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Abstract

ITH an increasing demand for transportation and the concurrent re-
W quirement for decarbonization, implementing an efficient, low emit-
ting, and sustainable transportation sector is essential. In this context, railway-
based transportation has been identified as the cleanest and the greenest
high-volume transport mode. Thus, it has a vital role in creating a sustainable
lifestyle and economy as it is frugal by design. However, further improve-
ments are still required for next-generation systems within the railway sector,
from the energy supply and distribution over the drivetrain down to the
auxiliaries. Hence, the industry sector defines the requirements of commer-
cial electrical and electro-mechanical auxiliary power conversion systems
for the rolling stock as compact, lightweight, highly efficient, reliable, and
redundant. For this reason, the latter is typically equipped with a Variable
Speed Drive (VSD) system for the energy-efficient operation of compressors,
pumps, fans, and blowers.

The main goal of this thesis is to explore conceptual and technological im-
provements for such auxiliary drive systems in railway vehicles. In particular,
the focus is on the pressurized air supply system implemented by onboard
compressor units. Those are required to charge the pressure tank, which
supplies, e.g. the air brake and door control systems, and are operated from
a tertiary winding of the single-phase traction transformer. However, air
pressure is also required to raise the pantograph and electrically connect the
railway vehicle to the overhead line. Thus, operation from an onboard battery
is demanded during the startup. Consequently, the application needs a power
electronic system to convert the single-phase AC — or DC, under battery
operation — input voltage into a symmetrical three-phase voltage system with
adjustable amplitude and frequency to control the motor speed. In addition,
unity power factor grid operation has to be achieved in AC mode. The main
target is to maximize the power density for the space- and weight-constrained
mobility application.

The state-of-the-art implementation of a single-phase-supplied VSD sys-
tem features a two-stage approach comprising a front-end Power Factor
Correction (PFC) rectifier and an output-side Voltage Source Inverter (VSI).
The instantaneous power mismatch between the pulsating input power, due
to PFC operation, and the constant mechanical output power is covered by
a large DC-link capacitance, restricting their practical implementation to
electrolytic capacitors. However, electrolytic capacitors significantly limit
the converter lifetime, which becomes even more of a concern at elevated op-
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Abstract

erating temperatures, thus preventing the desired motor integration required
for ultra-high power density.

With the aim of avoiding electrolytic capacitors and any other kind of
active power pulsation buffer circuitry, the only remaining option is to forward
the pulsating input power directly to the motor. An approach introduced
in this thesis as Motor-Integrated Power Pulsation Buffer (MPPB) concept,
where the kinetic energy storage of the drivetrain, i.e. the motor (and load)
inertia, is employed as Power Pulsation Buffer (PPB). The kinetically stored
energy is typically at least one order of magnitude above the grid energy
fluctuation due to PFC operation, leading to a comparably small speed ripple
similar to single-phase motors.

The MPPB concept is first applied to a conventional two-stage approach.
The proposed control structure ensures the desired average speed and sinu-
soidal input current for unity power factor operation. Further adaptions are
proposed to facilitate improved operation without significant energy storage
within the electrical system during abnormal supply conditions such as grid
interruptions. A 7.5 kW, motor-integrated All-SiC hardware demonstrator
validates the proposed MPPB concept and control, achieving a total boxed
volume of only 8.2L for the drive system (incl. the motor), which corre-
sponds to a power density of 0.91kW/L (15 W/in®) including the EMI filter.
The inverter bridge-leg power semiconductors feature an adapted gate drive
configuration to slow down the do/dt of switching voltage transitions — with
minimal effect on the remaining switching transitions — to prevent harm to
the motor insulation. The introduced loss models are verified over the full
torque range, revealing a nominal grid-to-motor-shaft efficiency of 91.4 %,
which corresponds to 703 W of system losses and qualifies the converter for
the highest efficiency class IES2 of EN50598-2 covering complete drive sys-
tems. For all loads over 5kW or 66 % of nominal load the grid-to-motor-shaft
efficiency remains above 90 %. Compared to the conventional implementation,
a worst-case loss penalty of 17 % or 100 W occurs at nominal operation, while
the averaged losses (over the full torque range) increase only from 447 W to
491W, or by 9.8 %.

In a second step, the MPPB concept is applied to a dual-inverter topology
with a three-phase Open-End Winding (OEW) motor. This approach allows
to omit the boost-stage, including the High-Frequency (HF) bridge-legs and
the boost inductors, reducing the system volume and lowering the realization
effort. The operating principle, including the desired motor voltage division
strategy to achieve the voltage set points for both VSIs under the defined
control objectives, is thoroughly investigated. The detailed system analysis
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Abstract

reveals that the motor voltage can be selected independently of the grid peak
voltage, in contrast to existing single-phase supplied dual-inverter concepts.
The converter performance is evaluated concerning this degree of freedom,
revealing a semiconductor loss reduction of 30 % compared to a state-of-the-
art approach.

xiil






Kurzfassung

NGESICHTS der steigenden Nachfrage nach Personen- und Warenbefor-
derung und der gleichzeitigen Forderung nach Dekarbonisierung, ist die
Entwicklung eines effizienten, emissionsarmen und nachhaltigen Verkehrs-
wesens von entscheidender Bedeutung. In diesem Zusammenhang hat sich
der Schienenverkehr als der emissionstechnisch sauberste und daher umwelt-
freundlichste Verkehrstriger im Massentransport erwiesen und spielt damit
eine entscheidende Rolle bei der Schaffung einer nachhaltigen Wirtschaft
und eines nachhaltigen Lebensstils. Dennoch sind weitere Verbesserungen
fur Systeme der nichsten Generation des Eisenbahnsektors erforderlich, von
der Energieversorgung und -verteilung iiber den Antriebsstrang bis hin zu
den Hilfsbetrieben. Die Industrie definiert daher die Anforderungen an kom-
merzielle elektrische und elektromechanische Energieumwandlungssysteme
fur Schienenfahrzeuge als kompakt, leicht, hocheffizient, zuverlédssig und
redundant. Aus diesem Grund sind letztere in der Regel mit einem drehzahlva-
riablen Antriebssystem fiir den energieeffizienten Betrieb von Kompressoren,
Pumpen, Liiftern und Geblasen ausgestattet.

Das Hauptziel dieser Arbeit ist die Erforschung konzeptioneller und tech-
nologischer Verbesserungen fiir Hilfsbetriebe in Schienenfahrzeugen. Der
Fokus liegt dabei insbesondere auf dem Druckluftsystem, welches durch
bordseitige Kompressoranlagen realisiert wird. Diese werden iiber die Ter-
tidarwicklung des Einphasen-Traktionstransformators versorgt und zur Auf-
ladung des Druckbehilters benétigt, welcher z.B. die Druckluftbrems- und
Tirsteuerungssysteme speist. Druckluft wird jedoch auch benétigt, um den
Stromabnehmer anzuheben und das Schienenfahrzeug elektrisch mit der
Oberleitung zu verbinden. Wiahrend dem Aufstarrten des Fahrzeugs erfolgt
die Energieversorgung des Druckluftsystems mittels einer Bordbatterie. Folg-
lich benétigt die Antriebsapplikation ein leistungselektronisches System zur
Umwandlung der einphasigen Wechselspannung - oder Gleichspannung bei
Batteriebetrieb - in ein symmetrisches dreiphasiges Spannungssystem mit
einstellbarer Amplitude und Frequenz, zur Regelung der Motordrehzahl. Dar-
iiber hinaus muss im Wechselstrombetrieb der Eingangsstrom in Phase zur
Netzspannung liegen um Netzriickwirkungen zu minimieren. Das Hauptziel
ist die Maximierung der Leistungsdichte fiir die Anwendung im genannten
platz- und gewichtsbeschrankten Mobilitatssektor.

Der Stand der Technik fiir ein einphasig gespeistes Antriebssystem ist
eine zweistufige Umrichtertopologie, welche einen aktiven Gleichrichter mit
Leistungsfaktorkorrektur am Eingang und einen dreiphasigen Wechselrichter
am Ausgang umfasst. Die momentane Leistungsabweichung zwischen der pul-
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sierenden Eingangsleistung aufgrund des ohmschen Netzverhaltens und der
konstanten mechanischen Ausgangsleistung wird durch eine grofie Zwischen-
kreiskapazitit gedeckt, deren praktische Implementierung dank ihrer hohen
Energiedichte auf Elektrolytkondensatoren beschrénkt ist. Elektrolytkonden-
satoren schrianken jedoch die Lebensdauer des Umrichtersystems wesentlich,
ein Effekt, welcher sich bei erhohten Betriebstemperaturen weiter auspragt,
und so die gewiinschte Motorintegration, welche fiir die Maximierung der
Leistungsdichte erforderlich ist, verhindert. Mit dem Ziel Elektrolytkondensa-
toren sowie jede andere Art aktiver Leistungspufferschaltungen zu vermeiden,
bleibt nur die Méglichkeit, die pulsierende Eingangsleistung direkt an den
Motor weiterzuleiten. Ein in dieser Arbeit vorgestellter Ansatz ist das Kon-
zept des motorintegrierten Leistungspulsationspuffers, bei dem die kinetische
Energiespeicherung des Antriebsstrangs, also die Massentriagheit des Mo-
tors (und der mechanischen Last), als Leistungspulsationspuffer verwendet
wird. Die kinetisch gespeicherte Energie liegt typischerweise um mindestens
eine Grolenordnung tiber der durch den aktiven Gleichrichterbetrieb mit
Leistungsfaktorkorrektur bedingten Schwankung der netzseitig bezogenen
Energie, und fiithrt zu einer vergleichsweise geringen Drehzahlwelligkeit an
der Motorwelle, dhnlich wie sie bei Einphasenmotoren auftritt.

Das Konzept des motorintegrierten Leistungspulsationspuffers wird zu-
nichst auf eine herkommliche zweistufige Umrichtertopologie angewandt.
Die vorgeschlagene Regelungsstruktur gewéhrleistet die gewtinschte Durch-
schnittsgeschwindigkeit und einen sinusférmigen Eingangsstrom bzw. Leis-
tungsfaktorkorrektur. Weitere Anpassungen werden vorgeschlagen, um ei-
nen verbesserten Betrieb ohne nennenswerte Energiespeicherung innerhalb
des elektrischen Systems bei abnormalen Versorgungsbedingungen, wie z.B.
Netzunterbrechnungen, zu erméglichen. Ein 7.5 kW motorintegrierter All-
SiC-Hardware-Demonstrator verifiziert das vorgeschlagene Konzept des mo-
torintegrierten Leistungspulsationspuffers inklusive Regelung und erreicht
ein Gesamtvolumen von nur 8.2 L fiir das gesamte Antriebssystem (einschlie3-
lich dem Motor und dem EMI-Eingangsfilter), was einer Leistungsdichte von
0.91kW/L (15 W/in®) entspricht. Die Leistungshalbleiter des dreiphasigen
Wechselrichters verfiigen tiber eine angepasste Gate-Treiberschaltung zur
Verlangsamung der Schalttransienten der Wechselrichterausgangsspannung
— mit minimaler Auswirkung auf den verbleibenden Schaltvorgang — um eine
Schadigung der Motorisolation zu vermeiden. Die eingefithrten Verlustmo-
delle werden {iber den gesamten Drehmomentbereich verifiziert und ergeben
einen nominellen Wirkungsgrad zwischen Netz und Motorwelle von 91.4 %,
was 703 W an Systemverlusten entspricht, und das Antriebssystem fur die
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héchste Effizienzklasse IES2 der EN50598-2 qualifiziert. Bei allen Lasten tiber
5kW oder 66 % der Nennlast bleibt der Wirkungsgrad zwischen Netz und
Motorwelle tiber 90 %. Im Vergleich zur konventionellen Implementierung
ergeben sich bei Nennbetrieb Zusatzverluste von maximal 17 % oder 100 W,
wihrend die gemittelten Verluste (iiber den gesamten Drehmomentbereich)
um lediglich 44 W bzw. um 9.8 % zunehmen.

In einem zweiten Schritt wird das Konzept des motorintegrierten Leis-
tungspulsationspuffers auf eine Doppel-Wechselrichter-Topologie mit einem
dreiphasigen Motor mit offenen Statorphasenwicklungen angewendet. Die-
ser Ansatz erlaubt es, die Hochsethsteller-Stufe bzw. deren phasenversetzt
getakteten Halbbriicken und die Induktivitaten zu eliminieren, wodurch das
Systemvolumen reduziert und der Realisierungsaufwand verringert wird.
Das Funktionsprinzip, einschlieflich der gewtinschten Aufteilung der Mo-
torspannung zwischen den beiden Wechselrichtern, und die Einhaltung der
definierten Regelungsziele werden eingehend untersucht. Die detaillierte
Systemanalyse zeigt, dass die Motorspannung unabhéngig von der Netzspit-
zenspannung gewahlt werden kann, im Gegensatz zu bestehenden einphasig
gespeisten Doppel-Wechselrichter-Topologien mit Elektrolytkondensatoren.
Die Bewertung der Umrichterverluste hinsichtlich dieses Freiheitsgrades zeigt
eine mogliche Reduzierung der Halbleiterverluste um 30 % im Vergleich zum
Stand der Technik.
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Introduction

Mobility is one of the most fundamental aspects within a globalized world,
with an ever increasing need for people and freight to quickly move from
one place to the other [1]. The transportation sector provides solutions to
these needs and represents a commercial activity deriving its benefits from
operational characteristics such as costs, capacity, efficiency, reliability, and
speed. Fulfilling these properties has positive impacts on the society [2]
and the economy [3], as it allows for better accessibility of employment and
markets. Unfortunately, the transportation sector also causes congestion,
accidents, and has a substantial environmental impact.

With the growing demand for mobility, these impacts are more frequently
linked to environmental problems in air, water, and soil quality, acoustic
noise, biodiversity, land consumption, and climate change [4], which are all
unfavorable for humanity and nature. Many of these problems originate from
burning fossil fuels for road vehicles, ships, trains, and airplanes. Transporta-
tion accounted for 14 % of all Green House Gas (GHG) emissions in 2018. The
western world is even above average, as mobility accounts for 25 % [5] and
29 % [6] of Europe’s and US’s total GHG emissions, respectively, contradicting
any GHG reduction targets. State-of-the-art mobility is clearly in contrast
with the sustainable development goals defined by the United Nations [7],
which can be interpreted as a “blueprint to achieve a better and more sustain-
able future for all”.

The demand for transportation is expected to double by 2050 [8], while
decarbonization has to be achieved in the same time frame to limit the con-
sequences of global warming [9]. Facing these challenges, implementing an
efficient, low emitting, and sustainable transportation sector is highly crucial.
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Chapter 1. Introduction

Railways are the most promising approach in this regards. Trains carry
already 8 % of the world’s motorized passenger movements and 7 % of freight
transport, but account for only 2 % of energy use within the transportation
sector [10] and allow for the utilization of diverse energy sources, still, with a
firm reliance on electrical energy, as three-quarters of passenger movements,
and half of freight transportation relies on electricity [11]. These conditions
feature also the increasing utilization of renewables [12], including wind
power and Photovoltaics (PV) [13], as primary energy sources [14]. As such,
the railway sector is the only mode of transportation achieving a reduction
of GHG emissions down by 2 % between 2000 and 2018 [11]. Railway-based
transportation has the potential to quickly become not only the cleanest, but
also the greenest high-volume transport and has an essential role in creating
a sustainable lifestyle and economy.

Thus, today’s societal challenges can only be met with a railway system
as the backbone of a well-connected sustainable transportation infrastructure.
Utilizing rail’s full performance will be crucial to reduce GHG emissions
drastically and comply with the Paris Agreement [15]. In the broad view, rail-
way infrastructure should be integrated into the natural landscape and thus
become a ”green network” connecting different biotopes by 2050 [11]. In order
to stay on track and achieve the sustainable development targets Union Inter-
national Railways (UIC) has introduced a sustainability platform, focusing on
“Energy and COz2” [16], "Air Quality” [17], "Circular Economy” [18], "Noise
and Vibration” [19], and ”Sustainable Land Use” [20]. Their objectives are
well aligned with governmental approaches towards a greener society [21,22].

1.1  Motivation

In order for next-generation railway systems to meet the environmental and
economic requirements, an improvement in the energy supply and distribu-
tion, and from the drivetrain down to the auxiliaries is urgently required [23].
Considering electrified railway with implemented regenerative braking [24],
which allows the recovery of kinetic energy during braking intervals, the
auxiliaries’ energy consumption becomes more and more crucial. Hence, [25]
forecasts a Compound Annual Growth Rate (CAGR) of 5 % in railway auxil-
iaries for 2022 driven by increasing rail electrification due to the sustainability
targets and their economic viability.

Auxiliary applications on the rolling stock include braking and door
control systems, battery charging, air supply, air conditioning, ventilation,
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1.2. Application

lighting, heating, information and control systems, train-control, and traction
units for blowers, fans, and compressors [26]. All these units are operated
under unique conditions and constraints. The most crucial aspect is safety,
distinguishing three categories: first, "JEmergency Loads” are required to
ensure passenger safety, i.e. emergency ventilation and lights or the door
control system; second, “Essential Loads” are needed to operate the train, i.e.
the braking system and the train control; and third, "Non-essential Loads”
are only needed for passenger comfort. Further examples are reliability and
lifetime, to maximize the operational time, and environmental aspects such
as a wide temperature operating range, minimization of dust, shocks, or
vibrations. Additional aspects are noise emission limits and power quality,
considering large voltage and frequency tolerances, voltage distortions, grid
interruptions, and EMI compliance [27].

In summary, the main requirements for commercial electric power con-
version systems for the rolling stock are compactness, light weight, high effi-
ciency, high reliability and redundancy [28,29]. Similar challenges are present
for electro-mechanical conversion stages, which are typically equipped with a
Variable Speed Drive (VSD) system for efficient operation of compressors [30],
pumps [31], fans, and blowers [32].

