significantly higher losses occur(cf. Figure 3.14), the efficiency is
only 72.6%.

Moreover, it is verified in Figure 3.15(c) that a zero net power flow can
be achieved for port 3 while power is transferred between the two other
ports.

Furthermore, Figure 3.16 shows the good accordance between the cal-
culated and the measured efficiencies for the optimum operating point
and it is observed that the efficiency is above 90% over a wide range of
output power (0 W to 500 W for port 3 and -1 kW for port 2). Therefore,
the converter successfully operates with minimum losses control.
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Figure 3.14: Measured waveforms, showing the voltages between the phase leg
midpoints of the full-bridge units and the input current of each winding. (a),
(b), (c) are related to operating point A and (d), (e), (f) to operating point B
(cf. Figure 3.10) with P, = -1 kW and P3 = -500 W. One has to note, that
operating point A in general is characterized by the lowest system losses.
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Figure 3.14: Measured waveforms, showing the voltages between the phase
leg midpoints of the full-bridge units and the input current of each winding.
(a), (b), (c) are related to operating point 4 and (d), (e), (f) to operating point
B (cf. Figure 3.10) with P» = -1 kW and Ps = -500 W. One has to note,
that operating point A in general is characterized by the lowest system losses
(continued).
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Figure 3.14: Measured waveforms, showing the voltages between the phase
leg midpoints of the full-bridge units and the input current of each winding.
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(continued).
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Figure 3.15: Measured waveforms, showing the voltages between the phase leg

midpoints of the full-bridge units and the related transformer winding currents,

for the optimum operating point with P, = -1 kW and P; = 0 W (continued).
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3.7 Summary

In this chapter, the duty cycle control for optimizing the system behavior
is introduced, besides the phase shift control mainly managing the power
flow between the ports. The circulation of the active power inside the
three-port converter, which would not contribute to active input or output
power of the ports, is prevented. The overall system losses, which are
composed of conduction and switching losses of the MOSFETs, and core
losses and winding losses of the magnetic components, are estimated.
Based on this consideration, the optimum operating point characterized
by the minimum overall system losses is obtained.

The above theoretical considerations are verified by an experimen-
tal set-up. The efficiency of the converter is improved from 72.6% for a
non-optimum operating point to 91.7% in the optimum operating point.
Moreover, it is found that the calculated and the measured efficiencies of
the optimum operating point are in good accordance.
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Chapter 4

Small-signal Analysis of
Two-port Converter

4.1 Introduction

For a power electronics converter, one of the most important objectives is
to achieve high dynamics, e.g. the good load regulation, that is to maintain
the output voltage at a constant level despite changes of the load. The
frequency responses of the controlled variables, e.g. the output voltage,
to changes of controlling variables and/or perturbations of the source
inputs are the necessary information for designing the feedback controller,
which is usually employed to ensure system stability and enhance dynamic
performance.

In the literature, most of the research performed for the three-port
converter listed in chapter 1 has focused on the circuit topologies and the
steady-state analysis. Little work has been done in the area of small-signal
modelling of the converter. A simple approximative way to analyze the
control properties of the DAB converter, from which the proposed three-
port converter is derived, was proposed in [84] and was adopted later also
in [85,86]. There, the control-to-output-current small-signal transfer func-
tion is derived from the steady-state output current since the converter
acts, in the stationary operation, as a current source. However, this ex-
cludes dynamics of the leakage inductance and the resonant transition
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intervals (where the resonant capacitors, - i.e. the output capacitors of
MOSFETs and external snubber capacitors, if required - resonate with
the leakage inductance, realizing the zero-voltage switching) are simply
ignored, leading to the degradation of the accuracy of the model.

This chapter presents a general approach to achieve a full-order model
for the DAB converter and this method is applicable to the three-pot
converter. The modelling procedure, briefly discussed in Section 4.2, is
basically based on the general discrete-time modelling method stated
in [87,88], which has been previously applied to resonant converters, and
takes the small-signal behavior of the converter into account only at one
time instant in each sampling cycle; no further information is considered
in between these instants. Special attention has been paid to the leak-
age inductance current, which is essentially an alternating current so that
its small signal changes differ significantly when the sampling position is
changed. Therefore, the small signal analysis for developing the proposed
model is based on the discrete-time half-cycle-average (HCA) value. A
similar averaging concept is found in [89,90], where the small-signal char-
acteristics of a resonant converter are analyzed and a discrete-time simu-
lation method is discussed, respectively.

4.2 Transfer Function Determination

A switching converter is a nonlinear, time-variant circuit. The feedback
controller, which can be implemented either analog or digital to ensure the
stability and enhance the dynamics performance, is mainly designed in the
continuous-time domain because the design methods for continuous-time
systems are well-developed and familiar to the circuit designer. Therefore,
it is important to know the frequency response of the output signal due
to perturbations in the controlling signal and/or the source inputs, i.e. to
know the transfer function

_ Avy(s)
Agi(s)

Gys(s) illustrates the relationship between the Laplace transform of a per-
turbation in the continuous-time controlling signal A¢;(t) to the Laplace
transform of the resulting perturbation in the continuous-time output
voltage Aws(t) for the phase-shift bidirectional converter if the output

Goys(s)

. (4.1)
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voltage is the controlled variable. The corresponding small signal system
is shown in Figure 4.1.

A (bl (t) A d)]*(t) ,—l A\/z *(t) ,—l sz(t)
[ G, > G, 0
A, [n] G | Avs[n] "©)

A V2 avg 1)
AVZﬁavg [n]

Figure 4.1: Small signal system for the phase-shift bidirectional DC-DC con-
verter.

It is difficult to build a full-order small-signal model for the phase-
shift controlled converter using the conventional state-space averaging
technique since the ac current of the leakage inductance, whose average
value over one switching cycle is always zero, can not be a state variable
in the model derived by using the state-space averaging method.

An exact continuous-time analytical model in [91,92], that matches
the measured result from a frequency response analyzer exactly at all fre-
quencies, has been developed based on the small-signal frequency response
theory. However, this approach would be mathematically too complicated
if applied to the phase-shift bidirectional converter.

Viewing that a pulse-width modulator is basically a small-signal sam-
pler and the phase-shift angle perturbations act as a string of impulses
A¢q k], the discrete-time modelling method is a natural way to describe
the periodic operation and control of the converter. Using the general
discrete-time modelling method stated in [87,88], a pulse transfer func-
tion Gua(z)

Awvy(z)
Gvd(z) Aoy (Z), (4.2)
which relates the samples of the perturbation in the control signal Ags [k]
to the samples of the resulting perturbation of the output voltage Awvs[k]
in the z-domain, can be determined.

Clearly, the discrete-time modelling method takes only the small-
signal behavior of the converter at one time instant in each sampling
cycle into account, and nothing in between the sampling instants. Con-
sidering the ripple of the voltage and current waveforms, different posi-
tions of this time instant within the switching cycle lead to differences
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in the prediction of the frequency response, as has been verified in [93].
Furthermore, it actually is the small signal perturbation of the local av-
erage value that is of great interest, and not of value at a particular time
instant. Therefore, the small signal change of the discrete-time half-cycle-
average (HCA) value of the output voltage Avy 4u4[k], which is explained
in detail in Section 4.4.4, is used to develop a new pulse transfer function

A'UQ_aUg (Z)
Ag1(2)
for the phase-shift bidirectional DC-DC converter.
The pulse transfer function Gvd_,wg(z) can be transformed from the z-

domain to the s-domain by substituting e*Z=«m» for z, resulting in G*, . 4(8),

Gvd_a'ug (Z) = (43)

which approximates to Gys(s)

Gus(s) ~ :d_avg(s) = W = Gvdiavg(z)|z:eSTsaan’ (4.4)

where Tsqmp denotes the half switching cycle since the state variables are
sampled every half switching cycle due to the symmetric operation of the
phase-shift bidirectional converter, and Avs ,,.(s) and Agj(s) are the
Laplace transforms of the sampled small signal changes of the average
output voltage and the phase shift angle, respectively.

In the following, the DAB DC-DC converter is selected as an example
to illustrate the above modelling procedure step by step.

4.3 Converter Description

A DAB DC-DC converter, with the low-voltage (LV) and high-voltage
(HV) full-bridge units connected to a battery and/or a RC load, is il-
lustrated in Figure 4.2. The midpoints of the two full-bridge units are
connected with an intermediary circuit, composed of an ideal transformer
Ty with 1 : ny turns ratio, a series inductor L and a series resistor Rg. L
is the leakage inductance of the transformer (possibly also the inductance
of an additional series inductor if it is necessary). Ry, which is neglected
in the steady-state analysis in Chapter 2, is included here in order to
have a result which is more close to reality and represents the sum of the
on-resistances of the switches, the transformer winding resistances and all
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contact resistances.
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Figure 4.2: DAB DC-DC converter with a battery and a RC load.
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The 50% duty-ratio gate signals are applied to all switches. For the
sake of simplicity, the duty cycle variation of the full-bridge output volt-
ages presented in Chapter 3 in order to have lower losses is not considered
here. Therefore, there is only one controlling variable, i.e. the phase shift
angle ¢;.

To achieve soft-switching, a small resonant transition interval between
two gate signals is necessary to allow the output capacitances (possibly
additional snubber capacitors) of the off-state MOSFETSs to be discharged
by the leakage inductance current and the devices to be turned on un-
der zero-voltage condition after their body diodes conduct. This resonant
transition interval in the HV unit is included in the following modelling
since it has large influence on the low-frequency gain of the magnitude re-
sponse, which is discussed in Section 4.6. Therefore, each MOSFET in the
HV unit is modelled here as ideal switch in parallel with its body diode
and its output capacitance C,ss. Although the MOSFETs in the LV unit
also have a parasitic output capacitance, the energy in this output capaci-
tance is much less than that for the MOSFETs of the HV unit. Therefore,
the resonant transition time for the LV unit is negligible and the MOS-
FETs in the LV unit are considered to have instantaneous turn-on and
turn-off.

Figure 4.3(a) shows the idealized primary-referred waveforms of the
terminal voltages of the intermediate circuit, vge1, and vgeor, the leakage
inductance current iy ,, the output current 72, and the output voltage vs,
for the steady-state operation within one switching cycle Ts = 2T sqmp.
Owing to the symmetric operation of the DAB converter over a complete
switching cycle, only the positive half switching cycle of v4.1, is briefly
explained here, in which the converter goes through three switching states
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where the primary-referred equivalent circuits of the switching states are
shown in Figures 4.3(b), (c¢) and (d). Cossr = n3Cossr, Cpr = niCy
and R;. = R;/n? are the primary-referred output capacitance of the
MOSFET in the HV unit, the output filter capacitance and the load
resistance, respectively.

Switching state:

1. T, = [to,t1]: At to, S2 and S3 are turned off and S; and S, are
turned on. The terminal voltage v, 1, of the intermediate circuit
increases from —Vi, to Vq,, immediately. Due to the conduction of
S¢ and S7, the output voltage vq, is applied to the other side of the
intermediate circuit with the inverse polarity. The parasitic output
capacitors of the off-state MOSFETs S5 and Sy are in parallel with
the RC load and their voltage is clamped to the output voltage vs;..

2. Ty, = [t1,t2]: S¢ and S7 are turned off at ¢;. The output capacitors
of S5-Sg and L, begin to resonant, making the voltages across the
output capacitors of S5 and Sg fall from vs,. and the voltages across
the output capacitors of Sg and S; rise from zero. The interval ends
when the voltages of the output capacitors of S5 and Sg decrease to
zero and /or the body diodes are forward biased. The output current
19, in this interval is zero and the RC load is separated from the
rest of the power stage.

3. T, = [t2,to + Tsamp): S5 and Ss are gated on at the zero voltage.
The output voltage wve,. is equal to the terminal voltage vgco,. of
the intermediate circuit. The output capacitors of Sg and S7 are in
parallel with the RC load and their voltages are equal to the output
voltage va-.

4.4 Large-signal Discrete-time Description

In this section the large-signal discrete-time description for the DAB DC-
DC converter is developed. Considering only the linear time-invariant
elements of the converter, we first write the continuous-time state-space
mathematical model that describes the converter for every switching state
in the half switching cycle. Suitable approximations are made in order to
find closed-form expressions for the state variables. This then leads to

108



4.4. LARGE-SIGNAL DISCRETE-TIME DESCRIPTION

Vaclr H ) :
2 L
i f v, !
i Tt

I
!
I
Vacar |
I
I
i
I

\4
~

iLvr

\4
~

in \

T > !
i \]’ i
I I
i | i
i ‘ |
) | I
I 1" | I
Lo | i
— | —> !
Hh hty t0+TA'amp tO+2Tsamp
 — -
T, Ty T.