1.2 Application

The focus of this thesis is the air supply system of railway vehicles, imple-
mented by an onboard compressor unit [33] as indicated in Fig. 1.1. Such
compressor units are required to charge the pressure tank, which supplies the
air brake system, air suspension, sanding system, wheel flange lubrication,
door control systems, the signal horn, and the pantograph rising [34]. Typi-
cally, these units are supplied from the traction transformer’s tertiary winding
with a single-phase AC voltage. However, as already mentioned air pressure
is also required to raise the pantograph and connect the railway vehicle to
the overhead line. Thus, operation from an onboard battery is demanded
during the startup. Both, the air brakes and the door control system are
safety-relevant functions and require the highest level of reliability. Conse-
quently, multiple compressor units are installed in every second or fourth car
of multi-unit rail coaches to achieve a distributed and redundant air-pressure
network [35]. Given space- and weight constraints demand a minimal volume
realization of the compressor unit to gain more space for passengers in the
cars [36]. Also, extended maintainability intervals are highly preferred to
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Bogie Brake Equipment Door Control System

Fig. 1.1: Overview of a multi-unit rail coach with all components of the air brake
system highlighted (taken from [37]). The air supply is also required to raise the
pantograph and operate the door control system.

shorten the outage period of the considered cars.

Considering a compressor unit, a detailed mission profile reveals the
required airflow rate at a given pressure, similar as described in [38]. For
the application scenario at hand, a 7.5kW oil-free scroll compressor [39]
is selected, which benefits from long maintenance intervals besides high
pressure and low noise generation (see [40] for a comparison of compressors).

During normal operation the compressor unit is directly supplied from the
tertiary traction transformer winding ("grid operation”), a typical approach
for auxiliary railway applications [41]. The nominal input voltage is given
with 400 Vrms at 50 Hz. However, due to large grid tolerances, the input
voltage can vary between 280 Vrms to 530 Vrms, i.e. by almost a factor of two.
During start-up an additional battery is required and also employed during
extended grid interruptions to minimize downtime. The nominal battery volt-
age is given with 100 Vdc and varies between 70 Vdc to 120 Vdc, depending
on the state-of-charge. For this mode, the mechanical output power is limited
to 1kW, to prevent unnecessary overdimensioning.

A VSD system must be employed to reduce the overall energy consump-
tion of the load [42], as analyzed in [43] specifically for compressor systems.
Consequently, the application requires a power electronic system to convert
the single-phase AC — or DC, under battery operation — input voltage into
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Fig. 1.2: (a) Single-phase-supplied VSD system to drive the scroll compressor of the air
supply system of railway vehicles. The system can be supplied either from the tertiary
traction transformer winding (AC) or from an onboard battery (DC). (b) Required
converter input range, including reduced power level for DC-supplied operation.

a symmetrical three-phase voltage system with adjustable amplitude and
frequency to control the motor speed. A three-phase Permanent Magnet
Synchronous Motor (PMSM) is employed for high torque, low weight, high
efficiency, and compactness [44]. The resulting VSD system with the different
supply options is shown in Fig. 1.2(a).

Accounting for acceleration phases and system losses, the VSD has to be
designed for 9 kW output power (see Fig. 1.2(b)). Due to the power level,
the single-phase-supplied drive system should feature unity power factor
operation to minimize input current harmonic distortion and reactive grid
power [45]. In addition, the system must comply with CISPR 11/ Class A [46]
at the input terminals x and y. As the compressor units are mainly operated
in part-load or with a low duty cycle, peak efficiency is not the primary
concern. Still, the highest defined efficiency class for VSD systems, IES 2
according to [47], has to be fulfilled to align with the previously mentioned
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Tab. 1.1: Compressor unit specifications.

Air Flow Rate at Pressure 850 L/min, 0.83 MPa
Nominal Speed (ny) 3700 rpm

Nominal Mechanical Power, Grid (Py n) 7.5kW

Nominal Mechanical Power, Battery (PoppcN) 1.0 kW

Nominal Grid Voltage (Vg N) 400 Vrms

Grid Voltage Range (Vg) 280 Vrms to 530 Vrms
Grid Frequency (fg) 50 Hz

Battery Voltage Range (V) 70 Vdc to 120 Vdc
EMI Standard (Input) CISPR Class A [46]
Efficiency Standard IES 2 [47]

sustainability targets. All key specifications are summarzied in Table 1.1.

The conventional implementation of a single-phase-supplied VSD system
features a two-stage approach and is shown in Fig. 1.3(a)). It comprises a
front-end Power Factor Correction (PFC) rectifier providing an almost con-
stant DC-link voltage to the subsequent Voltage Source Inverter (VSI), which
drives the motor and the scroll compressor at the requested speed with con-
stant power [48]. Thus, an energy storage is required at the DC-link to
buffer the power pulsation originating from desired ohmic load behavior in a
single-phase grid, cf. Fig. 1.3(b)-(d). For the considered application results a
capacitance requirement in the mF-range due to the limited voltage ripple
amplitude [49], and consequently, practical implementations are restricted to
electrolytic capacitors.

Even though a very specific application is examined, the requirements
for single-phase to three-phase variable-speed conversion are quite general
as shown in literature, e.g. a 10 kW, 230 Vrms, single-phase VSD in [50] or a
single-phase to three-phase VSD with PFC operation in [51,52].

1.3 Challenges

Next-generation onboard compressor units for single-phase supplied railway
vehicles must comply with several requirements, such as operation from the
single-phase AC grid or from batteries while surviving supply interruptions
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Fig. 1.3: (a) Conventional single-phase-supplied VSD system, comprising a front-end
PFC rectifier with large electrolytic DC-link capacitor, and an inverter stage to drive
the motor and the compressor, (b)-(d) Corresponding voltage, current, speed, torque
and power waveforms over one grid period, indicating PFC operation and constant
output power implying the requirement of a power pulsation buffer at the DC-link.
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without system faults or trips. In AC operation, the conversion unit must
achieve PFC operation and provide the nominal mechanical output power
over the entire input voltage range, which can vary by almost a factor of two
in the considered scenario. However, the targeted power density improve-
ment and the enhanced lifetime under IES 2 compliance define the actual
challenges addressed in this thesis.

» Motor Integration

VSD systems with improved power density targets require full motor-
integration of the power conversion unit [53], as this allows for com-
bined cooling of the electronics and the motor [54], reduces the number
of connectors, and improves the overall volume utilization. Addition-
ally, it eliminates shielded cables [55] leading to cost and weight savings
and exhibits an improved EMI behavior [53] due to the integration in a
single housing. However, the system losses need to be strictly limited
to enable suitable cooling concepts, i.e. passive cooling without fans
or blowers. Accordingly, elevated operating temperatures result inside
the integrated converter system in the range of 85 °C to 105 °C [56]. The
resulting ambient temperature of the electrolytic capacitors employed
in the DC-link to cope with the single-phase power pulsation, leads
directly to a lifetime degradation and requires substantial overdimen-
sioning [57,58], and thus, prevents the necessary integration step.

> Elimination of Electrolytic DC-link Capacitors

Due to the required capacitance value, which is typically in the mF-
range, electrolytic capacitors are the only practical option for a passive
Power Pulsation Buffer (PPB) in the DC-link. However, these com-
ponents are still contributing a significant volume, i.e. around 25%
of the PFC rectifier volume in [59], and even limit the lifetime of the
system [60]. Consequently, the electrolytic capacitor must not only
be avoided for volume [59] and lifetime considerations [60] but also
to enable full motor integration and meet the power density objec-
tive. In a straightforward approach, the electrolytic capacitor could
be replaced by an active power pulsation buffer [61]. State-of-the-art
solutions offer a wide variety of such concepts, which are comprising
an active switching stage in combination with a buffer capacitor and
are typically arranged in series or in parallel to the existing DC-link
capacitor [62-65]. The buffer capacitor is operated with large voltage
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ripple, which results in reduced capacitance requirement and/or al-
lows to employ foil or ceramic capacitors. In contrast to electrolytic
capacitors these capacitor technologies are not lifetime limited but are
characterized by a substantially smaller energy density, which limits the
achievable volume reduction. Furthermore, the associated switching
stage causes certain loss contributions and incurs significant realization
effort, complexity, and cost. Moreover, the increased component count
is lowering the reliability, and thus active PPBs are not suitable for the
considered application.

1.4 State-of-the-Art

For enabling the highly-desired motor integration of the converter system for
single-phase to three-phase drive applications, alternatives to the traditional
two-stage system with electrolytic DC-link capacitors are required. Concepts
that synergetically utilize components are considered first. Ultra-low-cost
implementations use the grid voltage effectively as one of the motor line-to-
line voltages, and employ four power MOSFETs and a triac [66] but don’t
allow a wider range speed control. For utilizing the motor star point as
one of the connecting points to the single-phase grid, the motor leakage
inductance may be utilized as boost inductor of a PFC rectifier stage [67], but
this results in unacceptably high voltage stress (twice the grid peak voltage)
as this application already operates at a high grid input voltage. The same
issue occurs in a low-cost implementation that employs a front-end PFC
rectifier stage with only one bridge-leg and a split DC-link [68]. Coupled
power electronics approaches, like Z-source-based concepts [69] or matrix
converters [70,71] are further options. Matrix converters typically feature
an (integrated) active PPB for power decoupling [72,73], a basic requirement
as the matrix converter doesn’t include energy storage. Current source
structures [74, 75], in the end, only replace the PFC rectifier stage boost
inductor with a DC-link inductor (since VSIs do not demand an output filter
here), while requiring bidirectional switches, and therefore do not improve
the potential for integration.

1.5 Aims and Contributions

At the latest with the announcement of the Google Little Box Challenge,
power-dense single-phase AC/DC converter systems have become an im-
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portant research topic, extending the knowledge base of converter systems
employing Wide-Bandgap (WBG) devices as well as active PPB concepts.
However, the existing literature lacks practical solutions for electrolytic-less
single-phase supplied power factor corrected drive systems. Thus, this thesis
aims to overcome this deficiency by the proposal of novel concepts, enabling
ultra-high-power-density motor-integrated VSD systems operated from a
single-phase supply for next-generation compressor, pump, or fan applica-
tions.

The PFC operation of the front-end rectifier defines the pulsating input
power. With the requirement of avoiding electrolytic capacitors and any other
kind of active power pulsation buffer circuitry, the only remaining option is
to forward the pulsating input power directly to the motor. In this thesis a
new Motor-Integrated Power Pulsation Buffer (MPPB) concept is introduced,
which utilizes the kinetic energy stored in the drivetrain, i.e. the motor and
the load inertia for power pulsation buffering.

With an approximately constant speed of the drivetrain, the motor torque
is proportional to the input power pulsation, cf. Fig. 1.4, and varies between
zero and twice the average load torque. Once the applied motor torque is
larger than the (constant) load torque Tp, the rotating mass accelerates and
stores the excessive input power in the form of kinetic energy. In the remain-
ing intervals, characterized by a motor torque ty; below the load torque, the
drivetrain decelerates, and releases kinetic energy which is utilized to supply
the mechanical load. The kinetically stored energy (related to &) is typically
at least one order of magnitude above the energy storage requirement defined
by the PFC operation. Thus, a comparably small speed ripple results and the
corresponding speed fluctuation is similar to the DC-link voltage oscillation
in a conventional system employing electrolytic capacitors.

Concerning the power flow, the introduced concept is similar to conven-
tional single-phase motors, but in contrast, it also provides variable speed
control and unity power factor operation at the input. The employment of the
MPPB concept in various topological structures features different advantages
and challenges, which are the main contributions in this thesis, as described
in the following.

» Single-Inverter Topology

In a first step, the MPPB concept is applied to the conventional two-
stage system featuring a single-phase front-end PFC rectifier and a

10
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Fig. 1.4: (a) Electric power pulsation buffer-less single-phase supplied VSD system,
comprising a front-end PFC rectifier with small DC-link capacitor, and a VSI to drive
the motor and compressor, (b)-(d) Corresponding voltage, current, speed, torque and
power waveforms over one grid period, indicating PFC operation and pulsating output
power implying that no power pulsation buffer is required in the DC-link.
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12

three-phase VSD inverter. The proposed control structure ensures the
desired average speed and sinusoidal input current for unity power
factor operation. A constant DC-link voltage is achieved through the
corresponding voltage control and a grid power feed-forward, both
affecting the inverter output power, i.e. the motor current setpoints.
Further adaptions are proposed to facilitate improved operation with-
out a significant energy storage within the electrical system during
abnormal supply conditions such as grid interruptions.

A 7.5 kW, motor-integrated hardware demonstrator validates the pro-
posed MPPB concept and control in Chapter 2 with detailed analyses
on the low-speed operation, possible control enhancements and the
phase currents in Appendix A, Appendix B and Appendix C. For
maximum performance, a permanent magnet motor and WBG devices
are employed, achieving a total boxed volume of only 8.2 L for the drive
system (incl. the motor), which corresponds to a power density of
0.91kW/L (15 W/in?). The introduced loss models are verified over the
full torque range, revealing a nominal grid-to-motor-shaft efficiency
of 91.4 %, which corresponds to 703 W of system losses and ensures
IES 2 compatibility. For all loads over 5kW or 66 % of nominal load
the grid-to-motor-shaft efficiency remains above 90 %. Compared to
the conventional implementation, a worst-case loss penalty of 17 % or
100 W occurs at nominal operation, while the averaged losses (over the
full torque range) increase only from 447 W to 491 W, or 9.8 %.

Dual-Inverter Topology

In the second part of this thesis the MPPB concept is applied to a
dual-inverter topology with a three-phase Open-End Winding (OEW)
motor. This approach omits the boost PFC rectifier stage, i.e. the High-
Frequency (HF) interleaved bridge-legs and the corresponding boost
inductors, which reduces the system volume and the realization effort.
Consequently, the topology requires only an Electromagnetic Interfer-
ence (EMI) input filter, a diode-bridge, two VSIs stages implemented
using six-pack modules and small foil capacitors.

The operating principle and the corresponding closed-loop control
structure, to achieve PFC operation, DC-link voltage balancing, and av-
erage speed control are investigated in Chapter 3. The desired motor
voltage division strategy to achieve the voltage set points is described.
The detailed system analysis reveals that the motor voltage can be se-
lected independent of the grid voltage amplitude, in contrast to existing



1.5. Aims and Contributions

single-phase supplied dual-inverter concepts. The converter perfor-
mance is evaluated based on simple performance indices with respect
to the motor voltage. For the considered compressor application with
a wide input voltage range, a semiconductor loss reduction of at least
30 % can be obtained compared to a state-of-the-art approach, further
reducing the converter volume. Finally, the proper operation is verified
with a closed-loop circuit simulation.

WBG devices are widely employed for high-performance rectifier and
inverter systems [76], as they benefit from lower conduction and/or reduced
switching losses. Their performance improvements compared to Silicon-
based devices result primarily from enhanced material properties. Thus, next-
generation VSD systems replace Silicon (Si) Insulated Gate Bipolar Transistors
(IGBTs) by Silicon Carbide (SiC) Metal Oxide Semiconductor Field Effect
Transistors (MOSFETSs), to achieve higher efficiencies through reduced bridge-
leg losses and increased power densities through an order-of-magnitude
increase in switching frequency and reduction of the DC-link capacitance.

However, fast switching WBG devices feature excessive voltage slew
rates, potentially resulting in motor terminal surge voltages due to motor
cable reflections and/or unequal voltage distribution over the motor windings
which could lead to partial discharge phenomena and accelerated winding
insulation aging. Sine wave filters would allow to overcome this problem,
but the additional filter components and the required switching frequency
increase (needed for maximum power density) contradict the possible per-
formance gain. Instead, voltage slope limitation concepts, including gate
drive modifications and dv/d¢-limiting LC-filters, are analyzed and compared
theoretically in [77].

For motor-integrated inverter systems, which are capable of sustaining
higher voltage slope rates in the range of 10 V/ns to 15 V/ns, gate drive modi-
fications have been identified as the most promising solution. This concept
combines gate resistors with an external Miller capacitor across the bridge-
leg power semiconductors to slow down the voltage transient, with minimal
effect on the remaining switching transition. The detailed analysis and the
experimental results of this concept, which is utilized for the single inverter
realization in the first part of the thesis can be found in Appendix D. A
conventional VSD system employing a SiC MOSFET bridge-leg-based two-
level inverter system achieves a calculated semiconductor efficiency of 99.2 %
for a voltage slope limitation of 10 V/ns and 99.4 % for a limit of 15V /ns.
Accordingly, the concept represents a promising solution for future high-
performance motor-integrated WBG-based VSD systems.
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Single-Inverter Topology

This Chapter summarizes the most relevant findings in the context of re-
search on motor-integrated power-factor-corrected single-phase-supplied
drive systems without electrolytic capacitors, which are also published in:

» M. Haider, D. Bortis, G. Zulauf, J. W. Kolar, Y. Ono, “Novel Motor-
Kinetic-Energy-Based Power Pulsation Buffer Concept for Single-Phase-
Input Electrolytic-Capacitor-Less Motor-Integrated Inverter System,”
Electronics 2022, 11, 280.

Motivation

The elimination of the electrolytic capacitors, typically implemented to cope with the oc-
curring input power pulsation of the supplying single-phase grid, is essential to enable full

| motor integration in next-generation high-performance variable speed drive systems.
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Chapter 2. Single-Inverter Topology

Executive Summary

Motor integration of singe-phase-supplied Variable Speed Drives (VSDs)
is prevented by the significant volume, short lifetime and operating tem-
perature limit of the electrolytic capacitors required to buffer the pulsating
power grid. We eliminate the DC-link energy storage requirement by
using the kinetic energy of the motor as a buffer. The proposed concept is
called the Motor-Integrated Power Pulsation Buffer (MPPB), and we detail
a control technique and structure that meets the requirements for nominal
and faulted operation with a simple reconfiguration of existing controller
blocks. A 7.5kW, motor-integrated hardware demonstrator validates the
proposed MPPB concept and loss models for a scroll compressor drive
used in auxiliary railway applications. The MPPB drive with front-end
CISPR 11/ Class A Electromagnetic Interference (EMI) filter, Power Fac-
tor Correction (PFC) rectifier stage, output-side inverter stage and motor
achieves a power density of 0.91kW/L (15 W/in®). The grid-to-motor-shaft
efficiency exceeds 90 % for all loads over 5kW or 66 % of nominal load,
| and a worst-case loss penalty over a conventional system of only 17 %. |

2.1 Introduction

Mobility, transportation, and industrial systems are increasingly electric, from
the drivetrain to the auxiliaries, driven by improvements in battery perfor-
mance and lifetime, government and private mandates to reduce greenhouse
gas emissions, and an improved user experience. This electrification includes
the traction systems in electric vehicles, but the auxiliary systems must also
be electrified with power-dense, efficient, and reliable power conversion
stages under unique operating conditions and constraints. In particular, elec-
tromechanical systems — including pumps, compressors, and blowers — are
required on nearly every vehicle and require Variable Speed Drives (VSDs)
for efficient operation.