(a)

Figure 4.3: (a) Idealized primary-referred time behaviors of the terminal vols-
ages Vqclr and vgeor of the intermediate circuit, leakage inductance current irqr,
output current iz, and output voltage vz, for steady-state operation; the wave-
forms are shown for one switching cycle Ts = 2Tsamp. (b)-(d) Primary-referred
equivalent circuits for three switching states.
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Figure 4.3: (a) Idealized primary-referred time behaviors of the terminal volt-
ages Vgelr and vge2r of the intermediate circuit, leakage inductance current iz, sy,
output current iz, and output voltage va, for steady-state operation; the wave-
forms are shown for one switching cycle Ts = 2Tsqmp- (b)-(d) Primary-referred
equivalent circuits for three switching states (continued).
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a discrete-time model that describes the evolution of the state variables
from the beginning of a half switching cycle to the end of the same half
cycle. The half-cycle-average is also introduced in order to reduce the
differences of the predicted frequency response caused by the different
sampling positions in the discrete-time modelling. The developed large-
signal discrete-time model is also verified by the simulation results.

4.4.1 State-space Mathematical Model

The state variables of the converter are chosen to be the leakage induc-
tance current iz (t), the output voltage va,-(t) and the terminal volt-
age vqcor(t) of the intermediate circuit. v4eo-(t), which in interval a is
—v9,.(t) and is ve,(t) in interval c, represents the output capacitance volt-
ages of the MOSFETs in the HV unit in interval b. The state vector
x(t) = [iprsr(t) v2r(t) vacar(t)]T is denoted by xa(t) for interval a, by
xp(t) for interval b, and by x.(t) for interval ¢ to distinguish the so-
lutions in the three switching states. Considering the primary-referred
equivalent, circuits in Figures 4.3(b)-(d), the converter can be described
by the following state-space equations

ka(t) = Alxa(t) +biVi teT,
)'(b(t) = Asz(t) +bsVi teT (45)
Xc(t) = Agxc(t) + b3V1 te Tc,
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where

~1/7 1/Lg 0

A1 =|-1/Cy —1/7: 0

| 1/Cs 1)1 0

[ in 0 —1/L.,
Az = 0 -=1/7y O
11/Cossr 0 0

—1/7s =1/Ls 0
A3: 1/Ct,,\ *1/7} 0
_1/0,57« —1/7’,5 0

T
b1 =ba =bs = {1/LST 0 O}
Ctr = (Cfr + 200557‘)

Tt = erot'r
T = ercfr
Ts = Lsr/Rsr-

The exact solutions of these state-space equations (4.5) are

Z‘Lsria(eMlt; 6M2t) Z‘Lsria(t)

Xa(t) = Vor (€Mt ety | = wg, o (t) teTy,
_*'U2ria(eM1t7 eMZt)_ _*'U2ria(t)
iLsrib(eMSt; 6M4t) iLsrib(t)

Xb(t) = ’UQT_b(eMst) = Ugr_b(t) tely
_vac2rib(eM3t7 €M4t)_ _Uac2r7b(t)

Z‘Lsric(eMlt; 6M2t) iLsric(t)
xc(t) = vor_ (Mt eM2t) | =g (1) teT.
L U?ric(eMlt; 6M2t) 'U27‘7c(t)
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with

—(1e 4+ Ts + /(10 — 7)2 — 4172 /7)) [ (27T

—(1e 475 — (10 — 7)2 — 4172 /7)) [ (27TTs)
—(1+ /1 — 4w,72)/(275)
M, = —(1 — /1 —4w,T )/(27-5)

M5 = 71/7’f
= Lsr/er
Wo = 1/(Lsrcossr)-

The state vector x(¢) is continuous over the time instants ¢; and ¢y
since the inductor currents and the capacitor voltages can not change
instantaneously, and so

Xa(tl) = Xb(tl)

Xb(tg) = XC(tQ). (47)

Moreover, due to the odd symmetry of the leakage inductance current
irs-(t) and the even symmetry of the output voltage va,(t) as shown in
Figure 4.3(a), we have

iLsr_a(tO) = _iLsr_c(tO + Tsamp) (4 8)

UQT_a(tO) - 'U27‘_c(t0 + Tsamp)- ’

By inserting (4.7) and (4.8) into (4.6), the initial condition x(tg) can be

determined, however it is usually complicated and may only be calculated

numerically. Therefore, an approximation of the exponential function of

time, which is involved in the state vector expression (4.6), is necessary
if a closed-form solution is sought.

4.4.2 Approximation

The exponential function of time e can be expressed in terms of an
infinite convergent series as

)n n

= (at a
:Z( _1+—t+—t2+ =t (4.9)
n! 1! 2! n!

n=0
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where a is the coefficient and ¢ is the independent variable.

The state vector x(¢) can be approximated by replacing the exponen-
tial term with the n-order series where the resulting n-order polynomial
function is denoted by x(,)(t). The more higher-order terms are included
in the exponential expansion are included, the closer the approximation
is to the actual function, however this also increases the complexity of the
state vector expression and also the model of the converter. So there is a
trade off between complexity and accuracy. Recognizing this, the highest
order term included in the exponential expansion is determined according
to a limited allowed deviation from the actual function, i.e. the deviation
should be smaller than 5% of the variation of the polynomial function
value over the whole interval.

As an example, we consider the state vector x,(t) for interval a. The
leakage inductance current iz, o(t) can be simplified to irs q(n)(t) by
neglecting terms with ordinal number higher than n in the exponential
expansion as given below

’L'L t %Z'L, t 2 n :’L'L t). 4.10
sr_a( ) sr_a( ) eMltzlJr%th%t;--qLﬂg o, s’r‘ia(n)( ) ( )
2 M
eMat=14 Rt o 12 1T

By comparing the first-order approximation iz, 4(1)(t) and actual func-
tion irsr o(t) (cf. Figure 4.4(a)), we can find that the first-order approx-
imation ZTLST_a(l)(t) is accurate enough to represent iz, o(t). Although
the output voltage va, 4(t) contains the same exponential terms, e*1* and
eM2t | Figure 4.4(b) shows that first-order approximation Var_a(1)(t) de-
viates largely from the actual function. Therefore, the second-order term
in the series of eM1* and e™2* when the replacement is implemented.

In a summary, the state vector (4.6) can be approximated by the
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Figure 4.4: (a)-(g) Comparison of the actual state variable instantaneous wave-
forms with their first- and/or second-order approximations. The circuit and
operating parameters are given in Table 4.1 as for Model (d).
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Figure 4.4: (a)-(g) Comparison of the actual state variable instantaneous wave-
forms with their first- and/or second-order approximations. The circuit and
operating parameters are given in Table 4.1 as for Model (d) (continued).

polynomial functions with small deviation from the actual functions as

_Z‘Lsria(t) ] _Z‘Lsria(l) (t)

Xa(t) = v?ria(t) ~ /U2'r7a(2) (t) t e Ta
_*U2ria(t)_ L~ V2r a(2) (t)
livse 5] [ d1e)(t)

Xb(t) = ’Ugrib(t) ~ Vo b(l)(t) teTy (4].].)
_’UllCQ’I‘_b(t)_ L Yac2r b(2) (t
_iLsr_c(t) ilc(l) (t)

Xc (t) = v?ric(t) ~ v27‘_c(2) (t) te Tc-
L v?ric(t) v27‘_c(2) (t)

4.4.3 Discretization

As stated in [87,88], the discrete-time modelling method only describes
the small-signal behavior of the converter at a sample time instant in each
sampling cycle, and does not consider any information in between these
instants. Moreover, different positions of the sampling instant result in
differences of the predicted frequency response. The above differences can
be minimized with the concept of half-cycle-averaging described in next
Section 4.4.4. Therefore, the converter waveforms can be sampled at any
position in the sampling cycle. Here, only half a switching cycle has to be
considered due to the symmetric operation of the DAB converter.
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One switching cycle includes two sampling cycles, the positive half
switching cycle of vg.1,-, which is indicated as an odd k sampling cycle,
and the negative half switching cycle of v4c1,, which is indicated as an
even k sampling cycle. Let x[k] represent the state vector at the beginning
of the k*" sampling period

x[k) = [ior[k] var[k] vacar k] T, (4.12)

where t is replaced by kTsqmp, and k is an integer.

When £k is odd, the terminal voltage vaco.(t) of the intermediary circuit
is equal to the inverse of the output voltage va,(t), i.e. vVacor[k] = —vor[K]
since a pair of diagonal switches conducts in interval a (cf. Figure 4.3(b)).
Similarly, vgeor[k] = var[k] when k is even. The terminal voltage vgeor k]
can be removed from the state vector x[k], which now is

x[k] = [ir.sr[K] var[K]] " (4.13)

The input voltage V7 is considered as constant since we are interested
only in the control-to-output response. At the time instant to, i.e. at the
end of interval b, the response of the terminal voltage vgc2-(t) and the
output voltage va,(t) can be expressed as functions of the state variables
x[k], the control input ¢;[k] at the beginning of the period and the time
duration Tp[k] of interval b in the period

Uac?r(tQ) = fvac?rib(x[k]v (bl [k]va[ ])
V2r (t2) = fv?rib(x[k]v (bl [k], Ty [k])
The time instant to is also the starting point of interval c, in which

Vaear (t) = va,.(t) due to the conduction of another pair of diagonal switches.
Therefore,

(4.14)

Vac2r (t2) = V2r (tQ) . (4 15)

Substituting (4.14) into (4.15), the time duration Ty[k] of interval b can
be determined and is expressed as a function of the state variables x[k]
and the control input ¢ [k]

Tolk] = fun(x[K], 1 [K]). (4.16)
Combining (4.16) and the approximated state vector expression (4.11),
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the state vector at the end of the k‘" half switching period x[k + 1] when
k is odd can be expressed as a function of the initial conditions x[k] and

o FH(x[R], n [R])
Xl +1] = [ffc (x[K], 61 M ' (417)

The leakage inductance current iz, [k + 1] at the end of the k** half
switching cycle has an inverse sign compared to ips-[k] at the beginning
of the same half switching cycle due to its odd symmetry. Substituting
irsr|k] = —ipsr[k] into (4.17) when k is odd or iy [k + 1] = —ipsr[k + 1]
into a similar group of the difference equations describing the second half
switching cycle when k is even, a general discrete state vector equation,
which can be updated every half switching cycle, is obtained

[k kD] [ filk]
xlk+1] = [mxm,qx [k])] = [mm] ' (4.18)

4.4.4 Averaging over a Half Switching Cycle

In the DAB DC-DC converter, the leakage inductance current is purely an
AC current and has relatively large ripple. This leads to differences of the
predicted frequency response obtained by discrete-time modelling method
for different sampling time instants. Considering this, we introduce a new
sample Va2, quglk + 1] to minimize this difference, which represents the
averaged value of the output voltage defined as

1 (k"l‘l)Tsaan
Vo avglk+ 1] = / vop (1)t
k

samp

(4.19)

Tscwnp

= fviavg(x[k]; le [k]) = fviavg [k]

This new sample v, qy4[k+1], which is expressed as a function fi, 4ug[K]
in terms of the initial value of the state vector x[k] and the control signal
¢1[k], is used instead of v, [k+ 1] to develop the large-signal discrete-time
model.
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4.4.5 Large-signal Discrete-time Model Verification

To verify the accuracy of the developed model, which can be easily imple-
mented in a mathematical software, e.g. in MAPLE, a detailed switching
model of the DAB DC-DC converter is built in SIMPLORER, a PSpice-
like simulation software. The dynamic response of the converter to a per-
turbation of the control input, which is a sinusoidal signal with 1/10
switching frequency and 5% steady-state value as amplitude, is carried
out for the above two models, respectively. The perturbation in the con-
trol input A¢q, the calculation and simulation results of the leakage in-
ductance current iy, and the output voltage vo, are shown in Figure 4.5,
where solid lines and broken line represent the instantaneous simulation
results and the averaged value of the output voltage from the detailed
switching model; squares and rhombuses mark the conventional discrete
samples and the discrete average samples based on the developed model.
The similarity between the discrete average samples va, qug[k] and the
averaged value of the simulated output voltage va, aug(t_) in shape, fre-
quency and magnitude confirms the validity of the developed large-signal
model.

4.5 Perturbation around a Steady State

A switching converter with an appropriate control operates in a cyclic
steady state. It is important to know the dynamic response to a small
perturbation in the control signal of the converter around this steady state
in order to design a feedback controller to ensure stability and enhance
performance of the entire system.

The starting point is the large-signal discrete-time model in (4.13),
(4.18) and (4.19) for the DAB converter developed in the last section.
When a small perturbation occurs in the control signal, the state vector
and the output variable deviate from their steady state values, i.e.

¢1lk] = ¢1[k] + A¢1 [K]
(k] = X[k] + Ax(k]
Vor avg[k] ‘/27" avg[k] + A’UQ’I‘ _avg [k] (420)

x[k + 1] = X[k + 1] + Ax[k + 1]
Vor _avg [k + ] ‘/27‘ avg[k + 1] + A'U27‘ avg[k + 1]
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[Ail%] KTyamp (k1) Ty

Ap [k] Ay [k+1]

i[sr [k+1 ]

A% rfavg(t) VZriuvg [k ]

0 5 10 15

Figure 4.5: Comparison of the calculated DAB DC-DC converter dynamic
response using the developed model and the simulated waveforms of the de-
tailed switching model to a perturbation of the control input. Solid and broken
line represent the instantaneous simulation results and the averaged value of
the output voltage of the detailed switching model, respectively. Squares and
rhombuses mark the conventional discrete samples and the discrete average sam-
ples of the developed model, respectively. The assumed circuit and operating
parameters are given in Table 4.1.
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where capital letters refer to the steady states and the terms involving A
represent small signal variations.