We consider an on-board compressor system for the air brakes of railway
vehicles, as shown in Fig. 2.1(a). This oil-free scroll compressor [39] — se-
lected for high pressure, low noise, and long maintenance intervals (see [40]
for a comparison of compressors) — is used to charge the pressure tank that
supplies the air brakes, pantograph, and other critical loads driven by air
pressure, necessitating ultra-high-reliability. As such, the compressor system
is supplied from a tertiary traction transformer winding during normal oper-
ation (“grid operation”), as is typical for auxiliary railway applications [41],
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Fig. 2.1: (a) Motor-integrated single-phase-supplied Variable Speed Drive (VSD)
system to drive the compressor of an air-brake system for railway vehicles. The system
can be supplied either from the tertiary winding (AC) of the traction transformer or
an on-board battery (DC-supplied operation). (b) Required converter input range,
including reduced power for DC-supplied operation.

Tab. 2.1: Key system specifications.

Air Flow Rate at Pressure

850 L/min, 0.83 MPa

Nominal Speed (ny) 3700 rpm

Nominal Mech. Power, Grid (Pyn) 7.5kW

Nominal Mech. Power, Batt. (Poppcn) 1.0kW

Nominal Grid Voltage (Vg N) 400 Vrms

Grid Voltage Range (Vg) 280 Vrms to 530 Vrms
Grid Frequency (fg) 50 Hz

Battery Voltage Range (Vg) 70 Vdc to 120 Vdc

EMI Standard (Input) CISPR 11/ Class A [46]
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Chapter 2. Single-Inverter Topology

and from an on-board battery during startup or extended grid interruptions,
with a reduced output power. The key specifications for this particular ap-
plication are given in Table 2.1. While, in this work, we are focused on the
single-phase to three-phase VSD power conversion system for this particular
application, the requirements for single-phase to three-phase variable-speed
conversion are quite general (e.g. a 10 kW, 230 Vrms, single-phase VSD in [50]
or a single-phase to three-phase VSD with Power Factor Correction (PFC)
operation in [51,52]).

With a VSD system required to increase compressor performance [43], the
application needs a power electronics system to convert the single-phase AC
— or DC, under battery operation — input voltage into a symmetrical three-
phase voltage system, where the magnitude and frequency can be adjusted
to control motor speed (and, accordingly, output power). A three-phase
Permanent Magnet Synchronous Motor (PMSM) is selected for high torque,
low weight, high efficiency, and compactness [44]. The VSD is designed for
9 kW output power (see Fig. 2.1(b)), to meet the required 7.5 kW of mechanical
output power (Table 2.1) while accounting for system losses and acceleration,
must comply with CISPR 11/ Class A [46], and must operate under unity
power factor operation to minimize harmonic distortion and reactive grid

power [45].

Conventionally, these power conversion systems are realized with a two-
stage system [49] comprising a front-end PFC rectifier, an electrolytic DC-link
capacitor to buffer the power pulsation from the single-phase grid supply,
and a VSD inverter to drive the motor and compressor [48]. For auxiliary
motor drive applications, though, efficiency is not the primary concern — due
to the low duty cycle of operation — and power density should be maximized
for the space- and weight-constrained mobility application. The highest
power density solution, in the end, is a motor-integrated drive system [53],
which eliminates expensive shielded cables [55] and cable reflections [78]
which allows for higher slew rates of the inverter stage power semiconductor
switching voltage transitions and/or lower switching losses, exhibits better
Electromagnetic Interference (EMI) behavior [53] from integration in a single
housing, and allows for combined cooling of the electronics and motor [54].
Motor-integrated VSDs, in sum, result in lower installation and operating
costs, but require integration of all drive components — even the EMI input
filter [79]. The requirement for electrolytic capacitors as the single-phase
power buffer, though, prevents motor integration, with the elevated operat-
ing temperatures of the integrated converter (85 °C to 105 °C) [56] degrading
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2.1. Introduction

lifetime and/or requiring substantial overdimensioning of these large capaci-
tors [57,58,60].

For the highly-desired motor-integration of the converter system for
these single-phase to three-phase drive applications, then, alternatives to the
traditional two-stage approach with an electrolytic capacitor are required.
Solutions that synergetically employ components are considered first. Ultra-
low-cost implementations use the grid voltage effectively as one of the motor
line-to-line voltages, and employ four power MOSFETs and a triac [66] but
doesn’t allow a wider range speed control. For utilizing the motor star point
as one of the connecting points to the single-phase grid, the motor leak-
age inductance may be utilized as a boost inductor [67], but this results in
unacceptably-high voltage stresses (twice the grid peak voltage) for this ap-
plication, which already features a high grid input voltage. The same issue
occurs in a low-cost implementation that employs a front-end PFC rectifier
with only one bridge-leg and a split DC-link [68]. Coupled power electronics
(rectifier to inverter) approaches, like Z-source-based concepts [69] or matrix
converters [70,71], typically feature an (integrated) active buffer for power
decoupling [72,73], a basic requirement since the matrix converter doesn’t
include energy storage which drives complexity and high component stresses.
Current-source structures [74,75], in the end, only replace the boost inductor
with a DC-link inductor (since voltage-source inverters do not require an
output filter here) while requiring bidirectional switches, and therefore do
not improve the potential for integration. The synergetic approaches, then,
do not hold the promise of eliminating the large energy storage components
required to buffer the single-phase power pulsation — and if they do start to
alleviate the requirement, the penalties appear unacceptably high.

Accordingly, we propose to use the motor (and load) inertia as a power
buffer, eliminating the need for power buffering in the DC-link capacitors,
an approach called the Motor-Integrated Power Pulsation Buffer (MPPB)
and introduced in [80]. We utilize the conventional two-stage structure,
with a single-phase front-end PFC rectifier and a three-phase VSD inverter,
with the power flow shown for a conventional system and the MPPB system
shown in Fig. 2.2(a). Although particular rectifier and inverter topologies are
selected and demonstrated here, the findings are applicable to any specific
implementation of the rectifier and inverter.

The MPPB concept was previously proposed with the PFC rectifier omitted
and the inverter stage directly supplied from a single-phase-grid diode bridge
rectifier [81-83]. This concept results in a rectifier sine wave voltage at the
DC-link, so the input current is only sinusoidal if the motor voltage stays
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2.1. Introduction

below the rectified input voltage. This concept, then, is limited to motors
with a low back Electromotive Force (EMF) and/or applications where a large
speed variation is acceptable — but in both cases, unity power factor cannot
be achieved. In [84], a solution to this problem was proposed, where a reactive
current component is injected into the motor to keep the back EMF of the
motor below the input voltage. Here, the PFC rectifier can indeed be omitted,
but the small motor inductance leads to large motor currents and excessive
losses. With this constraint and the large fluctuating DC-link voltage, which
increases system complexity, applications for this approach are restricted to
drive systems with special low-voltage motors that do not operate at common
voltages.

In this work, a single-phase-supplied electrolytic-less VSD system with
dedicated rectifier and inverter stages that realizes high lifetime and reduced
volume for motor integration is designed, modelled, and implemented. In
Section 2.2, the rectifier and inverter topologies are selected, introduced,
and evaluated with the concept and control of the novel proposed MPPB
approach to eliminate electrolytic capacitors. In this Section, the operational
limits for the proposed approach are evaluated for different load cases. The
novel control concept for MPPB operation is derived and explained in detail,
with verification based on circuit simulation, and finally the phase currents
are investigated in detail to compare the performance of the novel MPPB
approach to a conventional system. Section 2.3 details the implementation
of the motor-integrated drive system with volume and loss distributions,
including showcasing the motor integration that is uniquely enabled by the
novel, proposed MPPB approach. Section 2.4 verifies the system operation
in the time domain for steady-state and transients, loss models across the
full torque range, and EMI requirements and compares the system losses
between MPPB and conventional systems. In Section 2.5, the extended func-
tionality required for the considered application is demonstrated, including
ridethrough and battery-supplied operation. The novel control structure can
also be employed for dc-supply operation with a single structure that sim-
plify the implementation and maintenance effort of the system. Section 2.6
concludes and summarizes the MPPB approach and results of the work, with
appendices that specifically investigate low-speed operation in the context of
the proposed approach (Appendix A), controller design and future enhance-
ments (Appendix B) to reduce the DC-link voltage ripple (including novel
feedforward terms), and the detailed phase currents under MPPB operation
(Appendix C).
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Chapter 2. Single-Inverter Topology

2.2 Topology Selection and Proposed MPPB
Concept and Control

2.2.1 Topology

Although the proposed MPPB concept is applicable to a broad range of in-
verter and rectifier topologies, we select a particular configuration for the
demonstration in this work to explain and, later, showcase the MPPB concept.
Conventional systems in these applications utilize a two-stage design with a
single-phase PFC rectifier, a large low- and high-frequency-decoupling DC-
link capacitor, and a three-phase VSD inverter. A similar two-stage topology
is desired here for a straightforward comparison and implementation of the
MPPB concept relative to the state-of-the-art.

A single-phase PFC rectifier can be implemented with multiple topologies,
components, and control scheme, and these options are reviewed exten-
sively in [85]. A unidirectional boost PFC rectifier with a diode bridge, boost
inductor, and transistor and diode pair is widely used for simplicity and low-
cost [86]; here, instead, we select a totem-pole PFC with an unfolder bridge-leg
(see Fig. 2.2(a)) to improve the performance by avoiding the diode conduction
losses [87]. While Zero-Voltage Switching (ZVS) triangular-current-mode
schemes could further reduce the semiconductor switching losses [88], a
simple Pulse-Width Modulation (PWM) scheme with constant switching fre-
quency is preferred for the simplicity of interleaving and operation across a
wide AC input voltage range (see Fig. 2.1(b)). Finally, with a DC-link voltage
above 750V (the peak voltage of the maximum grid voltage), 1200 V power
semiconductors must be used and we choose Silicon Carbide (SiC) Metal
Oxide Semiconductor Field Effect Transistors (MOSFETSs) over Silicon (Si)
Insulated Gate Bipolar Transistors (IGBTs) for the lower loss characteristics.

Similarly, we select a straightforward two-level, three-phase inverter
utilizing SiC MOSFETs and directly connected to the motor [89]. With SiC
MOSFETs and no output filter, a voltage slew rate limitation is required to
prevent motor isolation aging [9o], with options and tradeoffs for this slew
rate value and implementation highlighted in [77].

The resulting structure with the indicated power flow is shown in
Fig. 2.2(a), with the grid and rectifier input waveforms under conventional
operation shown in Fig. 2.2(b) and (c) (see [87] for a more detailed explana-
tion). This structure also supports the necessary DC-input operation, with
the battery terminals directly connected to x and y. In this mode, the PFC
rectifier operates as a conventional DC/DC boost converter.
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2.2.2 MPPB Concept

At the single-phase grid input, unity-power-factor operation dictates that
the drive system behaves as an ohmic load with a sinusoidal input current
ig(t) = I cos (27 fgt) in phase with the grid voltage vg(t) = Vg cos (2xfgt),
as shown in Fig. 2.2(b). The instantaneous input power, however, varies as:

pc(t) = vs(t) ic(t) = Py + pa(t), (2.1)

with Py = Vglg/2 (see Fig. 2.2(c)). A lossless system implies that
pc(t) = pprc(t) and pyp(t) = pinv(2) and an instantaneous power balance
results in:

pa(t) = pe(t) + pu(t). (2.2)

Thus, the twice-grid-frequency pulsation pg(t) = Py cos (27 fpt) with
fp = 2f is then forwarded to the DC-link capacitor Cpc, under conventional
operation, or, under the proposed MPPB approach, through the DC-link and
the inverter to the motor.

Conventional Operation with Electrolytic Capacitor

First, we outline the system operation with conventional approach, utilizing
a large electrolytic capacitor at the DC-link. The waveforms are shown in
Fig. 2.2(i) for each stage.

Under constant speed w(t) = @ and constant torque t\(¢) = Tp, operation,
the motor power is constant (pp(t) = w(t) tp(t) = pinv(t) = Po), as shown
in Fig. 2.2(e.i). With this constant power Py and the twice-line-frequency
power pulsation, from the grid input, a large intermediate DC-link capacitor
Cpc is used to cover for the active power mismatch between the two stages,
where the instantaneous capacitor power is:

pe(t) = pe(t) — pu(t) = pc(t) = Py cos (27 fpt) (2.3)

and the average capacitor power is zero, Pc = pc(t) = 0 W, as it must be for
periodic steady-state (see Fig. 2.2(d.i)).

With a nearly-constant DC-link voltage upc (t) = dpc and under the power
balance of the capacitor pc(t) = upc(t) ic(), the capacitor current must
have an approximately sinusoidal waveform ic ~ pg(t)/0pc with amplitude
Ic ~ Py/opc. This capacitor current causes a voltage ripple with amplitude
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Avpc, which is typically limited to a certain percentage of the DC-link volt-
age upc to provide a nearly-constant voltage (as previously assumed) to the
inverter. The required capacitance value Cpc is:

Py 1
27‘[ﬁ> OpcAvpc ’

Cpe = (2.4)
and, for this application, a value in the mF range is required. This large
capacitance value is, therefore, typically realized with electrolytic capacitors.
The capacitor current, in addition to causing the voltage ripple, also results in
a low-frequency Root Mean Square (RMS) current stress of the capacitor of
Ierpms = I/ N2 = Py/opc 1/V2.

For the nominal operating point of f = 50 Hz, opc = 650 V (see Table 2.3),
Py = 8kW and a selected Avpc = 20V (see Fig. 2.2(d.i)), the required capaci-
tance is Cpc = 0.98 mF with a current stress of Ic Lpyms = 8.7 A. This DC-link
capacitance can be realized with four 1 mF capacitors B43742A6108Mooo [91]
(rated for 500V and 4.9 A at 105°C), which are connected in a 2 x 2 array.
This DC-link capacitor alone corresponds to a box volume of 11 (61in®) and
6 W of losses before including the PFC and VSD high-frequency currents.
We see, then, that the large — and required — electrolytic DC-link capacitor
is a major limitation for power density, motor-integration, and converter
lifetime [58, 60].

To overcome these limitations, alternate capacitor-based Power Pulsation
Buffer (PPB) buffer concepts have been proposed in the literature [61]. These
circuits all contain an active switching stage and a buffer capacitor stage
(often separate, in series or in parallel, from the existing DC-link capacitor
[62—65]) with a capacitor cycled with a large voltage ripple Avc. With a larger
voltage ripple, the required capacitance value is much smaller (according to
Eqn. (2.4)) and enables foil- or ceramic-based capacitor implementations,
but the additional active switching stages incur significant realization effort,
complexity, and cost for the overall drive system.

Motor Power Pulsation Buffer (MPPB) Concept

Rather than adding complexity to the drive system’s electronics, the pul-
sating power component pg can be removed from the converter system
by enforcing pc(t) = 0 W, rather than only enforcing the periodic steady-
state condition pc(t) = 0 W. This condition is shown in Fig. 2.2(d.ii). With
this constraint and the power balance of Eqn. (2.2), the only possible
result is to forward to complete input power through the DC-link and
the inverter to the motor [80]. The motor, then, is no longer operated
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with a constant output power, but with the pulsating grid power itself as
pu(t) = (1) tu(t) = pe = Po [1+ cos (2 fpt)].

Due to the motor inertia Jy; (and any additional load inertia), the speed w
changes slowly (w(t) =~ @), resulting in a pulsating torque t\(t) = pc(t)/® at
twice the grid frequency (Fig. 2.2(e.ii)). When the instantaneous input power
is larger than the average power, positive torque is applied to the inertia and
the rotating mass is accelerated (speed increases), with the excessive power
stored as an increase in kinetic energy exy = Ju@?/2. In the other part of the
mains period, when the input power drops below the average power, negative
torque is applied and the rotating mass is decelerated. This causes a pulsating
rotational speed w(t) with an average @, analogous to the DC-link voltage in
the conventional system, where the amplitude of the speed ripple Aw is (and
recalling Py = @7y, where Tj, is the load torque):

1 p 1L ()
o= 27Tfp O Jm 27Tfp M ' 5

This concept buffers the pulsating power in the inertia of the motor,
an approach we call Motor-Integrated Power Pulsation Buffer. The basic
operation is similar to the working principle of conventional single-phase
motors [92, 93], although with the VSD capabilities required here and for
most modern motors.

Another way to conceive of the approach, then, is that the motor acts as
both a drive and a flywheel, which are used independently for peak power
reduction in traction systems [94, 95], peak power supply within railway
grids [96], smoothing of the output power of renewable power sources like
wind power [97], or within dynamic voltage restorers [98]. Because low-
speed motors have a large moment of inertia Jy; and high-speed motors have
high rotational speeds w, the stored kinetic energy of the mechanical system
is typically orders-of-magnitude larger than the required energy to buffer
the electric power pulsation at the input, leading to a very small variation
in the rotational speed w around its average value & (for Jy according to
Table 2.2, Aw = 7.3rad/s = 70 rpm or 1.9 %). Analogous to capacitor current,
though — although here with a DC offset of the average torque — the MPPB
concept results in a large twice-line-frequency variation in the mechanical
torque between zero and twice the average torque value. The MPPB concept
offers a fundamental simplicity with the potential to significantly reduce or,
theoretically, even eliminate the DC-link capacitor as energy storage.