Substituting (4.20) into (4.18) and (4.19), applying a Taylor series
expansion around the steady state and neglecting the second and higher
order terms, we obtain

Ax[k + 1] = AAX[k] + BAg [K]

Avay avglk + 1] = CAX[k] + EA¢: [K] (4.21)
with ]
Ofilk] 0filk]
A = | tLsr[K] var[K]
Ofulk] Ofu[K]
_ZLsr[k] ’Ugr[k]
fik
B~ | 41lK]
Ofylk]
Loulr
C = |9fv_avglF] 8fvavg[k]]
il el
E= M] :
1 (K]

Using the z-transformation on (4.21), the control-to-output-voltage
small-signal transfer function can be written as

* (S) . Avgiavg(s)
vt = TRGH(s)

_ A'UQ_a'ug(Z)

Agi(2) o5 Tsamp

=n1(C(zI - A)"'B +E)

nlAUQT_aUg (Z)

A¢1 (Z)

(4.22)

ZZGSTsam,p

Y
Z:eSTscwnp

where I is the identity matrix.
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4.6 Simulation and Experimental Results

The experimental setup for measuring the control loop frequency response
shown in Figure 4.6 has been built and experimentally tested to verify the
proposed dynamic model. The prototype is designed for a power transfer
of 1 kW, a switching frequency of 100 kHz, a LV port voltage of 14 V and
anominal HV port voltage of 280 V. The circuit parameters for the power
stage of the prototype are given in Table 4.1. The switching devices are
implemented with power MOSFETs and two IRF2804S MOSFETs are
connected in parallel to form a high current switching device for the LV
side. The planar transformer comprises an ELP 64,/10/50 ferrite core from
EPCOS, a single turn copper foil winding on the LV side and a 20-turn litz
wire winding for the HV side. Additionally, a series auxiliary inductor is
employed since the leakage inductance of the transformer is so small that
very precise digital control phase shift angle would be needed to properly
control the power transfer.

=<
S

&
>

|
L Dsp IL-| CPLD|

Figure 4.6: Experimental setup for measuring the loop frequency response.

The film/ceramic capacitors, employed as output filter capacitors in
the RC load, are placed near to the outputs of the full-bridge units in
order to absorb the high frequency AC ripple currents generated by the
full-bridge units effectively. No current sensor is inserted between the
devices and the filter capacitors. Therefore, the control-to-output-current
frequency response is obtained by the detailed switching model simulation
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Table 4.1: Circuit and operating parameters for the analytical models, the
simulation and the experimental setup.

Parameter Model (a), (b) Model (c), (d) Experimental

and simulation converter

i 14V 14V 14V
S1-S4 TRF2804S5*2

L, 0.16 uH 0.16 uH 0.16 pH?

R 2.5 mf) 2.5 mf

n 20 20 20
S5-Sg IXFX64N60P
Coss 876 pFP 390 pFe

R, 82 0 82 QO 82 QO

Cy 2.82 uF 2.82 uF 2.82 uF

4 830 ns® 720 ns 720 ns
Tsamp' 5 us 5 s 5 us

& Leakage inductance of the transformer 7; and additional inductor
(36 uH) connected in series with the secondary winding of the trans-
former 7.

b Qutput capacitance of the MOSFET in the HV unit and snubber
capacitor.

¢ Snubber capacitor.

d Phase shift angle expressed in seconds which can be transformed into
radians; e.g. 830 ns * m/Tsqmp = 0.1667.

¢ Half of the resonant transition time is added.

f Sampling time, which is the half switching cycle time.
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in SIMPLORER, as shown in Figure 4.7.
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Figure 4.7: Control-to-output-current frequency responses of the DAB DC-
DC converter as predicted by Models (a), (b), (c) and (d). Dots represent the
detailed switching model simulation results obtained using SIMPLORER.

Furthermore, the control-to-output-voltage response is measured in
the frequency domain and illustrated in Figure 4.8. A perturbation A¢;
of the phase displacement (cf. Figure 4.6) is generated by the Venable
Model 350 frequency response analyzer and sampled by the A/D con-
verter of the Analog Devices ADSP-21992 160 MHz DSP. The phase shift
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angle value ¢1, including the sampled perturbation A¢; and the steady-
state value ¢1, is sent from the DSP to the Lattice ispMACH4512V CPLD
to generate the 100 kHz gate signals. There is one switching cycle delay
from the perturbation generated by frequency response analyzer to the
perturbation of the gate signals. This delay effect, which creates the ad-
ditional phase shift in the phase response at high frequencies, has been
removed from the experimental results.

For comparison, the corresponding frequency responses predicted by
four different models with the circuit and operating parameters given in
Table 4.1 are also shown in Figure 4.7 and Figure 4.8:

e Model (a), the model derived from the steady-state current, which
is presented in [84];

e Model (b), the model derived based on the proposed discrete-time
half-cycle-average modelling method, but with the resonant transi-
tion intervals neglected;

e Model (c), the model derived based on the conventional discrete-
time modelling method without averaging over a half switching cy-
cle, with the resonant transition intervals included;

e Model (d), the developed model with the transfer function given by
(4.22). The model is based on the proposed discrete-time half-cycle-
average modelling method and considers the resonant transition in-
tervals.

For all of the models, a 2.5 mS2 resistance R in the series with the leak-
age inductance represents the conduction losses of the converter, which
slightly reduces the gain of the magnitude response.

For Model (a) and (b), the resonant transition intervals indicated as
interval b in Figure 4.3 are neglected, i.e. the converter only goes through
intervals a and c¢ within a half switching cycle. The time durations of
the interval a and ¢ in Model (a) and Model (b) are both increased by
half of the resonant transition time compared to Model (c) and (d). The
time duration ¢; o, of the phase shift stage indicated as interval a in
Model (a) and Model (b) is the sum of half of the resonant transition time
ty and ¢1 q for Model (c) and Model (d); i.e. for an example operating
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Figure 4.8: Control-to-output-voltage frequency responses of the DAB DC-
DC converter as predicted by Models (a), (b), (¢) and (d). Dots and rhom-
buses represent the detailed switching model simulation results obtained using

SIMPLORER and the measured results obtained using a Venable Model 350
frequency response analyzer, respectively.
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1.7. SUMMARY

point with circuit parameters given in Table 4.1, this results in

1 ab = O1 cd +1:/2
= 720ns + 220ns/2
= 720ns 4 110ns
= 830ns.

(4.23)

This results in a dc gain predicted by Model (b) higher than that of
Model (d) although the same methodology is used for deriving Model (b)
and Model (d).

The leakage inductance current is purely an AC current and has a
large current swing, therefore the control-to-output frequency response of
all discrete models depends significantly on the sampling position. In this
paper the sampling position is chosen to be at the time instant ¢y, which
is at the beginning of interval a. However, in Model (c) a peak detector
is applied to the output current in order to better measure the frequency
response. Even with the use of the peak detector there is still a large
deviation in the predicted response compared to the simulation and ex-
perimental results, which can be seen especially in the low-frequency gain
of the control-to-output-current magnitude response (cf. Figure 4.7). Once
the proposed half-cycle-average concept is adopted, i.e. for Model (d), this
deviation is dramatically reduced.

As can be seen, the proposed model gives the most accurate response
compared to the experimental results, i.e. the response of the new model
shown by a solid line is almost identical to the experimentally measured
response represented by the rhombuses in a frequency range up to nearly
one third of the switching frequency. The improvement gained by the
new model over the other models is obvious, especially considering the
low-frequency gain and the phase characteristics at high frequencies.

4.7 Summary

This chapter has proposed a general modelling approach for the DAB
converter, which is also applicable to the three-port converter. In this
method, the basic operation of the DAB converter with the inclusion of the
resonant, transition intervals is explained, the state-space mathematical
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model is developed based on approximations, the discrete-time response of
the half-cycle-average value of an output variable is derived and compared
with results of a detailed circuit simulation to verify the accuracy of the
modelling, and the discrete-time large-signal model is linearized to reveal
the small-signal characteristics of the converter.

A 1 kW prototype is built and the output voltage frequency response
is measured. It is found that the developed model provides the accurate
frequency response, up to one third of the switching frequency, when
compared to measurement results.
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Chapter 5

Control Strategy for the
Three-port Converter

5.1 Introduction

It is difficult to build a full-order small-signal model for the phase-shift
controlled converter using the conventional state-space averaging tech-
nique since the ac current of the leakage inductance, whose average value
over one switching cycle is always zero, can not be a state variable in
the model derived using the state-space averaging method. The full-order
small-signal model of the DAB converter is presented in the Chapter 4
using the discrete-time modelling method and the half-cycle-average con-
cept. According to the Figure 4.7 and 4.8, where the control-to-output-
current and control-to-output-voltage frequency responses of the DAB
converter predicted by four different models are plotted, the proposed
model provides the most accurate frequency response, up to one third of
the switching frequency.

Generally in the digital control system, the ratio between the sampling
rate and the system bandwidth may be required to be 10 to 20 consid-
ering the smoothness issue and the reduction of the delay between the
control inputs and outputs [94]. That is, the small-signal model should
predict the frequency response precisely up to 5 kHz in the case where
the sampling rate of the digital control is 50 kHz. Although the full-order
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small-signal model stated in the Chapter 4 is accurate enough in the in-
teresting frequency range of the digital control technique, it is mathemat-
ically complicated. This chapter aims to present a simple approximative
way to derive a control-oriented system model.

Furthermore, as mentioned in Section 3.3.3, two degrees of the free-
dom, i.e. the phase shift angles ¢; and ¢, are available as control vari-
ables. For the multiple voltage electrical system in the HEVs and FCVs,
where energy storage elements, such as batteries or super-capacitors, are
connected to the buses to stabilize the bus voltages, it is desirable to con-
trol the charging/discharging currents. Therefore two port currents of the
converter, e.g., i3 and i3 (cf. Figure 2.1), could be the control objectives.
The system could be considered as a two input (¢; and ¢3) and two out-
put (2 and i3) system. The design and the implementation of the control
strategy for this multi-variable system are also discussed in this chapter.

5.2 Implementation of the Control Strategy

Figure 3.13 (redrawn here as Figure 5.1) shows the implemented three-
port system, where port 1 is connected with a voltage source V3 = 300 V,
port 2 is connected with a RC load, and port 3 is connected with a RC
load in parallel to a voltage source V3 = 14 V; therefore port 3 can sink or
source power or remain at zero power. L1, Ly2 and L3 are the parasitic
stray inductances (or possibly small discrete external inductors) acting as
parts of the CLC filters, and are used to limit the ripple currents flow-
ing through the electrolytic capacitors into the RC loads. Film/ceramic
capacitors are placed near to the outputs of the full-bridge cells in order
to absorb the high frequency ac ripple currents effectively. Therefore, iop,
and i3); are measured instead of io and i3, respectively. The output volt-
age vops of port 2 is also regulated. Therefore, the whole control system
includes two inner current loops and one outer voltage loop.

The control strategy is implemented in an Analog Devices ADSP-
21992 160 MHz DSP and a Lattice ispMACH4512V CPLD. The values of
the five degrees of freedom, i.e. the phase displacements ¢; and ¢o and the
duty cycles d1, 62 and 3 of the optimum operating point, are calculated
numerically in advance and are stored in the DSP as look-up tables with
the current reference signals as index parameters. The elements of the
decoupling matrix (cf. Section 5.4) are also calculated in advance and
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Three-port converter

L 925
_—
—

im

Figure 5.1: Implemented three-port system. Port 1 is connected with a voltage
source; port 2 is connected with a RC Load and port 3 is connected with a RC
load in parallel to a voltage source.

stored in the DSP as look-up tables.

The DSP operates with a sampling frequency of 50 kHz for all the
current and voltage control loops. The voltage vay, is first sampled by the
DSP internal 14-bit ADC and then the voltage controller generates the
reference iops rey for the inner current loop. The current reference values
are used as inputs to the multiple look-up tables to calculate the phase
displacements and duty cycles. To generate higher precision output values
from the look-up tables, the DSP uses linear interpolation rather than the
direct discrete values. Thus the system is then able to operate closer to its
optimal point. The outputs of the two phase shift angle look-up tables are
adjusted by the controllers and manipulated by the decoupling network to
eliminate the interaction between two current loops. Then together with
the outputs of three duty cycle look-up tables, the five values are written
into the CPLD where the correct 100 kHz PWM patterns are generated.