In Eqn. (2.5), we observe a linear relationship between the speed ripple
amplitude Aw and the load torque Ty, and we need to investigate the validity of
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the MPPB concept across the complete range of motor speeds. Under variable
speed operation, the load torque may also depend on the current speed
based on the load torque-speed-characteristic. We define this relationship
around the nominal load torque T; x at a nominal average speed wy, with
an exponential dependence between torque and speed as T, = Ty, n (©/ on)k.
The speed ripple under MPPB operation can then be defined as:

1 TL,N K
WX — ©
Zirﬁ) ]MQ)N

(2.6)

For k > 1, which includes fans, blowers, or centrifugal pumps (k = 2), the
load torque and speed ripple grow faster than the average speed (Aw o« &?),
so the worst-case ripple in both absolute and relative terms occurs at the
nominal speed and nominal torque operating point. For k = 1, the ripple
amplitude scales linearly with speed (Aw o @) resulting in a constant relative
ripple. It is important to point out that in both cases, i.e. for k > 1, the speed
ripple will be much less than the average speed (Aw << &) at all operating
points — including speeds close to zero — if the condition is met at the nominal
operating point, and we can define the time-varying speed as w(t) ~ @.

For applications where 0 < k < 1, however, the absolute speed ripple
grows slower than the average speed (Aw o &*). This may occur for a
constant torque load Tj, (the k = 0 condition), of which an application could
be a compressor with constant back pressure [99] — the use case considered
in this work. In this case, the absolute speed ripple amplitude is in a first
approximation (see Eqn. (2.6)) independent of the speed and constant. This
condition results in a lower limit on the average speed, since an instantaneous
negative speed needs to be prevented for MPPB operation (to avoid a transfer
of energy from the motor to the DC-link). To a first approximation, this
implies a lower absolute speed limit of @ — Aw = Orad/s and a lower speed
limit for continuous operation of @i, ~ Aw (this limit does not apply to
transient operation). In the vicinity of @y, however, the approximation
w(t) = @ is no longer valid. Therefore, this lower speed limit is investigated
in detail in Appendix A.

2.2.3 Control

Relative to the conventional control technique for a two-stage system, the
MPPB control can be realized with identical high-frequency current control
and a modification of only the coupling in the top-level structure between
the PFC rectifier and the inverter. Therefore, we start by detailing the control
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structure of a conventional system and then highlight the needed modifica-
tions for the MPPB technique.

Conventional Control Overview

In conventional single-phase-supplied VSD systems, the PFC rectifier and
the inverter stage are decoupled from one another by the large intermediate
DC-link capacitor. The control structures are also mostly decoupled, as shown
in Fig. 2.3(a).

The PFC rectifier control provides a constant DC-link voltage while draw-
ing a sinusoidal current from the grid. Firstly, the power-pulsation-associated
voltage ripple in the measured signal is eliminated, either by a Moving-
Average Filter (MAF) [100] (shown here) or a conventional low-pass filter.
The output of this filter, the obtained average value dpc, is then compared
to the reference V. and the DC-link voltage control derives the average
capacitor power P, which can be taken as the average grid power P(, and
is then used to generate the input current reference i, for the grid current
controller [101]. This results in the duty-cycle for the boost stage dp and the
corresponding switching state of the unfolder leg Syn.

The task of the inverter control is to track the speed reference w*, a target
that is typically accomplished with a control structure in the dq-coordinate
system [102]. The speed control results in the reference motor torque T;;,
or as shown here, in the reference motor power P;,[ = w*T;‘A. Considering a
rotor field-oriented control in a rotating dq-reference frame [103] this request
can be translated to the torque generating current IK/{q by the torque constant
kr or, based on the power balance Py, = 3VpIK/Iq /2, where V5 is the induced
voltage (assumed proportional to the reference speed and aligned with the
g-axis) and the dq-quantities correspond to the phase amplitudes. The motor
current control, in the end, determines the duty cycles d,, d, and d. of the
inverter switching stages.

In the conventional approach, the DC-link capacitor compensates the
difference of the instantaneous grid power pg(t) and motor power Py, so
only the average power of the grid Pg and the inverter Py; have to be equal.
To achieve this, the conventional control structure typically employs a feed-
forward of the average motor power Py, where the inverter stage directly
informs the rectifier stage about the needed output power (Fig. 2.3(a)) and
thus improves the control performance of the PFC rectifier. For PFC opera-
tion, P is not allowed to vary within a grid period T, which requires a slow
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Fig. 2.3: Simplified control structure of (a) a conventional implementation of a single-
phase-supplied VSD with an electrolytic capacitor and (b) the proposed MPPB concept
without an electrolytic capacitor. Feedforward signals improve the control quality and
are highlighted in green, with characteristic waveforms over one grid period shown

adjacent to the relevant control signals.
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DC-link voltage control and a bandwidth limited feedforward (or could be
achieved with an additional low-pass filter, which is not shown here).

MPPB Control Overview

For the proposed MPPB control structure, the average grid power Pg must
still match the average motor power Py, as Pg = Py = Py. Here, though, the
power pulsation is buffered by the motor inertia, causing a (small) speed
ripple that should be eliminated in the signal measurement, as the DC-link
voltage ripple was in the conventional control scheme.

The speed controller, then — which drives the required average motor
power Py, from the difference between the reference speed »* and average
speed & — defines the grid power Py, = P§, and, therefore, the grid current
ii, (see Fig. 2.3(b)). Again, P}, must be bandwidth limited (here, slow speed
control) to prevent a distortion of the grid current.

The instantaneous input power p(, = vgij is derived and feedforwarded
to the motor control, resulting in the time-varying q-current i;‘/lq that causes
the torque pulsation. Here, though, a stable DC-link voltage vpc must be
ensured, and the DC-link voltage control block achieves this by deriving
the instantaneous reference power p{. from the reference value Vj. and the
unfiltered measurement upc.

According to the power balance Eqn. (2.2), this quantity is then subtracted
for the instantaneous motor power request:

(1) = pG (1) = pe(t). (2.7)

We see the elegance of the MPPB approach, then, which utilizes identical
control blocks connected in a different configuration. The MPPB control,
then, can be implemented with only software modifications and could even
be retrofitted into existing deployments.

MPPB Control Details

In the proposed approach, the primary challenge is that the speed control
defines the average grid power but the inverter must ensure that the in-
stantaneous input power is forwarded to the motor — otherwise, with a
small DC-link capacitance, the difference could charge the DC-link capacitor
rapidly and lead to catastrophic failures. To address this critical challenge
and highlight the other details of the MPPB control technique, the simplified
control structure of Fig. 2.3(b) is extended and shown together with the
power topology in Fig. 2.4.
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To achieve high quality for both power and current alongside a high
dynamic control at the output, the control structures are realized in a cascaded
fashion. The outer loops for speed and DC-link voltage control provide the
current setpoints for the grid and motor current control inner loops, with the
motor current control implemented in the dq-coordinate system [102] using
the mechanical rotor angle ¢ [103] provided by the encoder of the PMSM.

This encoder angle is also used to derive the instantaneous speed w,
shown at the bottom of Fig. 2.4, which is then filtered by a MAF [100] with
Tvar = Tp = T /2 to eliminate the speed ripple in the measured signal. Inside
the speed control block, @ is compared to the reference w* and the speed
controller Rw derives the reference average motor torque Ty, which results
in the reference average motor power Py, = Ty;w" and the average grid power
as P, = Py,

The grid current controller requires the grid current reference as an input,
which is translated from P, using the power balance of the grid fg =2P;/ 7
This result is then limited to a maximum current amplitude meaX, which is
the minimum of (a) the maximum rectifier input current and (b) the cur-
rent amplitude that corresponds to the power the inverter can deliver to
the motor (the sum of the instantaneous mechanical output power and the
system losses). The instantaneous grid current request, then, results from
ii, = vag/ Vg and equals the inductor current as if = i¢,. The grid current con-
troller RiL. compares the requested current to the measured inductor current,
adds the resulting boost inductor voltage v], to the measured terminal voltage
vG, and translates this sum to the boost duty-cycle dp and the switching state
of the unfolder Syy. For interleaved boost bridge-legs, an additional balancer
control unit would need to be included [104].

The power feedforward term p¢, = vgig, to the motor current control block,
subsequently, is derived from the measured terminal voltage vg and the
reference grid current if,. This feedforward term significantly reduces the
control effort of the DC-link voltage controller, where the capacitor power
request p(. is derived from the DC-link voltage reference VjJ . and the measured
and unfiltered DC-link voltage upc. The reference motor power py;, the input
to the motor current controller, results then from Eqn. (2.7).

The motor current controller, here, avoids field weakening [105] for
simplicity, and therefore iy , = 0 A is selected and the produced torque is
only proportional to the q-current iq. The motor power balance results in
Py = 303qi1’(4q/2 as iy, = 0A, with v;q ~ Vp = p¥pmw™ as the induced voltage

that is dependent on the speed, the number of pole pairs p, and the permanent
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Chapter 2. Single-Inverter Topology

magnet flux ¥Ypy (or, more conventionally, the product of the latter two, the
motor constant ky = Vp/w* = pWpp).

Inside the motor current controller, the current setpoints i;,l 4=0A and
if\k/[q are compared to the instantaneous current values iyg and iyyg, which are
derived from the phase current measurements by the Park transform. The
current controllers Rid and Riq then derive the reference motor inner inductor
voltages vy ; and oy, which are translated to the inverter duty cycles da, dy and
d, after including the motor voltage feedforward Vp and the decoupling terms
Upd = —prqu/[q and upq = @pLaiy,; (Which depend on the reference currents
and the motor inductances Lq and Lq) for the required motor voltages upmgq
and v)yq. The motor current control supports the inclusion of an additional
Common-Mode (CM) voltage component for overmodulation [106], if desired.

Simulation Results

With the concept and the detailed control structure for the proposed MPPB
concept each outlined, we move to verify the approach through simulation
for the nominal operating point of Table 2.3. We use the circuit parameters
of Table 2.2, highlighting especially that we need only 60 pF of DC-link
capacitance for an 8 kW system. The controller design for the simulation (and
later, for the implementation) is described in further detail in the Appendix B.

The corresponding waveforms at a mechanical output power of 7.5 kW
and 3700 rpm are shown in Fig. 2.5, where we see the grid current ig in phase
with the grid voltage ug for unity-power-factor operation and the product of
the grid current and grid voltage resulting in pulsating input power, translated
to a torque pulsation. The torque ty pulsates, as expected, around the average
of T, =19.4Nm. When t\(t) > T, the motor speed increases, and when
tm(t) < T, the motor speed decreases, resulting here in a symmetric speed
ripple amplitude of An = +61rpm around the average of 3700 rpm. The DC-
link voltage contains a low-frequency peak-to-peak ripple of around 34 Vpkpk,
a direct consequence of the limited control bandwidth of the DC-link voltage
control and a limitation that can be addressed through the improvements
discussed in Appendix B. Overall, the simulation results verify the correct
and expected operation and we move to evaluate the performance of the
MPPB-operated system.

2.2.4 Performance Evaluation

Aside from the significant reduction in required DC-link capacitance, the
MPPB concept has no effect on the performance of the PFC rectifier or on the
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Fig. 2.5: Simulated waveforms of the grid voltage vg, grid current ig, motor torque tyy,
rotational speed n, and DC-link voltage vpc during steady-state, nominal operation,
verifying the proposed MPPB concept and control structure.
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performance of the EMI filter. We, therefore, analyze the effect of the proposed
concept on only the motor and the inverter, starting with the time-domain
impact and moving to an analysis of losses.

Time-Domain Waveforms

Under conventional operation, the magnitude of the q-current is given by
Ino = 2Py /(3Vp) and thus ipg(t) = 0 A and ipq(t) = Ivo. The phase currents
are derived using the inverse Park transform [103] with ¢ = p@t + ¢):

iMa cos (&) —sin (&) ;
iMb | =| cos(e—2) —sin(e— 2 Md (2.8)
iMc cos (e + %) —sin (e + 2E) M

This results in three purely sinusoidal and symmetrical phase currents, each
with the peak value Iy, as shown in Fig. 2.6(a). These phase currents are
evaluated — and later, compared to the same values under MPPB operation —
by the absolute average current Ippoavg, the RMS value Ipnorms, and the peak
current Ippopk as (with T the minimum period of the signal):

1 T 2
IpHoavg = T lima(7)|dT = —Imo (2.9)
0 v
s =7 L (odr= L (2.10)
PHO = - 1 T)at = —1IMo 2.10
rms T 0 Ma ﬁ
Ipropk = max ipa(t) = Ivo- (2.11)

To analyze the proposed MPPB operation, we assume constant
speed (with w(t) =~ @), which results in a constant induced voltage
Vp = kvw ~ ky®, and the instantaneous g-current is ing () = 2pm(2)/(3Vp).
Using pm(t) = Py [1+ cos (2nfpt)], we get the g-current proportional rela-
tionship to the instantaneous torque:

iMq(t) = Ivo [1+ cos (2 fpt)] oc (1), (2.12)

where the magnitude Iy is the same as under conventional operation.
Because the g-current is now, under MPPB operation, pulsating at twice-

line-frequency, the phase currents iya, iMp and iy into the motor are no

longer purely sinusoidal. These phase currents are found by applying the
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Fig. 2.6: Phase currents ipa, ipmp, and iy and the enveloping currents +iyyq for the
(a) conventional and (b) MPPB operation for fp = 100 Hz and p&o/(27) = 120 Hz. (c)
Spectral decomposition of the first phase current iy, under MPPB operation.
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inverse Park transform to the q-current, and are shown in Fig. 2.6(b) for
fo =100Hz and po = 27120 Hz. The phase current, more precisely, is then
iMa = —iMmq Sin (pot + &), or:

iMa(t) = —Ivio sin (pidt + &) (2.13)
- IMTO [sin (pot + 2 fot + &) + sin (podt — 27 fpt + &)] -

In addition to the fundamental p& frequency, the phase currents now contain
two additional harmonic components at the frequencies |p® + 27 fp| and
|p& — 27 fp| with amplitude Iy /2, as shown with the spectral decomposition
of the phase current for phase a in Fig. 2.6(c). For certain frequency ratios,
we note that these individual sines may collapse into a single frequency,
become DC-components, or even result in standing waves and an asymmetric
phase stress. The precise effect of different frequency ratios is discussed in
Appendix C, where we find that such effects occur only in the vicinity of
certain speed values @, which are all below or equal to the angular pulsation
frequency wp = 27 fp, and we proceed under the assumption |po| > wp for
the remaining analysis here.

We find that only the sinusoidal with frequency p& is phase-aligned with
the induced voltage of the corresponding phase, and therefore only this com-
ponent generates average torque to drive the load. Because this component
is not influenced by the pulsating q-current, there is, as expected, no degra-
dation in the mechanical average torque — but the additional components
do increase current stress in the inverter and motor. The RMS current stress
is calculated by a superposition of the purely-sinusoidal waveforms, with a
\/m factor increase in RMS current. The average current remains unchanged
while the peak current doubles as a result of the pulsating q-current. This
large increase in peak current has a limited effect on the iron in the motor,
since motors are typically designed in the thermal (rather than the saturation)
limit and the flux is primarily defined by the permanent magnet ¥py. The
key current equations are summarized below and the relative increase of each
current are shown in Fig. 2.7(a).

1 T 2
IpHavg = T lima(T)|dT = ;IMO (2.14)
0

1 [T 1 [3
IPHrms = T‘/O iiAa(T)dT = %\/;IMO (2-15)
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Ipppk = Max iy, (t) = 21vo. (2.16)

With the key current ratios defined, we move to analyze the relative
inverter and motor losses between conventional and MPPB operation.

Motor Loss Analysis

The motor losses Pyy include both speed-dependent no-load losses Pypy and
load-dependent conduction losses Pypnicond = 3RSI§HrmS, with Ry as the stator
winding resistance. The motor losses under conventional operation Py and

under the proposed MPPB operation Py are:

3

Pynmo = Pynnr + ERSIZ%/[O (2.17)
9

Pym = Pyninl + ZRSIK/IO, (2.18)

where the MPPB operation incurs a 50% loss increase in conduction losses
due to the increase in RMS current. If we assume an equal loss distribution
between the no-load losses and the load-dependent conduction losses at the
nominal operation point, which is typically close to an optimum design, MPPB
operation incurs a motor loss penalty of only 25 %. This loss ratio, along with
the inverter loss ratios of the next Section, is shown in Fig. 2.7(b).

Inverter Loss Analysis

The inverter semiconductor losses Py; comprise conduction Pyyconq and switch-
ing losses Pyisw. The conduction losses are, most generally, written as
Pyicond = 3ViIpHavg + 3R0n[1§Hrms’ where V; is the on-state voltage drop and
Ron is the (differential) on-resistance. The switching losses are written with
a quadratic loss function egy (i) = ko + kyi + k;i? [88, 108], which leads to
Pyisw = 3fisw (ko + kilptavg + koI5, ) with the inverter switching frequency
fisw- A quick review of these equations shows that the MPPB concept would
only affect the ohmic part of the conduction losses and the quadratic part of
the switching losses, both with an increase of 50 %, through the increase in
RMS current.

If the semiconductors are implemented as IGBTs, conduction losses are
given — to a first approximation — by the on-state voltage drop and the
switching losses can be approximated by the linear part alone. For an IGBT-
implemented inverter, then, the inverter losses are identical between conven-
tional (Pyyoight) and MPPB operation (Pyright):
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Fig. 2.7: Comparison of (a) loss-characteristic currents and (b) losses under conven-
tional and MPPB operation at the nominal operating point. Loss penalty of the MPPB
is evaluated for three inverter realizations: IGBT-based (Pyrigpt), MOSFET-based with
external Miller capacitors to limit the dopg/dt of the switching transitions (Pyyset ;).
and MOSFET-based with explicit LC output filter stage designed for dv/d¢-limitation
of the voltage applied to the motor terminals [107] or full sine-wave output voltage

shaping (Pyrfet,i)-
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6 2
Pyroight = ;VfIMO + 3 fisw ;kIIMO = Pyiight- (2.19)

IGBTs, however, suffer from high overall losses [109], and inverters with
SiC MOSFET-based bridge legs and a dups/dt limitation should be considered
too.