5.3 Small-signal Model

Agsuming that a system operation close to the optimum point A is ensured
by the look-up tables, where the five degrees of freedom can be obtained
with the reference signals Iy ;ey and I3 ey as the index parameters, the
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controller only has to slightly adjust the control variables, i.e. ¢1 and ¢o,
in a given operating region. Accordingly, a simple approximative way to
derive the control-oriented system model is to linearize the static control-
to-output characteristic of the converter around the operating point, i.e.
to let the leakage inductances tend to zero.

A similar application of this technique is found in [84], where a two-
port dc-dc converter was analyzed. The resulting small-signal model is
included in Section 4.6 as Model (a). Comparing the frequency responses
of Model (a) and the proposed Model (d) in Chapter 4, it is found that:

e The phase responses of Models (a) and (d) in Figure 4.7 and 4.8 are
almost identical at low frequencies since the pole due to the leakage
inductance appears only at high frequencies, close to the converter
switching frequency. Therefore, the influence of the leakage induc-
tance can be neglected if the model is used to predict low-frequency
dynamics.

e The difference of the DC gains of the magnitude responses of Mod-
els (a) and (d) is caused by the duration of the resonant transition,
as explained in Section 4.6 (cf. (4.23)). By adding half of the reso-
nant transition time of Model (d) to the phase-shift time, Model (a)
can also provide a magnitude response with accurate DC gain.

Therefore, the small-signal model, which can predict the accurate fre-
quency response in the interesting frequency range of the digital control,
can be derived in a simple approximative way. The procedure of deriving
such a model port 2 is illustrated in the following.

The current i can be expressed according to (3.10) and (3.11) as

Poy 4 Po3
‘/27“ ni
—Pio + Po3

‘/27“ ni

4 .
= T L Vir cos(d1) cos(d2) sin(¢y)

4 .
+ 73 fsLogr n1 V3 cos(d2) cos(d3) sin(p2 — ¢1).

(5.1)

The Taylor series of the above port current i around the operating
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point A is
o = Ioa + Ay
= Kiasin(gi14) + Koasin(gaa — ¢14)
+ K14 cos(¢p14)Apr — Koa cos(goa — d14) Ay (5.2)
+ Koa cos(daa — d14)A¢o
= Ioa + G11A¢1 + G12Ags,
where
Gi11 = Kiacos(¢14) — Koa cos(daa — d14)
G12 = K24 cos(p2a — $14)
Ia = Kiasin(é14) + Koasin(goa — ¢14)
with
Kig = 4 Vir cos(d14) cos(d24)
1A = L 14 24
4
Koa Vi, cos(d2.4) cos(d34).

7TgstQ37‘ ni

In analogy, the Taylor series of the port current is at the operating
point A can be obtained as

is = Iy + Aiy 5
= I34 + G21A¢1 + Ga2 Ao, )

where

G21 = Kya cos(p2a — $14)

G2 = K34 cos(p2a) — Kaa cos(aa — d14)

I3p = K3asin(g24) — Kyasin(poa — ¢14)
with

Kin = — = Vir c0s(61.1) cos(da)

3A — 7T3st13r g 17 COS(014 ) COS(03 4
4
Kaa Vo c0s(02.4) cos(d3.4).

73 fs Loz, Mo
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In summary, we have for the small signal transfer function matrix of
the three-port converter around the operating point A

_ |Aidz| _ |G Gi2| [Agr| _
s3] - [enCe] 3] se

5.4 Design of the Decoupling Network

It can be observed from (5.4) that there is an interaction between the two
current loops, which can be eliminated via a special compensation net-
work, i.e. a decoupling network H. The role of the decoupling network is
to decompose a multi-variable control system into independent single-loop
sub-systems. Thus the system can be controlled using independent loop
controllers, e.g, Gpr 21(s) and Gp; 31(s), as depicted in the block dia-
gram shown as Figure 5.2, where the non-interacting decoupling control
structure proposed in [95] is adopted.

Decoupler H Converter G

Al
>

AL o tY Ag'|

AL o + Ag) Ai3
S5 2 5

Figure 5.2: Block diagram of the control system with the decoupling network.
G is the small signal transfer function matrix of the three-port converter and
H denotes the transfer function matrix of the decoupling network.

In order to achieve independent control loops, i.e. X = GH = diag[z1, 2],
the decoupling matrix has to be designed as

H— [Hu le} —Gg - [Gu Gu} -

Hyy Hoo Ga1 Gao (5.5)
_ 1 Gaz —Gh2
G11G22 — G12Goy |—G21 Gu1 |
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Thus, X = GH = GG~! = diag[l,1]. For every optimum operating
point A, the small signal transfer function matrix G of the converter only
contains the constants, i.e. no pole or zero is involved since the leakage in-
ductance dynamics are already neglected; same is true for the decoupling
network H, which is the inverse matrix of G. Therefore, based on the
optimum operating point look up table mentioned above, the elements of
the decoupling matrix can be calculated in advance and be stored as look
up tables as well.

5.5 Control Loops

In the control system, there are three control loops, two inner current
loops and one outer voltage loop, as illustrated in the block diagram
Figure 5.3. The response of the voltage loop is slower than the current
loops in order to minimize their interaction. This is a typical approach
for designing cascaded controllers. Here, we assume that the controllers
are well designed and there is no interaction between the loops, i.e. the
current loops and the voltage loop are totally decoupled. Accordingly, the
output of the voltage loop is considered as constant when analyzing the
current loops and for reading values from the look-up tables.

The transfer function of the control loop iy, illustrated in Figure 5.3
with the consideration of the decoupling network is

Gar(s) = Gar_m(s) Gor_a(s) Gap(s) Gar_p(s), (5.6)

where Gar p(s) denotes the I5(s) to Ian(s) transfer function, Gar 4(s)
and Ga; p(s) represent the anti-aliasing low-pass filter and the digital
low—pass_ﬁlter, Gap(s) is the transfer function of the sample and hold
circuit in the A/D converter. The current loop i3y and voltage loop
vaps have similar blocks, except Gay  ar(s), which describes the RC load
connected to port 2. -

Bode plots of the theoretical open loop gain of these loops are illus-
trated with dashed lines in Figure 5.4, where it can be observed that
the magnitude of the gain of the loop controlling i5j; is constant at low
frequency and starts to drop off beyond the lowest pole frequency of the
digital filter. So a PI controller would be sufficient to regulate this loop.
The zero of the PI controller is placed around the lowest pole frequency

135



CHAPTER 5. CONTROL STRATEGY FOR THE THREE-PORT CONVERTER

-+

Aip

ref
—

matrix
by
LD l>ll>
Slsls

Optimum

I 3M ref
—
+ ¥ +
>
Ne

Decoupling
operating point
Converter

Figure 5.3: Block diagram of the control loops of the implemented three-port
converter.