For a SiC MOSFET-based bridge-leg and external Miller capacitors to limit
the voltage slew rate, the conduction losses can be considered ohmic and the
switching losses are described well by the constant and linear part as shown
in Appendix D, for inverter losses under conventional (Pyyofet;) and MPPB
operation (Pyifet ;) as:

3 2
Pyroferi = ERonIf/[o + 3 fisw (ko + ;kIIMO) (2.20)

9 2
Pytfei = ZRonII%AO + 3 fisw (ko + ;kIIMO) . (2.21)

The motor acts as a resistive-inductive load with a reactive power demand,
and therefore requires a current commutation path for the freewheeling cur-
rent. The high voltage drop of the body diode of the utilized SiC MOSFETs is
typically overcome with an anti-parallel SiC Schottky diode, but the MOSFET
itself can also be utilized as a synchronous rectifier. In this case, the freewheel-
ing diode only conducts during the dead time, and the additional losses from
the body diode conduction can be neglected (this assumption is extensively
analyzed in [110] and verified in Section 2.3). In this context, it should be
also mentioned that early high-voltage SiC MOSFETs were associated with
bipolar degradation on their intrinsic body diodes [111], but this problem has
been solved for state-of-the-art 1.2 kV devices [112].

We see that conduction losses increase by 50% under the proposed MPPB
operation. If we assume that each loss contribution (conduction, constant
switching losses, and current-dependent switching losses) is 1/3 of the overall
inverter losses, see Appendix D, at nominal operation, the inverter loss
penalty is around 17 % for MPPB operation with a SiC MOSFET-based bridge
leg and external Miller capacitors to limit the voltage slew rate.

Finally, we consider a realization with a hard switching SiC MOSFET-
based bridge-leg with LC output filter designed for dv/dt-limitation of the
voltage applied to the motor terminals [107] or full sine-wave output voltage
shaping. We first note that the doubling of the peak current will negatively
impact the performance of the filter inductor. Here, conduction losses remain
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ohmic and the switching losses contain all of the terms, for conventional
(Pyrofet i) and MPPB inverter losses (Pyyfetji) of:

3 2 1

Pyrofetii = ERonIf/m + 3 fisw (ko + ;kIIMO + Eszf/m) (2.22)
9 ) 2 3, 12

PVIfet,ii = ZROHIMO + 3ﬁsw kO + ;kllMO + ZkZIMO . (2-23)

If we consider an equal loss contribution of all four loss components
(conduction losses and the three switching loss terms) at nominal operation,
MPPB operation carries a 25 % loss penalty over conventional operation for
the inverter, similar to the penalty in the motor.

A summary of these inverter loss penalties for different bridge-leg im-
plementations are shown Fig. 2.7(b), where we see that, although the MPPB
concept increases the conduction losses by 50%, the maximum total loss
penalty is 25 % — while realizing a potential volume reduction of up to 1L (or
61in3) by eliminating the DC-link electrolytic capacitors.

2.3 System Design and Implementation

With the power density improvements — and possibility of motor integration
— of the MPPB-operated system attractive, we move to design and implement
the system proposed of Fig. 2.2(a). This hardware demonstrator will allow
a direct comparison between conventional and MPPB systems on volume
and loss distributions. We focus on the motor-integrated converter system in
this Section, with brief guidelines for motor selection and PFC rectifier and
inverter designs.

2.3.1  Motor Selection and Characterization

With the output power Pyn = 7.5kW and speed requirements ny = 3700 rpm
leading to a torque specification of T N = 19.4 Nm, we select 1FT7-084 from
Siemens [113].

At nominal operation ny = 3700 rpm, the motor frequency with p =5 is
pown = 2 308 Hz, which is sufficiently above fp = 100 Hz to guarantee sym-
metric phase stresses in the motor and inverter (see Appendix C). The
motor inertia of Jyi = 4.5 mkgm? corresponds to a speed ripple amplitude,
using Eqn. (2.5), of Aw = 7.3rad/s = 70 rpm, or 1.9 % of the nominal speed.
The minimal achievable speed in stationary operation for constant torque
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Ti.(w) = TN is, according to Appendix A, @min = 5rad/s = 50rpm. The
torque constant is given with kt = T/Imo = 0.92Nm/A, and the given speed
constant ky, which relates the induced pole-wheel peak voltage Vp to the
speed n as ky = Vp/n = 67.8 mV/rpm, resulting in a nominal phase voltage
amplitude of Vpx = 250 Vpk. The nominal DC-link voltage can then be se-
lected as Vpcn = 650V, allowing boost PFC operation up to the nominal input
voltage of Vg n = 400 Vrms with a 15 % margin. For input voltages above nom-
inal, the DC-link voltage is linearly increased up to 800 V at Vgyax = 530 Vrms,
or a peak voltage of 750 Vpk.

The motor is measured to validate the datasheet and build a complete loss
model. The stator phase resistance is measured at R; = 0.2 Q at 40 °C (close to
ambient since the winding temperature does not significantly increase during
short-time operation and is also respected for the experimental analyses)
and the motor inductances are measured at Ly = Ly = 3.0 mH, both within
10 % of the datasheet values. The speed-dependent, no-load losses from iron
losses and friction [114] are measured with the motor driven mechanically
and the torque measured at nominal speed ny, resulting in a no-load torque
of Ty = 0.765 Nm and no-load losses of Pypnin = ONTyinl = 296 W.

At nominal speed, the motor current amplitude is Iyig = (Ty + Tyvm1) /KT,
which at nominal load is Iyon =21.9A. Under conventional oper-
ation, this RMS phase current is IpromsN = IMoN/ V2 =15.5Arms (cf.
Eqn. (2.10)) and under the proposed MPPB operation, the phase cur-
rent is IpHrmsN = \/§IM0,N/2 =19 Arms (cf. Eqn. (2.15)). With the no-
load losses summed with the conduction losses for the total motor losses

Pynm = Pyninl + PyMcond, Or:

T, + TMnl )2 (2 24)

9
Pym = onTyvinl + =R
VM = WN{Mnl 4 s( kr

We note that the no-load torque increases the motor losses Pyy twice —
once directly, through the Pypy term, and additionally by increasing the
motor current as Ty /kr and therefore increasing the conduction losses
PyMeond = 9RSII%/[0/4'

The MPPB-operated motor losses at the average torque are shown in
Fig. 2.8, with the nominal losses under MPPB operation of Pyyn = 517 W
compared to 443 W under conventional operation. This motor loss increase
is 16.7 %, less than the 25 % predicted in Fig. 2.7(b) since the no-load losses
comprise more than half of the total motor losses.
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Motor Losses Py (W)

Load Torque 7; (Nm)

Fig. 2.8: Characterized motor losses Py); under MPPB operation at load torque,
comprising speed-dependent no-load losses Pypi, and torque/current-dependent
conduction losses Pypicond-

2.3.2 Converter Design

The complete converter topology is shown in Fig. 2.9 with the components of
Table 2.2, and here we highlight the key pieces of the component selection.

Inverter Design

The inverter switching frequency must be outside the audible range (above
16 kHz [117]), but is determined more strictly by the control bandwidth. With
a pulsation frequency of fp = 100 Hz, we design the DC link-voltage-control
bandwidth 5x higher at 500 Hz, the motor-current-control bandwidth 5X
higher than that at 2500 Hz, and the inverter switching frequency 10X higher
at fisw = 25kHz. Due to EMI considerations [118], we select fisy, = 24 kHz.

1200 V power semiconductors are required to withstand a DC-link voltage
that will be as high as 800 V (plus low- and high-frequency voltage ripple),
and we employ SiC MOSFETs instead of IGBTs for high performance [109].
These MOSFETSs operate at high voltage slew rates, or dups/dt values, which
can lead to unequal distribution of the voltage across the motor windings
and partial discharge phenomena resulting in progressive aging of the motor
winding insulation [90,119]. Different solutions to this challenge are discussed
and compared in [77], with gate drive modifications preferred, cf. Appendix
D, for motor-integrated drives that support dupg/dt values as high as 15V /ns
(since there are no cable reflections to consider).

We select the optimal chip area for the inverter power semiconduc-
tors, all of which are implemented as next-generation 16 mQ SiC MOSFETs
(C3Moo16120K [115]). A gate driver with an output clamp variant is se-
lected [120] that drives the transistors at the maximum positive (Vg on = 15V)
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2.3. System Design and Implementation

and minimum negative (Vg o = —4 V) gate drive voltages for enhanced noise
immunity. A 15 Q gate resistor is added for turn-on and turn-off to stay below
do/dt = 15V /ns as investigated in Appendix D.

As previously mentioned, synchronous rectification is employed for the
MOSFETs within the inverter [110], with the body diode therefore only con-
ducting during the deadtime tp. Under the worst-case condition, where the
body diode conducts the full phase current within both dead time intervals of
a switching period, and with the diode forward voltage drop V¢ = 4.6V [115]
and the selected inverter deadtime of tp = 400 ns, the losses under nomi-
nal operation are Pygiode = 3 fisw2tD VilpHavg = 3.7 W (Where IpHayg is from
Eqn. (2.14)). These losses represent less then 5 % of the calculated inverter
losses Py; = 81.6 W and can be safely neglected.

DC-Link Capacitor Selection

The minimum DC-link capacitance is determined by the high-frequency-
voltage ripple caused by the PFC rectifier and the inverter [121]. Due to
disturbances and the limited control bandwidth of the DC-link voltage control,
though, we find a remaining low-frequency voltage ripple (see Fig. 2.5). This
ripple could be addressed with increased bandwidth, but, in the end, this would
require an increase in switching frequency and the corresponding increase
in switching losses eliminates this option. Instead, to keep the peak-to-peak
voltage ripple below 40 V, an increased DC-link capacitance of Cpc = 60 pF
is selected based on circuit simulations. This capacitance requirement is only
7.5 uF/kW.

The chosen capacitors must be rated for at least 800 V, eliminating both
ceramic X6S capacitors (which are only available up to 400V, and would
therefore requires hundreds of series-stacked capacitors) and CeraLink ca-
pacitors, where only small capacitance values are available. We select three
20 pF foil capacitors B3z776E9206Ko000 [122], resulting in a total volume of
only 0.13L (or 8 in®) — equal to just 13% of the required electrolytic capacitor
volume under conventional operation.

PFC Rectifier Design

Because the rectifier is not affected by the MPPB approach, we implement a
conventional PFC rectifier design [59] (even in [59], the electrolytic capacitors
comprise 25% of the overall converter volume!). This rectifier must be designed
to provide the maximum power across the entire input voltage range (see
Fig. 2.1(b)), with a maximum input current of 32 Arms (or 45 Apk).
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Chapter 2. Single-Inverter Topology

The unfolder is implemented with the lowest-possible Rpgo, device
C3Mo016120K [115], which results in a maximum of 19.6 W of conduction
losses at the voltage minimum and 9.6 W at nominal operation. To limit the
component stresses of the high-frequency bridge-leg, which is subject to
high-frequency switching losses, we select an interleaved design with three
branches. This supports an increase in effective switching frequency for the
same semiconductor losses [123], an improved loss distribution, and the reuse
of the design for future three-phase-supplied VSD systems. Each bridge-leg
is operated with a switching frequency of 48 kHz to keep the frequency mul-
tiple below the stricter EMI considerations at 150 kHz. The high-frequency
bridge-leg power semiconductors are again selected with the optimal chip
area and implemented with 32 mQ 4-pin devices (C3Mo032120K [116]) for
bridge-leg losses of Pyry, = 8.8 W at nominal operation.

The PFC rectifier inductor design is selected from the optimal front of a
Pareto optimization based on the guidelines of [124], and this selected induc-
tor is implemented with 4 stacked K4317Eo40 Kool-Mu cores with relative
permeability of 40 and 30 turns of flat wire (7 mm X 0.5 mm) (note that the per-
meability of KoolMu is current-dependent, and the inductance varies between
428 uH and 342 pH [125]). The inductor has a boxed volume of 100 cm® (33.6 x
41.5 x 72 mm) and Pygring = 9.5 W of expected losses at the nominal operating
point. The filter capacitor C; is subject to a current ripple at the interleaved
frequency of 144 kHz, with the first and second harmonic cancelled, and 4 pF
capacitance is selected with an implementation of four parallel X-rated 1 pF
capacitors.

EMI filter

This high-frequency bridge-leg interleaving also eliminates the 4 and 5
harmonic components, and the Differential-Mode (DM) EMI filter therefore
needs to be designed to meet CISPR 11/ Class A [46] at the DM noise of the
PFC rectifier at 288 kHz. With the design guidelines of [126], we find that
CISPR 11/ Class A can be met with C; = 1pF and Lpy = 4.7 pH.

The common-mode noise is typically defined by the parasitic capacitance
to earth, which is often dominated by the thermal-interface-material layer
between the power semiconductors and the grounded heatsink. Here, the
largest parasitic capacitance originates from the motor [127] at Ccpo = 1.9 nF.
The CM EMI filter, therefore, is designed for the inverter noise occurring at
the 7" harmonic of 168 kHz. Again, following the design of [126], we find
that Comy = Comz = 40nF, Loy = 1.2mH, and Loy, = 0.8 mH meets CISPR
11/ Class A at 168 kHz. Both CM inductors are evaluated at 168 kHz, and they
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2.3. System Design and Implementation

Tab. 2.3: Nominal Operating Point

Nominal Speed (ny) 3700 rpm
Nominal Mech. Power, Grid (Pon) 7.5kW
Nominal Grid Voltage (Vg N) 400 Vrms
Grid Frequency (fg) 50 Hz
DC-Link Voltage (Vpc) 650 Vdc

employ Lzo45-Vioz nanocrystalline cores [128] with 7 and 9 turns, respectively.
An additional CM choke on the motor side Lcyo — to damp high-frequency
CM currents inside the system and reduce the potential for radiated emissions
[129] — is implemented with six L2025-W380 [128] cores with one turn each
and provides a series impedance of 75 pH inductance and a damping resistance
0f 100 Q at 168 kHz.

2.3.3 Volume and Loss Distribution

These selected components are summarized in Table 2.2, resulting in the sys-
tem loss breakdown at the nominal operating point (Table 2.3) of Fig. 2.10(a).
We see that the rectifier (Pygr = 74.9 W) and inverter (Py; = 81.6 W) stages
comprise a nearly-equal contribution to the system losses, which are dom-
inated by the motor (Pyy = 534 W). Beyond the no-load and conduction
losses characterized in Fig. 2.8, the motor incurs an additional 16.6 W of
capacitive switching losses, where the parasitic motor capacitance is charged
and discharged with the PWM voltage impressed by the inverter bridge-legs.
The total drive system losses are Pyps = 703 W, corresponding to a system
efficiency at nominal operation of nps = 91.4 %.

The volume distribution of the system is shown in Fig. 2.10(b), where we
see a boxed volume of the complete drive system (incl. the motor) at 8.2L
(or 500 in®) resulting in a power density of 0.91kW/L (15 W/in®). The outer
motor dimensions are 205 mm X 105 mm X 105 mm, for a total boxed volume
of 4.9L (or 300in?) that is 60 % of the system. The converter, at 3.3L (or
200in%), accounts for the remaining 40 % of the system volume (including the
encoder). Without the MPPB concept, the electrolytic capacitor volume alone
would account for 1L (or 61in%), adding 30 % to the converter and 12 % to the
total system — and preventing integration due to the lifetime considerations
discussed previously.
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Pyps=T03W|169W (25%) 534W (75%)
A A
3P VRhb VRun P. VMcap
263 W 16.6 W
3P VRind 9.6W P VMnl P, ‘VMcond

Pygemi 296 W, 221W

10.6 W

Py
12W

28.4W

P. Visw P. VIcond
53.6 W 28W
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Converter System PMSM (1FT7-084)
(b)

Fig. 2.10: (a) Loss breakdown at the nominal operating point for the (i) inverter and
(ii) motor. (b) Volume distribution for the realized demonstrator.
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2.3.4 Detailed Motor Integration and Implementation

The motor integration must allow a retrofitting of an existing motor within
the same flange dimension, mandating an axial stator mount of the power
electronics system (options for motor integration are surveyed in [130]). The
implementation is shown in Fig. 2.11, with the 3-level stackup and construc-
tion detailed side-by-side.

Firstly, the end plate is replaced to provide an interface for the converter
system. The first level of the integrated drive system (Fig. 2.11(a)) contains the
EMI filter components, which are distributed around the encoder. Cables are
mounted to the corresponding side walls to connect to the grid CM inductors,
which are also connected to the filter Printed Circuit Board (PCB). The filter
PCB contains all of the remaining DM and CM filter components, and is
connected to earth and the motor housing. An earth- and housing-connected
copper plate (not shown) is installed between the EMI filter and the motor-
side CM inductor to provide shielding, and similarly, an aluminium plate is
installed between the first and second levels to (a) shield the filter from the
bridge-leg high-frequency noise and (b) provide mechanical stability.

The second converter level (Fig. 2.11(b)) contains all power components,
including the power semiconductor bridge-legs, the boost inductors, and the
DC-link capacitors. The bridge-legs are connected to the DC-link capacitors
through the power PCB and to the motor windings through the motor-side
CM inductor. Critically, we note here that the vast majority of the converter
losses are generated in this second level, resulting in the highest temperature,
and this is where the electrolytic capacitors would need to be placed to connect
to the DC-link — making a system with electrolytic capacitors infeasible.

The third level (Fig. 2.11(c)) contains the gate drive, measurement, control,
and logic circuitry on two separate PCBs, with the control unit on the top.
Converter losses are cooled via the surface — and the thermal resistance
(and insulation) can be improved through potting, if desired — with the large
thermal capacitance improving the thermal characteristics significantly, since
the system is not operated at full power for extended periods. The final
motor-integrated drive is shown in Fig. 2.12.

2.4 Hardware Demonstration Verification

To evaluate the motor-integrated hardware demonstrator of Fig. 2.12, we
evaluate the overall operation of the drive system across the continuously-
varying operating points, motor drive speeds, and torque fluctuation. Full
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2.4. Hardware Demonstration Verification

Fig. 2.12: Photograph of the complete motor-integrated, MPPB-operated, single-
phase-supplied, variable-speed-drive system of Fig. 2.1.

55



Chapter 2. Single-Inverter Topology

operation cannot be validated with a resistor-inductor (RL) load alone, and a
complete motor test bench is employed here (instead of driving the compressor
itself). This test bench comprises a motor bed, the Device-Under-Test (DUT), a
speed and torque sensor (TM310 with a maximum torque bandwidth of 5 kHz
from Magtrol [131]), and a load motor operated with a commercially-available
drive system from Siemens with a constant load torque [99]. The identical
setup was employed for the no-load measurements of Section 2.3. First,
the concept is validated with time-domain measurements and waveforms.
We then move to the loss model verification and EMI measurements before
validating the extended functionality (distorted grid voltage, ridethrough
operation, and battery-supply operation) in Section 2.5.

Note that, due to the limited availability of the optimal 16 mQ power
semiconductors specified in Table 2.2, all transistors are implemented as
32 mQ device (C3Mo032120K [116]) for the following measurements.

2.4.1 Time-Domain Waveforms and Operation

Firstly, the theoretical aspects of Section 2.2 are verified for the nominal
operating point, as described in Table 2.3. The measured waveforms are
shown in Fig. 2.13, where we observe the grid current (20.6 Arms) and voltage
in-phase for unity-power-factor operation (measured at 99.95 %) at 8.2 kW
input power, a steady DC-link voltage near the reference of 650V, and a
speed equal to the reference of 3700 rpm with a speed ripple so small that it
is not visible on this oscilloscope capture. The low-frequency ripple of the
DC-link voltage is investigated in depth in Appendix B and corresponds here
to 35 Vpkpk, nearly identical to the simulation results of 34 Vpkpk shown in
Fig. 2.5. The measured motor currents are shown in Fig. 2.14, corresponding
to a phase current stress of 18.5 Arms and, again, matching the theoretical
results in both behavior and predicted amplitude. Overall, the system behavior
is correct and expected, validating the MPPB approach and the predicted
operation.

2.4.2 Efficiency

With the foundational operation of the MPPB approach verified, we move
to verify the introduced loss model at nominal speed and DC-link voltage
across the required mechanical output power range. Grid power input is
measured with the Yokogawa WT3000 precision power analyzer and the me-
chanical quantities are measured with a speed and torque sensor. For all
calculations, the measured stator phase resistance of Ry = 0.2 Q is used, as
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T

Fig. 2.13: Measured waveforms under steady-state, nominal operation: grid voltage
(yellow), DC-link voltage (red), grid current (blue), and speed (1000 rpm/div, green).

2 R

Fig. 2.14: Measured three-phase motor current waveforms under steady-state, nominal

operation.
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Fig. 2.15: (a) Drive system losses across mechanical output power Py at nominal speed
3700 rpm with a DC-link voltage of 650 V. Measurements are indicated by bullets and
match the introduced loss models. (b) Converter, motor, and drive system efficiencies
for conventional operation (black) and MPPB operation (blue).
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the system is verified for the short-time operation needed for this particular
application. With the MPPB approach encompassing the complete system,
the difference in the measured input (grid) and mechanical output powers
are the drive system losses Pyps. These measured losses are shown across
load torque — and, accordingly, mechanical output power — as the bullet
points in Fig. 2.15(a). These measurements match the proposed loss model
nearly precisely, validating both the proposed power converter and motor
loss models under the proposed MPPB operation.

Next, we want to quantify the efficiency penalty associated with the
significant power density increase of the MPPB concept, and compare the
constructed MPPB system to a conventional system with an electrolytic
capacitor. The conventional system features lower phase current stresses,
leading to lower currents and lower conduction losses in the motor and
the inverter bridge-legs, but suffers from additional losses in the DC-link
electrolytic capacitors. At the nominal output power, the system losses
increase from 600 W for a grid-to-motor-shaft efficiency of 92.6 % in the
conventional system with an electrolytic capacitor to 703 W (91.4 %) with the
MPPB approach, for a loss increase of 103 W, or 17 %. This loss increase is the
maximum across the operating load area, both in absolute and relative terms,
with the load-dependent difference highlighted in blue in Fig. 2.15(a).

Fig. 2.15(b) shows the motor, converter, and drive system efficiencies for
conventional and MPPB operation over the output power range, where we find
that the converter efficiencies are nearly identical at around 98 %. The overall
efficiency is primarily limited by the motor itself, with the extra losses in
MPPB operation contributed mostly by the additional phase current stresses.
The MPPB system achieves a grid-to-motor-shaft efficiency above 90 % for all
loads above 5kW (66 % of the nominal load), a high and flat efficiency for the
exceptional power density of the motor-integrated, electrolytic-capacitor-less
MPPB-operated system.

2.4.3 Conducted EMI

Because the drive system was tested in full operation on the motor bed, all
measurements for conducted EMI are conducted according to CISPR 16 for
floor-standing equipment [132]. As discussed in the introduction and high-
lighted in Table 2.1, the conducted EMI of the drive system in the frequency
range of 150 kHz to 30 MHz must comply with the CISPR 11 / Class A QP
limit [46] (limits shown in Fig. 2.16).
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Fig. 2.16: Measured conducted maximum peak (PK) EMI noise emissions of the
prototype drive system (with motor and converter mounted separately for safety and
measurement), measured at a step size of 1%, 10 ms measurement time, and with a
bandwidth of 9 kHz for both phases x and y. Selected peaks (bullets) are measured
with the quasi-peak (QP) detector with 1s measurement time [46].

We scan both phases x and y of the drive system with a maximum peak
detector with a step size of 1%, a bandwidth of 9 kHz, and a measurement
time of 10 ms, and report the results in Fig. 2.16.

Compliance with CISPR 11/ Class A across the vast majority of the fre-
quency space is verified, with only certain frequencies above 15 MHz exceed-
ing the limit and the largest QP violation of 4.6 dB at 19.3 MHz in phase y.
Selected measurement points in this regime are verified with a CISPR 11 quasi-
peak detector (“QP”) with 1s measurement time. These peaks, however, are
only caused by the EMI test condition, where the converter and motor were
separated and connected with a cable for safety and measurement, and the
completed system will achieve CISPR 11/ Class A compliance across the full
considered frequency range.

2.4.4 Transient Response

To this point, steady-state operation has been assumed. Next, the transient
behaviour of the system is analyzed to verify the controller performance of
the MPPB approach. Fig. 2.17 shows the system behaviour for both a change
in the reference speed and a step change in the instantaneous load torque.
The system begins in steady-state operation at 3000 rpm and with a nom-
inal load torque of T x = 19.4 Nm, and there are steady-state speed, torque,
and DC-link voltage ripples, as previously discussed. At t = 1s, the reference
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Fig. 2.17: Dynamic response of the proposed control structure with a speed step at
t = 1s and a load torque step at t = 1.4 s. The reference speed n*, the speed n, the load
Tp, the motor torque fy1, the DC-link voltage vpc, and the DC-link voltage reference
V¢ are presented. For both steps, the system requires around 350 ms to return to
steady-state.

speed is increased linearly to n* = 3700 rpm over 20 ms, and the input power
and average motor power increase to ramp the motor speed to match this ref-
erence. The maximum applied instantaneous torque reaches 56 Nm, and this
transient causes a small disturbance in the DC-link voltage with a maximum
deviation of 40 V. This voltage disturbance decays after around 100 ms and
the speed reaches steady state after 350 ms.

At t = 1.4, the load torque decays instantaneously to 10 Nm, which is
approximately half of nominal torque. Again, the MPPB approach elegantly
controls the system, with a short speed increase to 4169 rpm. The motor
torque reaches steady state after 100 ms and the speed reaches steady state
after 350 ms. It should be noted that the DC-link voltage ripple will scale with
the motor torque, cf. Fig. 2.17.
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2.5 Extended Functionality

To this point, we have assumed the system operates with a purely-sinusoidal
grid input voltage, which is the nominal operating condition but not sufficient
to meet the complete set of application requirements. In this Section, we
validate drive system functionality under three abnormal conditions that are
required for the application — with a distorted grid voltage, with a voltage
sag on the grid, and with short- or long-term grid interruptions. These are
analyzed and verified in turn.

2.5.1 Operation with a Distorted Grid Voltage

Industrial voltage supplies — and especially railway grids — can be heavily
distorted [133,134], with a grid voltage better described with the addition of
a noise term vyojse as 0g = Vg sin (27 fG) + Unoise- Under these conditions, we
still must draw a sinusoidal input current to minimize the grid stress [135].
While the noise components could be eliminated with a low-pass filter, this
filter necessarily introduces an additional phase shift (o7, = Vo sin (275 + @)
that degrades the power factor away from unity. Therefore, we address
operation with a distorted grid voltage by reconstructing the fundamental of
the grid voltage v, around a Phase-Locked Loop (PLL) [136].

The PLL results in the input to the grid-current controller as
o, = VG* sin (27 f5), as shown in Fig. 2.18. While PLLs based on a three-phase
grid are simple to generate based on the orthogonal afi—voltage system, the
single-phase grid here requires an alternate approach. Instead, we use a
Second-Order Generalized Integrator (SOGI) to derive v, and vg from the
single-phase input voltage [137] based on the measured grid voltage vg as
the input. The SOGI outputs vy, v5 and vpy to the PLL block, which is used to
derive the grid frequency fpr1, — fed back as the second input of the SOGI in
a coupled system.

The PLL derives the phase angle § = 2xfst and, following
VG* = Upk, UE/VS = sin 0 = sin (27 fgt), we can reconstruct the grid voltage
oG, = VG* sin (27 fg + ). This v; is used for the grid current controller input
and is also used for the power feedforward term, as shown in Fig,. 2.18.

2.5.2 Operation under Grid Voltage Sag or Interruption

More specifically, the drive must operate correctly under two additional fault
conditions: voltage sags, where the input voltage falls below the specified
range, and grid interruption, where the grid provides no voltage for a period.
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Fig. 2.18: Details of the Grid Reconstruction Unit control structure to achieve sinu-
soidal input current without a phase shift, even with heavily-distorted grid input
voltages.

The exact conditions for each of these faults are discussed comprehensively
in [138].

Continued operation under fault conditions increases system reliability,
uptime, safety, and financial payback, and grid-tied industrial applications
often require ridethrough operation to minimize downtime (e.g. in general
converter systems [139,140] or for drives [141,142]). Under a fault, the system
must both (a) not trip, keeping the system operational, and (b) apply the full
requested torque, without significant delay, after the interruption or sag. We
analyze how this will affect the MPPB concept, where no significant electrical
or electrochemical energy storage is included.

Voltage Sag

The proposed MPPB system achieves the required operation under grid volt-
age sag by design, with:

> A large specified grid tolerance (of approximately +30 %, see Fig. 2.1(b))
to cover the majority of sag cases with full power operation, and
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» Even with the voltage outside of the specifications, the control structure
detailed in Fig. 2.18 will cover the voltage sag condition at reduced
power, with the grid current limiter freezing speed control once the
limit is reached. The control scheme guarantees rapid recovery, as
shown later.

Grid Interruption

Railway systems regularly experience short-term grid interruptions in the
range of several tens of milliseconds [143]. In conventional systems, these
interruptions are easily covered by the DC-link capacitance energy storage
— which is not present in the proposed MPPB approach, requiring a further
investigation of the operation under grid interruption.

During the grid interruption, there is no sinusoidal input voltage and no
power can be extracted from the grid. When the phase lock of the PLL is
lost, the PFC rectifier stops operating (all gates are turned-off) and an idle
power semiconductor state is entered, similar to the first state of startup. The
PFC operation flag switches from ONppc = 1 (normal operation) to ONpgc = 0,
and the grid power request drops from the motor power P§, = Py, to zero,
P, = 0W, as shown in Fig. 2.19(a) for ridethrough operation.

Without electrical (or other) energy storage within the system, the com-
pressor can no longer be driven, and the load torque of the compressor slows
the rotational speed of the motor (the compressor is supplied from the ki-
netic energy storage of the motor inertia). During this period, the speed
controller is frozen — all stored variables are continuously initialized with the
instantaneous values to prevent triggered step responses — but the inverter re-
mains turned-on (ONpy = 1) to maintain the DC-link voltage control, which
is now decoupled from the grid input (since the feedforward term is now
p;=0 W). The DC-link voltage control, then, continues to ensure that the
DC-link voltage is kept at the reference value; the DC-link is supplied again
by the motor inertia and the rotating mass decelerates more quickly (and
even more quickly if additional loads, like discharge resistors or logic supply
or fans, are connected to the DC-link).

At this point, with the decelerating motor supplying the DC-link to main-
tain the reference voltage, we distinguish between two cases — short-term
and long-term interruptions.

Short-term Interruption: If the grid returns while the system is still ro-
tating (and supplying the DC-link), only the PFC rectifier needs to be re-
synchronized, and the grid power can be ramped to stabilize the mechanical
speed of the motor. Because the DC-link voltage was maintained above the
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Fig. 2.19: Details of the control structure to implement startup or ridethrough opera-
tion for both (a) AC and (b) DC operation. Only the AC-referenced quantities change
for DC-supplied operation, with no change in control structure or values.
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Fig. 2.20: Measured system transient performance for ridethrough of a 100 ms grid
interruption at 3.4 kW mechanical output power: grid voltage (yellow), DC-link volt-
age (red), grid current (blue), and speed (2000 rpm/div, green).

voltage peak of the grid, no pre-charging state is required and the response
time is fast.

This performance is verified in Fig. 2.20, where a 100 ms interruption at a
power level of 3.4 kW results in a fast and stable recovery to the mechanical
speed request. When the grid is interrupted, we observe that PFC opera-
tion stops and the grid current goes to zero. The speed drops linearly with
dw/dt = T,/ Jm (under constant torque operation, which is the worst-case
condition). When the grid returned after 100 ms, the PFC synchronizes and
ramps up the motor power, and we observe a reduction in the rate of the speed
decay, which becomes zero at wT;, = Pg (the speed minimum). From there, the
control returns the motor to the desired steady-state speed, which we observe
without significant DC-link voltage oscillations — even with the elimination
of the DC-link energy storage capacitors provided by the MPPB approach.
The recovery time could be even further shortened with the addition of a
non-linear speed controller.

The survivable ridethrough time depends primarily on the speed before
the interruption, the total kinetic energy, and the instantaneous load torque
(or the pressure of the tank, see Fig. 2.1). If the motor stops rotating, the
battery supply starts, the final extended functionality case that we explore.

Long-Term Interruption and Battery Supply Operation: The system will
enter standstill if the motor speed decays to zero and the DC-link voltage can
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Fig. 2.21: Measured waveforms under under steady-state DC-supplied operation at
1.2 kW mechanical output power: grid voltage (yellow), DC-link voltage (red), grid
current (blue), and speed (500 rpm/div, green).

Fig. 2.22: Measured three-phase motor current waveforms under steady-state DC-
supplied operation at 1.2 kW mechanical output power.
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no longer be maintained (with no remaining kinetic energy). At this point,
the DC-link and inverter control are turned off and the systems returns to a
state similar to before initial startup.

The DC-link voltage controller is implemented with a hysteresis control
based on the ratio of the instantaneous and reference DC-link voltages, and
this supports the direct utilization of this concept for startup.

If the grid interruption is sustained, the switching network of Fig,. 2.1(a)
connects the battery supply instead of the grid, and the “DC-grid” is detected
by the grid detection and reconstruction unit (see Fig. 2.19(b)). The identical
control structure, with identical controller gains, is reused for DC-grid oper-
ation, with the grid-dependent variables in AC operation replaced by their
DC equivalents (see the replacements between Fig. 2.19(a) and Fig. 2.19(b)).
This implementation requires a single software code base for both operation
modes, simplifying implementation, testing, and maintenance. Of course, the
traditional approach, similar to Fig. 2.3(a), could also be followed for DC-
operation, but this would increase the software effort for design, validation,
maintenance, and operation, where the two modes of operation would need
to be actively switched during an extended grid voltage interruption. Because
this introduces further complexity to the system, the approach of Fig. 2.19 is
preferred.

DC-grid operation with a battery voltage of 100 V and a DC-link voltage
of 150 V is validated in Fig. 2.21 and Fig. 2.22, with sinusoidal motor currents
as shown in Fig. 2.6 at a mechanical power of 1.2 kW at 1000 rpm. DC-grid
operation and control is validated, and the MPPB system supports the required
operation under fault conditions — even without DC-link energy storage.

2.6 Summary

Motor integration of Variable Speed Drive (VSD) systems is desired for power
density, integration, cost, and reliability — but for single-phase-supplied
applications, is limited by the need to provide buffering energy storage on the
DC-link, which is typically accomplished with electrolytic capacitors. These
electrolytic capacitors occupy significant converter volume and cannot be
operated across a wide temperature range with high lifetime, preventing these
VSDs from motor integration for the next-generation of electrified mobility.

In this work, we propose to use the kinetic energy stored in the motor
inertia itself to buffer the pulsating power from the single-phase grid, trans-
lating DC-link voltage and current ripple to motor speed and torque ripple.
We deem this concept Motor-Integrated Power Pulsation Buffer (MPPB), and
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deeply analyze the control technique and structure required for nominal and
grid fault-condition operation. The control is realized by rearranging the
connections between the same top-level controllers — without changing the
core controllers themselves — supporting retrofitting and a simple software
change.

A hardware demonstrator is constructed to verify the proposed MPPB
concept for a single-phase-supplied railway application that drives a scroll
compressor for air brakes (and other loads that require high-reliability). The
7.5kW demonstrator realizes complete Permanent Magnet Synchronous Mo-
tor (PMSM) integration in a total volume of 8.2 L (or 500 in®) — and without
the DC-link capacitors that would occupy an additional 1L (or 61in®) and
prevent integration. The MPPB system achieves over 90 % grid-to-motor-shaft
efficiency for all loads over 5kW or 66 % of the nominal load, with a worst-
case loss penalty over a conventional electrolytic-capacitor-based system of
only 17 %. The demonstrator will achieve CISPR 11/ Class A compliance at full
integration and operates across the required suite of extended functionality,
including for ridethrough and sustained grid faults.