in order to achieve a drop off of the magnitude of —20 dB/dec at the gain
crossover frequency; the proportional gain in the PI controller is selected
such that enough margin is left between the gain crossover frequency and
the frequency where the drop off in the magnitude is —40 dB/dec. In a
similar way, the PI controller for the loop controlling igy; can be designed.
Due to the pole resulting from the resistor and the capacitor of the RC
load, the magnitude of the gain of the loop controlling voy; drops off ear-
lier than that of the loop controlling i2y;. The zero of the PI controller
for the voltage loop is placed around the pole caused by the RC load.
The resulting open-loop gain Bode plots of the three loops including PI
controllers are also shown in Figure 5.4, where it can be found that the
gain crossover frequencies of the two current loops are around 700 Hz and
that the crossover frequency of the voltage loop is around 100 Hz. Al-
though the bandwidth of the two current loops are close, their interaction
is avoided by the decoupling network which will be verified experimen-
tally in Section 5.6. The bandwidth of the loop controlling iop; is much
higher than that of the loop controlling vsps, so the interaction between
these two loops can be minimized. Therefore, the three loops are acting
independently.
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Figure 5.4: Bode plots of the open loop gains of the three-port converter and
bode plots of the loop gains with PI controllers: (a) current loop controlling
i2nr; (b) voltage loop controlling vaar; (c) current loop controlling isas.
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Figure 5.4: Bode plots of the open loop gains of the three-port converter and

bode plots of the loop gains with PI controllers: (a) current control loop i2ar;
(b) voltage control loop vaar; (c) current control loop iza (continued).
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5.6 Experimental Results

The measured dynamic system behavior, i.e. the response of two port cur-
rents igps and i3ps and of the voltage vops of port 2 in response to current
reference I3y rey variations along with the constant voltage reference
signal Vs Te} = 42 V(P2 ey = -1kW), is shown in Figure 5.5. At the
beginning the current reference signal Izps rcs is 0 A. It steps to 35.7 A
(P5 ey =-500 W) and later steps back to 0 A. From the measured result,
the_voltage vapr and the current i), are well regulated, i.e. always kept
around the reference values. The control also shows excellent dynamics
and no cross-coupling of the control loops is remaining, i.e. the variation
of the current reference signal i35, does not influence on the performance
of another current loop i2ps. This verifies the decoupling of the control
loops.
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Figure 5.5: Measured dynamic system behavior with a pulsating current ref-
erence signal Isps rey = 0 A, = 35.7 A (P3_ o5 =-500 W), =0 A and = 35.7 A
and a constant voltage reference signal Vopnsr ref = 42 V (P2 pey = -1 kW).

5.7 Summary

The control strategy of the three-port converter prototype is of high
importance. A system operation with minimum overall power losses is
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ensured by pre-calculated look-up tables stored in the DSP. A simple
control-oriented system model is presented, which is derived by lineariza-
tion of the static control-to-output characteristic of the converter since the
controller only has to slightly adjust the control variables. The resulting
model can predict the accurate frequency response in the frequency range
relevant for the digital control. Moreover, the design of the decoupling
network, which can decompose the multi-variable control system into in-
dependent single-loop subsystems and/or eliminate loop interactions, has
been performed since the three-port converter system is a two-input and
two-output system. Finally, experimental results verify the decoupled and
fast dynamic response of the three-port converter.
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Chapter 6

Conclusion

In this thesis, a multi-port converter, which employs less components and
shows lower complexity than conventional two-port converters with an
intermediate power bus, is studied. Special attention is given to potential
applications in multiple voltage electrical systems of hybrid electric vehi-
cles and fuel cell vehicles. Bidirectional power flow capability for the ports
interconnecting storage elements and the galvanic isolation between the
sources and storage elements are the features of the proposed multi-port
converter. The conclusions on the work are grouped for each chapter.

In Chapter 2, an isolated three-port bidirectional converter topol-
ogy, which consists of three full-bridge units and a high frequency three-
winding transformer, is proposed. This topology enables the power trans-
fer between any two ports. In addition, the leakage inductances of the
transformer and the output capacitances of the MOSFETs are utilized
to achieve the zero-voltage switching for the MOSFETs. The steady-
state analysis of the proposed topology is performed based on a A-type
primary-referred equivalent circuit. There, by properly adjusting the phase
shift angle values of the applied voltages, an independent control of the
power flow between the ports can be achieved.

In Chapter 3, a duty cycle control for optimizing the system behavior
is introduced, in addition to the phase shift control. The circulation of
active power inside the three-port converter, which would not contribute
to the active input or output power of the ports, is prevented. The over-
all system losses, which are composed of conduction and switching losses
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of the MOSFETs, and of core losses and winding losses of the magnetic
components, are estimated. The optimum operating point characterized
by the minimum overall system losses is obtained. The theoretical con-
siderations are verified by an experimental set-up. The efficiency of the
converter is improved from 72.6% for a non-optimum operating point to
91.7% in the optimum operating point. Moreover, it is found that the
calculated and the measured efficiencies of the optimum operating point
are in good accordance.

In Chapter 4 a general modelling approach for the DAB converter is
proposed, which is also applicable to the three-port converter. For this
method, the basic operation of the DAB converter with the inclusion
of the resonant transition intervals is explained; the state-space model
and the approximations made to simplify the analysis are discussed; the
discrete-time response of the half-cycle-average value of an output variable
is derived and compared with the detailed circuit simulation to verify the
accuracy of the modelling, and the discrete-time large-signal model is
linearized to reveal the small-signal characteristics of the converter. A
1 kW prototype is built and the output voltage frequency response is
measured. From a comparison to the experimental system, it is found
that the developed model provides the accurate frequency response, up
to one third of the switching frequency.

The control strategy of the three-port prototype is treated in Chap-
ter 5. A system operation with minimum overall power losses is ensured by
pre-calculated look-up tables stored in the DSP. A simple control-oriented
system model is presented, which is derived by linearization of the static
control-to-output characteristic of the converter since the controller only
has to slightly adjust the control variables defined by the look-up table
outputs. The resulting model can predict the accurate frequency response
in the frequency range relevant for the digital control. Moreover, the de-
sign of the decoupling network, which splits the multi-variable control
system into independent single-loop subsystems and eliminates control
loop interactions, is performed since the three-port converter system is a
two-input and two-output system. Finally, experimental results verify the
decoupled and fast dynamic response of the three-port converter.

As an overall conclusion one could state that the three-port converter
has a large potential for various future applications.
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