The proposed MPPB concept shifts the required grid-buffering energy
storage from an additional electrical element — large DC-link capacitors — to
the motor that is already required for mechanical drive, achieving otherwise-
unobtainable power densities and integration levels for single-phase-supplied
variable-speed electric drives.
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Dual-Inverter Topology

This Chapter summarizes the most relevant findings of research on elec-
trolytic capacitor-less dual inverter topologies for single-phase-supplied drive
systems, which are also published in:

» M. Haider, D. Bortis, S. Miri¢, J. W. Kolar, Y. Ono, “Dual-Inverter
Topology for Single-Phase Supplied Drive Systems without Electrolytic
Capacitor,” in Proc. of the IEEE International Conference on Electrical
Machines and Systems (ICEMS), Gyeongju, South Korea, Oct. 2021.

Motivation

Building on the Motor-Integrated Power Pulsation Buffer (MPPB) introduced previously, this
Chapter investigates the applicability of the MPPB for a dual-inverter structure to avoid the
boost stage, eliminate the boost-inductor and the high-frequency bridge-leg, of the system

| proposed in Chapter 2 achieving reduced volume, cost and complexity. |
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Executive Summar
— Y

Single-phase-supplied Variable Speed Drive (VSD) systems are widely
used in industrial applications and typically feature a two-stage design
with a Power Factor Correction (PFC) boost rectifier and a three-phase
Voltage Source Inverter (VSI). However, the electrolytic DC-link capacitor,
which is needed to cope with the twice grid frequency power pulsation,
and the required boost inductor are unfavourable in terms of reliability,
volume, cost, and complexity. Therefore, the proposed new concept is
based on a dual-inverter topology with a three-phase Open-End Winding
(OEW) motor, avoiding high-frequency inductors, and controls the system
such that the power pulsation is buffered in the inertia of the drivetrain.
Accordingly, the DC-link capacitance can be reduced drastically, enabling
an electrolytic capacitor-less system, featuring a higher power density and
an increased lifetime. This Chapter presents the operating principle and
the corresponding closed-loop control structure of the new approach and
demonstrates PFC operation, DC-link voltage balancing and average speed
control. Detailed analysis reveals that the motor voltage can be selected
independently of the grid peak voltage in contrast to existing concepts.
The converter performance is evaluated based on simple performance
indices with respect to the motor voltage. Utilizing the new concept in
the context of a 7.5 kW compressor application for railway brakes with
a wide input voltage range, a semiconductor loss reduction of 30 % can
be obtained compared to a state-of-the-art approach, further reducing
the converter volume. Finally, the proper operation is verified with a
| closed-loop circuit simulation.

3.1 Introduction

In industrial applications such as Variable Speed Drive (VSD) systems for
compressors, fans, blowers, or pumps in the lower kW range, electrical drive
systems are often supplied from the single-phase AC grid in order to keep the
grid interface simple [66]. Other application scenarios include higher power
levels in case only a single-phase supply is available [50], i.e. in AC sup-
plied railway systems [41, 45] or Single-Wire Earth Return (SWER) grids [144].
State-of-the-art VSD systems often employ three-phase Permanent Magnet
Synchronous Motors (PMSMs) due to their high torque, low weight, high effi-
ciency, and compactness [44]. Therefore, a power electronic system is required
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to convert the single-phase AC input voltage into a symmetrical three-phase
voltage system with adjustable amplitude and frequency to achieve variable
speed control. In addition, the system has to keep the input current pro-
portional to the input voltage (unity power factor operation) to minimize
harmonic distortion and reactive power in the grid.

Usually, all these requirements are fulfilled by a two-stage system with
a single-phase Power Factor Correction (PFC) rectifier and a three-phase
Voltage Source Inverter (VSI), which are decoupled by an intermediate DC-
link capacitor [51,52]. Different topologies can be employed for the PFC
rectifier [85] as well as the VSI [145]. However, the most common implemen-
tation features a unidirectional single-phase boost PFC rectifier, comprising a
diode bridge with a downstream boost converter and a conventional three-
phase two-level VSI [48].

The inherent power pulsation of the single-phase PFC rectifier with twice
the grid frequency is typically covered by a sufficiently large electrolytic DC-
link capacitor with a capacitance Cpc in the mF-range to keep the DC-link
voltage of the subsequent VSI quasi constant [49]. In summary, a state-of-
the-art single-phase-supplied drive system features a dedicated boost PFC
rectifier input stage employing a boost inductor, a high-frequency bridge-leg
and an electrolytic capacitor, which are all unfavourable in terms of reliability,
volume, cost, and complexity.

Therefore, in the literature [82,84,146-148] a vast number of single-phase-
supplied drive system concepts have been proposed, with the aim to avoid
the boost converter and to connect the three-phase VSI directly to the diode
bridge, which reduces the component count and eliminates the mentioned
drawbacks. In fact, such approaches are plain simple and allow low-cost
implementations, however, the input current becomes discontinuous, and
PFC operation can no longer be achieved, since in the vicinity of the grid
voltage zero-crossings the maximum achievable output voltage of the VSI,
i.e. about half of the grid voltage amplitude, drops below the induced mo-
tor voltage, which means that the motor and input current controllability
is lost. This becomes even more prominent with increasing induced motor
voltage at higher rotational speeds, as it further extends the zero-current
intervals and, in consequence, increases the current Total Harmonic Distor-
tion (THD) [81, 83].

In order to regain PFC operation and complete motor current controlla-
bility, in [44] a Single-Phase AC Dual-Inverter Topology in combination with
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an Open-End Winding (OEW) PMSM is proposed, where the second three-
phase inverter (VSI 2) employing a floating DC-link capacitor is connected
to the second winding ends, while the first winding ends are attached to
the first VSI (VSI 1) which is directly connected to the single-phase diode
bridge rectifier (cf. Fig. 3.1(a)). Due to the large motor inductances, typically
in the mH-range, the switching frequency can be chosen very low, i.e. in
the range of 2.5kHz...16 kHz, and thus, both VSIs can be implemented with
low-cost IGBT technology. Furthermore, the low switching frequency is not
only advantageous in terms of switching losses but also for the EMI-filter
requirement and the associated volume [118]. Control strategies aiming for
constant rotational speed and torque operation, i.e. constant mechanical
output power, are presented in [149,150]. Related characteristic waveforms
within one grid period are shown in Fig. 3.1(b-d.i). As can be noted, since on
the one hand, VSI 1 has to directly process the pulsating input power pg(t)
(composed of a twice grid frequency power pulsation pg(t) with magnitude
Py around an average input power Py) in order to achieve PFC operation,
and on the other hand, the motor is demanding a constant average output
power pum(t) = Py, the second inverter has to cope with the twice grid fre-
quency zero-mean pulsating power pcy (t) = pg(t). If active Power Pulsation
Buffer (PPB) concepts are disregarded [62—64, 151], this means that a large
electrolytic DC-link capacitor Cpcy for VSI 2 is required to keep upcz roughly
constant [150], which in turn again is a significant drawback concerning cost,
volume, and especially converter lifetime [57,58, 60].

In order to also eliminate the electrolytic capacitor in the Single-Phase AC
Dual-Inverter Topology, a novel control strategy is proposed in the following,
where the twice grid frequency power pulsation is buffered utilizing the
inertia of the motor and/or drivetrain, which in the literature is also known
as Motor-Integrated Power Pulsation Buffer (MPPB) [80]. As shown in Fig.
3.1(b-d.ii), in this case, a torque t); with a large torque ripple similar to single-
phase motors is occurring for the three-phase motor, while the resulting
speed ripple Aw is relatively small, i.e. typically within a few percent of rated
speed, which is a result of the comparably large system’s moment of inertia
Jrot. As a consequence, VSI 2 is only needed to apply enough voltage to the
motor in order to control the motor currents, thus the active power processed
by VSI 2 is zero, which means that the secondary DC-link capacitor Cpc, can
be small and remain floating, i.e. without electrical connection to other parts
of the system.

In order to obtain this control behaviour, however, an adaption of the
operating principle and voltage division strategy for both VSIs is needed, as
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investigated in Section 3.2. Afterwards, the control structure ensuring PFC
operation in combination with DC-link voltage balancing and average speed
control is derived in Section 3.3. Detailed analysis reveals that in contrast
to [149,150] the motor voltage can be selected independently of the peak grid
voltage, which introduces a further degree of freedom for the drive system
optimization. Section 3.4 illustrates this advantage for a 7.5 kW compressor
application with a wide input voltage range, where the achievable system
performance is evaluated and compared to the state-of-the-art. Finally, the
proper closed-loop system operation is verified for the considered application
by circuit simulations in Section 3.5. Section 3.6 summarizes the main
findings of the work and gives an outlook on future research.

3.2 Operating Principle and Motor Voltage Di-
vision Strategy

In the following, the operating principle and the corresponding characteristic
waveforms of the Single-Phase AC Dual-Inverter Topology with and without
electrolytic capacitor Cpc; are derived in order to highlight the advantages
of the proposed control strategy.

In general, in both cases, the questions arise (i) how the motor input volt-
age has to be divided between the two three-phase inverters VSI 1 and VSI 2,
and (ii) how the motor current has to be controlled such that PFC operation
is guaranteed. At the single-phase grid input, PFC operation means that the
drive system has to behave as an ohmic load with a sinusoidal input current
i(t) = I cos (27 fgt) in phase with the grid voltage v (t) = Vg cos (2xfst),
whereas the instantaneous input power

_ 203,(1) i
pc(t) = 0g(t) ic(t) = Po e Py + pg(t) (3.1)
G

is forwarded directly to the motor py(t) and/or the secondary DC-link ca-
pacitor pc(t). The instantaneous power balance is therefore given as

pc(t) = pm(t) + pea(2). (3-2)

Since the secondary DC-link is floating, i.e. has no connection to the
input, common-mode currents flowing through the VSIs and the motor are not
possible (cf. Fig. 3.1(a)), thus the capacitor C, can only be charged/discharged
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3.2. Operating Principle and Motor Voltage Division Strategy

by three-phase motor currents. Consequently, in order to simplify the system
analysis, all three-phase quantities are described by their corresponding
voltage and current space vectors U 915 Uy and iy in the rotor-oriented
dg-frame, i.e. iy,(¢) = ima(t) + jimq(£), Where the d-axis is aligned with the
flux of the permanent magnet. In addition, an ideal non-salient pole rotor
PMSM with negligible synchronous reactance (Ry = 0, Ly = Ly ~ 0) and
a large moment of inertia Jror is assumed, which in all cases means that
due to Lg = Ly = 0 (i) only the q-current component iy is generating a
mechanical torque, (ii) the motor terminal voltage is given by only the motor
back-Electromotive Force (EMF) voltage, i.e. v,, = jVp, and due to the large
Jrot (iii) the rotational speed w and thus Vp = wp ¥py are quasi constant.

3.2.1 Dual-Inverter With Electrolytic Capacitor

Based on the power balance given in Eqn. (3.2), there are now different
possibilities to divide the pulsating input power pg(t) between the motor
and the secondary DC-link capacitor. However, it has to be considered that
at least the average power Pc, = pca(t) of the secondary converter or the
capacitor Cpc; is zero. This approach is applied in the state-of-the-art concept
(cf. [149]), where the motor takes a constant power equal to the average
input power, i.e. py(t) = Py = Py, and the capacitor has to cope with the
twice grid frequency zero-mean pulsating power, i.e. pca(t) = pg(t). Hence,
due to the constant power consumption and constant back-EMF voltage of
the motor, in this case, the torque t\(t) = Tj, and thus the q-component
of the motor current iyq(¢) must also be constant. In addition, the motor
current can be minimized, by selecting its magnitude equal to the q-current
component, i.e. iy(t) = imq(t) = 2/3 Pyi/Vp. The first three-phase inverter
VSI 1 has to process the complete input power, i.e. p;(t) = pg(t), and as its
d-voltage component is set to zero [149],i.e. v14(t) = 0V or v;(t) = v14(2), the
power balance simplifies to p1(t) = 3/2 ipm(t) v1(t) = p(t). Consequently,
since iy (t) is constant, the magnitude of the VSI 1 output voltage v;(¢) has to
vary sinusoidally with twice grid frequency as v;(t) = V; cos? (27 ft) where
the peak inverter voltage is limited by the maximum modulation index M«
and the peak input voltage Vi as Vi = Myax Vo /2 (cf. Fig. 3.2(a.i)). Due to the
neglected motor inductances, the corresponding voltage space vector v, (t) is
pointing in the same direction as the motor voltage space vector v,, = jVp (cf.
Fig. 3.2(b.i)). Since now, the sum of the inverter voltages must correspond
to the motor voltage

o () = 0, (1) +0,(1), (3-3)
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Fig. 3.2: (a) Voltage waveforms of the grid and the first inverter VSI 1 over one grid
period Tg = 1/ fg for (i) the state-of-the-art control scheme [149,150] and for (ii) the
proposed control scheme. (b) Corresponding space vector diagrams of the inverter
and motor quantities in the dq-frame for vimax = |vg|/2 < Vp.

this means that in time intervals where v;(t) is smaller than Vp, the second
inverter must add a voltage v, (¢) in phase with v, (¢) and i,,(¢), i.e. VSI 2 deliv-
ers power from the secondary DC-link capacitor Cpc; to the motor, whereas
in time intervals where v;(#) is larger than Vp, the second inverter must add
a voltage v, (t) out of phase by 180° with respect to v,(t) and iy, i.e. VSI 2
delivers power from the motor to the secondary DC-link capacitor. Hence,
in order to ensure that the average power Pc; within one grid half-period
is zero, the motor voltage Vp must be equal to V;/2, which for a maximum
modulation index M,y = 1results in a maximum motor voltage of Vp = VG /4.
In this case, the maximum voltage amplitude of VSI 2 is required at the grid
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voltage zero-crossing, where it has to provide the full motor voltage Vp, thus
the length of the voltage vector of VSI 2 varies between —Vp and Vp, which re-
quires a secondary DC-link of Vpcy > 2Vp. Furthermore, since the zero-mean
pulsating input power is covered by the secondary DC-link capacitor, a large
capacitance C; is needed to keep the voltage fluctuation within certain limits,
which in [150] is given as

2P,

2 2 '
ZHfG (vDCZ,max UDCZ,min)

Cpcz > (3-4)

All corresponding characteristic waveforms of this control concept are
shown in Fig. 3.4(a).

3.2.2 Dual-Inverter Without Electrolytic Capacitor

Instead of keeping only the average power Pc; at zero, it is also possible to
keep the instantaneous power directly at zero, i.e. pcz(t) = 0 W. This means
that the secondary converter is only needed to control the motor current
and the complete pulsating input power is delivered directly to the motor, i.e.
pm(t) = pg(t). Due to the large Jror it is assumed that the rotational speed w
and thus the motor voltage amplitude Vp are still constant, the q-component
of the motor current now has to vary sinusoidally with twice grid frequency,

2 pu(t)

3 % = Iy cos? (27 f5t), (3.5)

iMq(t) =
with Iy = 4/3 Py/Vp, which clearly results in a proportional motor torque
tm(t) (cf. Fig. 3.1(c.ii)). In contrast to the previously described concept, the
voltage space vector of the secondary inverter v,(t) must now be either
zero or perpendicular to the motor current i,(t) in order to guarantee that
pc2(t) = p2(t) = 0W. Considering Eqn. (3.3), this means that in(¢) = imq(t)
is only possible in time intervals where vimax(t) = |og(t)|/2 > Vp, and
thus v, () and v,(t) can be selected to v,(t) = jVp (cf. Fig. 3.2(a.ii)) and
v,(t) = 0V, respectively. In time intervals where vima(t) < Vp, however,
an additional negative d-current component iy4(#) must be flowing through
the motor, such that v, (t) can be kept perpendicular to the motor current
iy (2) (cf. Fig. 3.2(b.ii)). In contrast, v,(¢) is advantageously chosen in phase
with i,,(¢) and its magnitude is equal to vimax(t), ie. 01(t) = Oymax(t) or
M; = 1, such that the Root Mean Square (RMS) currents in both invert-
ers and the motor are minimized. Hence, from the power balance at VSI 1,
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ie pi(t) =3/20,(t) iy () = 3/2 v1(t) im(t) = pg(t), the total motor current
ipm () can be calculated as

. 2 pg(1)
1) = ———, .6

i(t) = 5705 (36)

and in combination with the given g-current component iyq(t) also the d-

current iyq(t) can be deduced as

iva (1) = =iy (1) — iy (8). (3.7)

Furthermore, since v,(¢) and i,,(¢) are selected to be in phase and
01(t) = Uimax(t), the d- and g-voltage components v14(t) and v14(t) of VSI1
are proportional to the d- and q-current components iygq(t) and inq(t) of the
motor, which results in

vi (1) . vi (1)

d t) = t)——. 8
(D) and  viq(t) = inmgq( )iM(t) (3.8)
Finally, the remaining d- and q-voltage components v;q(t) and v5q(t) of the
secondary inverter need to fulfil Eqn. (3.3) and are found as

01d(t) = ima(t)

v2a(t) = —v1a(t) and 0zq(t) = Vp —01q(2). (3.9)

The corresponding characteristic waveforms of the proposed control con-
cept are shown in Fig. 3.4(b) and (c). It has to be mentioned that in this case
the motor voltage Vp is no longer limited by the input voltage vg(¢), since
the secondary DC-link voltage Vpc, can be selected arbitrarily high - clearly
limited by e.g. the blocking voltage capability of the used semiconductor
switches. However, as will be shown in Section 3.4, this offers a further
degree of freedom in the design of the single-phase-supplied drive system.

3.3 Control Structure

In the following, the closed-loop control structure to ensure the proposed
operating behaviour of the single-phase-supplied dual-inverter drive system
is described in detail. Basically, the drive system must operate the motor at
the desired average speed, while on the one hand, PFC operation must be
guaranteed at the input, and on the other hand, the DC-link voltage of the
secondary inverter must be regulated to a certain target voltage. In principle,
this can be done in analogy to a conventional cascaded motor control with
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3.3. Control Structure

a slow outer Speed Control block and a fast inner Motor Current Control
block, whereby the two mentioned conditions must be taken into account
(cf. Fig. 3.3). In particular, the motor control has to be extended by (i) the
additional DC-Link Voltage Control block, which demands a certain power p(.,
to charge/discharge the secondary DC-link capacitor C, and together with the
required input power p, determines the instantaneous power consumption
p;/[ and current i;,[ q of the motor, and by (ii) the Motor Voltage Division block,
which divides the motor voltage between the two three-phase inverters in
such a way that only the second inverter is used for the motor current control
while the first inverter adjusts its voltage to guarantee PFC operation. This
means that the input current i is only defined by the impressed motor current
im and the selected modulation index of VSI 1, which is in contrast to two-
stage drive systems with dedicated boost PFC rectifiers, where an additional
closed-loop grid current control is implemented [48, 80]. The individual
control blocks of the proposed structure shown in Fig. 3.3 are explained in
the following.

3.3.1 Speed Control

Starting with the outermost control loop, the Speed Control block provides
at its output the required average motor power Py, to reach the commanded
rotational speed w*. At the input, the reference speed w* is compared with
the average mechanical speed & calculated from the measured mechanical
angle ¢, which is also used for the dg-transformation [103]. As a consequence
of the described power/torque pulsation, the actual mechanical speed w,
which is also used to calculate the amplitude of induced motor voltage Vp,
features a certain ripple with twice grid frequency 2f;. Hence, a moving
average filter (MAF) [100] with a time constant of T /2 is needed to obtain the
average speed @. The speed controller Rw then uses the calculated speed error
dw to determine the required torque T;, which together with the optional
feedforward load torque Tryr, gives the reference torque Ty; and from this the
required motor power Py,. Assuming a lossless system, P}, equals the average
input power Py, which based on Eqn. (3.1) leads together with the measured
input voltage v to the commanded instantaneous input power p(..

3.3.2 DC-Link Voltage Control

The amount of instantaneous power py; that is actually delivered to the motor
also depends on how much power p(, has to be delivered/consumed by the
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3.3. Control Structure

secondary inverter to charge/discharge the capacitor C;, which is determined
by the DC-Link Voltage Control block.

The reference voltage of the secondary DC-link V., can be set according
to the actual system’s operating point, but must always be larger than 2Vp (cf.
Section 3.2). The DC-link voltage controller Rv then compares V}., with the
measured voltage upc, and translates the voltage error v into the required
capacitance current if,,, which together with V], results in the required
power demand p., to bring the DC-link voltage back to its reference value.
The instantaneous motor power py; = p, — p¢., is then used to calculate the
reference of the motor’s q-current component iy, q (cf. Eqn. (3.5)), which is

finally forwarded to the two inner blocks.

3.3.3 Voltage Division

The reference values pg; and iy; commanded from the outer control loops
are now processed in the inner Voltage Division block to calculate on the one
hand, the d-current reference value if,; needed for the Motor Current Control
block, and on the other hand, the d- and g-voltages of the first inverter to
guarantee PFC operation.

As described in Section 3.2, iy, can directly be calculated from Eqn. (3.6)
and Eqn. (3.7), however, for iy, it has to be considered that the maxi-
mum achievable inverter voltage v; is given by the actual input voltage
as Uimax = |0G|/2 = upc1/2 and in addition is limited to the motor voltage
VP if Ulmax > VP-

In special cases where Eqn. (3.6) results in a motor current amplitude if
which is smaller than the commanded q-component i;f/[q, iy has to be increased
to iyy, such that Eqn. (3.7) leads to a feasible d-current. Consequently, in
order to still comply with the commanded input power p;, the voltage v,
of the first inverter has to be reduced. In the Voltage Division block this is
implemented by recalculating v; from the commanded motor current iy, by
using Eqn. (3.6) again. Subsequently, the individual voltage components vy4
and vyq are calculated from v; based on Eqn. (3.8).

3.3.4 Motor Current Control

Since now the two reference motor currents i;/[ d
Current Control block can be implemented in the same way as in the con-
ventional cascaded motor control. There, the current controllers Rid and Riq

translate the current errors §iyg and i into the reference inductor voltages

and i;\‘/[q are known, the Motor
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Chapter 3. Dual-Inverter Topology

Tab. 3.1: Summary of the system specifications.

Nominal Mechanical Speed (nn) 3700 rpm
Nominal Mechanical Power (PyiN)  7.5kW

Nominal Grid Voltage (Vg N) 400V

Grid Frequency (fg) 50Hz

Grid Voltage Range (V) 360 Vrms to 480 Vrms
Converter Power (Pg) 9kW

Switching Frequency (fsw) 16 kHz

oy and vzq. In addition, the motor voltages due to cross-couplings between d-
and g-axis as well as the voltage induced by the moving permanent magnet ro-
tor can be added as decoupling terms, i.e. vpg = —prqi;Aq and upq = wpLaiyy,
which leads to the required motor voltages vy and vyyq. Finally, the already
derived voltage components of VSI 1014 and v;q are subtracted to obtain the

remaining voltages of VSI 2 059 and v,q.

3.4 Comparative Evaluation

The performance of the proposed electrolytic capacitor-less solution is eval-
uated in the context of a 7.5 kW single-phase-supplied compressor system
for railway brakes with the specifications given in Tab. 3.1. The system is
supplied from the tertiary transformer winding of the railway vehicle, which
in nominal operation provides a single-phase RMS voltage of 400 V/50 Hz,
however, due to large voltage tolerances of the railway grid, can vary in a
wide range between 360 V and 480 V.

Based on these specifications, in the following the influence of the pro-
posed control strategy on the system design is compared with the state-of-
the-art, i.e. the occurring voltage and current stresses, and characteristic
waveforms are analyzed and compared.

3.4.1 Dual-Inverter With Electrolytic Capacitor

As given in [149] and also deduced in Section 3.2, for the state-of-the-art
system the maximum acceptable motor voltage is limited to Vp = Vi /4, which
for the minimum grid voltage results in Vp = 127V. Hence, a motor with
a maximum motor constant of ky = p¥pm = Vp/w = 0.33Vs can be se-
lected, and for a maximum input power of 9kW a motor peak current of
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3.4. Comparative Evaluation

iMq = Ip = 47 A, i.e. a motor phase RMS current of Ipgorms = IO/\/E =33A,
results. The corresponding waveforms are shown in Fig. 3.4(a).

3.4.2 Dual-Inverter Without Electrolytic Capacitor

Assuming a motor with the same motor constant of ky = 0.33 Vs, the current
stresses for the proposed control concept can directly be calculated, and result
in a pulsating q-current with an average current of Iy = 47 A and a comparably
small d-current component such that the phase current can be approximated
by IpHrms = MIPHOrmS = 41 A [80]. Thus, the elimination of the electrolytic
capacitor comes at the expense of increased conduction losses and a poor
utilization of VSI 2, which for the same motor voltage Vp =V = VGmin /4 is
actually only needed in close vicinity of the grid voltage zero-crossings (cf.
Fig. 3.4(b)). Consequently, for the proposed control concept a motor with a
larger motor constant ky should be selected, since no limitation by the grid
voltage exists, and a higher motor voltage decreases the average q-current
(cf. Eqn. (3.5)) and extends the operating interval of VSI 2. As shown in
Fig. 3.4(c), for example, doubling the motor voltage to Vp = 2V, = Vomin /2
leads to a continuous operation of both VSIs and reduces the motor phase
current to Ipgrms = 24 A, which is below the phase current obtained with the
state-of-the-art system, even though the d-current is increased now. Clearly,
it has to be mentioned that the voltage stresses at the semiconductor devices
of VSI 2 and the secondary DC-link capacitor Cpc; are now increasing.

In Fig. 3.5(a), the dependency of the phase current and DC-link volt-
age stresses with respect to the selected motor voltage are illustrated for a
range of Vp € [V, 3Vp] = [127V, 382 V]. It can be noticed that for low motor
voltages the g-current scales inversely proportional to the motor voltage, i.e.
IpHgrms = 1/ V3 Py/Vp, and thus also the motor phase current Ipy;ms reduces
similarly. However, as soon as the motor voltage Vp exceeds VG /2, the first
inverter is operated continuously with M =1 and i)y becomes proportional
to |ig| (cf. Eqn. (3.6))). Thus, for a given input power this means that iy
remains unchanged even if the motor voltage is further increased. As shown
in Fig. 3.5(a), this transition point clearly depends on the actual grid RMS
voltage and for the minimum grid voltage actually also represents the opti-
mum design point. This can be verified by using simple performance indices
to estimate the dependency of conduction and switching losses of both VSIs
on the selected motor voltage [152].
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Fig. 3.5: Performance evaluation of the proposed electrolytic capacitor-less dual-
inverter concept with respect to the motor voltage Vp = Vj...3Vp; (a) Secondary DC-
link voltage Vpcy and phase current stress Ipyymg for the minimum and maximum
grid voltage. (b) Loss related performance indices scaled to the corresponding values
of the state-of-the-art system, indicating a significant improvement for all indices at
the selected motor voltage Vp = 2V = 255V.
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The conduction losses of inverters employing IGBTs with antiparallel
diodes, depend on the average and RMS currents flowing through the devices.
Assuming similar conduction behaviour for the IGBT and the antiparallel
diode, the overall semiconductor conduction losses, can be assessed by the
sum of the average currents and the sum of the squared RMS currents

Pavg = Z (IDavg,j + ITavg,j) (3.10)

J

Prms = Z (Ilz)rms,j + I'%rms,j) : (3'11)

J

Furthermore, assuming a linear dependency of the semiconductor switch-
ing losses on both the switched voltage vt and the switched current ir, the
overall switching losses can be assessed by the sum of the product vrit aver-
aged over one grid period Tg as

¢ = Z(UT, T )T (3-12)
J

Fig. 3.5(b) shows the dependency of the introduced performance indices
Pavg> Prms> and ¢ scaled to the corresponding values of the state-of-the-art
system, i.e. pPoavg = 180 A, porms = 6.7 kA? and ¢o = 62kVA, with respect to
the selected motor voltage. For a given input voltage it clearly turns out that
Pavg/ Poavg and Prms/ porms decrease with increasing motor voltage as long
as Vp < VG /2 and afterwards stay constant. On the other hand, ¢/¢, also
decreases until Vp = VC,/ 2, however, afterwards increases again due to the
increasing switched voltage vr. Consequently, in terms of inverter losses, the
optimum motor voltage is found at the transition point Vp = 2V; = VGmin/ 2,
where compared to the state-of-the-art system roughly 45 % lower conduction
losses and around 15 % lower switching losses are achieved.

Assuming an inverter design with equal conduction and switching losses,
an overall loss reduction of around 30 % can be obtained, which besides the
elimination of the electrolytic capacitor also results in a substantially smaller
heatsink volume.

3.5 System Verification

In a first step, the proper operation of the electrolytic capacitor-less drive sys-
tem implementing the proposed closed-loop control structure of Section 3.3
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Tab. 3.2: Summary of the motor and circuit parameters.

Voltage Constant (ky) 0.65Vs
Number of Pole Pairs (p) 5
Motor Inductance (Lg = Lq) 2.8 mH

Motor Inertia (Ja) 4.5 mkgm?
Drivetrain Inertia (Jrot) 13.5 mkgm?
EMI Capacitor (Cemr) 10 pF

EMI Inductor (Lgm) 70 pH
Input Capacitor (Cpc,) 10 pF

DC-Link Capacitor (Cpc,) 50 pF

is verified by circuit simulations. The simulation is conducted for the nomi-
nal operating point of the underlying application with an output power of
7.5kW at 3700 rpm and an input supply voltage of 400 V/50 Hz. As deduced
in Section 3.4, the performance optimum of the converter is achieved at
Vp = 2V = 255V, resulting in a motor constant of kyopt = 0.66 Vs. Hence,
the PMSM 1FT7-084 from Siemens [113], characterized by ky = 0.65Vs,
is employed. The moment of inertia of the drivetrain is assumed to be
Jror = 13.5mkgm®. The motor parameters and selected circuit parameters
are summarized in Tab. 3.2.

The simulated steady-state waveforms for Vi = 400 Vrms and Vp =~ 250V
are shown in Fig. 3.6. The instantaneous voltage ratio viyax/Vp defines the
envelope of the motor phase currents iy,, ivp and iy, which contains a
fundamental component with 2 fg = 100 Hz, as well as the required operation
mode. As can be noted, since vimay is exceeding Vp, there are time intervals
where either both VSIs have to actively apply a voltage to the motor or where
VSI 2 is only used to control the motor current, i.e. v; < vymax Or M; < 1
It can be noticed that the resulting interval for M; < 1is slightly extended
compared to vimaxy > Vp, which is a direct consequence of the non-zero
reference capacitor power p/., # 0 W. Regardless of this, the control keeps
the grid current ig sinusoidal and in phase with the grid voltage vg, verifying
PFC operation. The achieved THD is below 4 % and is mainly limited by the
passive diode bridge, which causes current distortions in the vicinity of the
voltage zero-crossings.

Furthermore, the speed controller ensures an average speed ®
equal to the reference, whereas the actual speed shows a ripple of
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Fig. 3.6: Simulated steady-state waveforms for the proposed electrolytic capacitor-less
single-phase AC dual-inverter concept showing the grid, dual-inverter, motor and
DC-link waveforms as well as the operating mode within one grid period Tg = 20 ms.
The corresponding references are indicated by dashed lines.
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Aw = Py/(4nfcdJror) = 2.3rad/s, i.e. 22 rpm or around 0.6 % [80]. The DC-
link reference voltage is set to VD*C2 = 550V, which is above 2V ~ 500V
to ensure full controllability even during voltage deviations. Theoretically,
the secondary DC-link voltage would be constant, however, a limited con-
troller bandwidth and disturbances are causing a certain voltage fluctuation of
around 35 V. In a conventional system, this voltage ripple would correspond
to a DC-link capacitance of 1.2 mF, which is 24 X larger than the capacitance

used in the proposed solution without electrolytic capacitors.

3.6 Summary

In this Chapter, a novel control strategy for the single-phase AC dual-inverter
topology is proposed, where twice grid frequency power pulsation is covered
by the inertia of the drivetrain, such that no electrolytic DC-link capacitor
is required. The corresponding operating principle, including the motor
voltage division strategy and the motor current reference generation, and
the introduced control structure, which ensures a sinusoidal input current,
the requested average speed, and a certain DC-link voltage, are explained in
detail. The proper operation is verified by circuit simulations, achieving a
DC-link voltage ripple of 35V in a 7.5 kW system with a DC-link capacitance
of only 50 pF. In contrast to the state-of-the-art, the analyzed concept does not
feature an inherent grid-voltage dependent limit on the maximum achievable
motor voltage. Thus, the system performance is evaluated with respect to
this additional degree of freedom. Simple performance indices assess the
corresponding converter losses, and the loss minimum is achieved for a motor
voltage equal to half the peak grid voltage. For the analyzed compressor
application with a wide input voltage range, the semiconductor losses can be
reduced by 30 % compared to the state-of-the-art dual-inverter system with
electrolytic capacitor.

Hence, the proposed concept overcomes the limitations of a conventional
operation of the single-phase AC dual-inverter topology and therefore is a
promising solution to substantially improve the converter system’s power
density and avoid electrolytic capacitors, also increasing the converter’s
lifetime.
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The increasing demand for auxiliary systems in railway vehicles is driven
by advancing rail electrification. It is further incentivized by the United
Nation’s sustainability goals as well as societal pressure to reduce Green
House Gas (GHG) emissions and to limit the associated temperature increase
to not more than 1.5 °C. At the same time it has to also be economically viable.
In this context, the industry specifies the requirements for next-generation
auxiliary systems like pumps, fans and compressors for the rolling stock
as compact, lightweight, highly efficient, reliable, and redundant. The same
challenges are valid for general electro-mechanical energy conversion systems
commonly equipped with Variable Speed Drives (VSDs) to operate a general
mechanical load with a desired speed.

This thesis focuses on railway vehicles’ single-phase-supplied onboard
compressor units to analyze and verify possible performance improvements.
On the one hand, those are based on latest power semiconductor technology,
i.e. Silicon Carbide (SiC) Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs). On the other hand, conceptual enhancements are proposed, like
a novel Power Pulsation Buffer (PPB) concept for single-phase-supplied VSD
systems, which is based on the stored kinetic energy of the drivetrain and
accordingly allows to avoid lifetime-limited electrolytic capacitors for power
pulsation buffering. After a detailed analysis, including the derivation of
the corresponding control structure, the PPB concept is used to implement a
motor integrated electrolytic capacitors-less variable speed compressor drive,
which achieves very high power density and extended lifetime. In addition,
theoretical considerations for utilizing the concept in a dual-inverter-based
system are presented. The main findings of this thesis will be summarized,
and future trends and research areas will be discussed in the following,.
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4.1 Results of this Thesis

The main achievements of this thesis are summarized in the following.

» MPPB Concept

In order to eliminate the need for a DC-link energy storage, the pulsat-
ing power associated with single-phase Power Factor Correction (PFC)
rectifier supply is forwarded through the DC-link and inverter to the
motor. Accordingly, the motor generates a grid power proportional
pulsating torque, which due to the drivetrain inertia, however, results
in a minor speed ripple, i.e. the drivetrain inertia is employed as PPB,
instead of an electrolytic capacitor in the DC-link. The basic concept is
similar to the working principle of conventional single-phase motors,
although VSD capability and unity power factor operation are achieved

in addition.

The proposed Motor-Integrated Power Pulsation Buffer (MPPB) concept
offers fundamental simplicity with the potential to drastically reduce or,
theoretically, even fully eliminate a DC-link energy storage capacitor.
Consequently, a more compact system can be achieved, which also over-
comes the lifetime limitations present in state-of-the-art electrolytic

capacitors-based solutions.

» MPPB Control Structure

Concerning control, MPPB operation can be achieved by the re-
arranging of outer control bocks of the control structure of a con-
ventional two-stage system, comprising a PFC rectifier front-end and
a Voltage Source Inverter (VSI) output stage decoupled by a DC-link
capacitor. As the current control loops and sensors are unaffected, the
concept can also be used in the course of retrofitting existing systems.
The resulting control structure is still implemented in cascaded form,
achieving the desired average speed control and ensuring a sinusoidal
grid current and/or ohmic grid behavior. The intermediate DC-link
voltage is balanced through the inverter/motor power setpoint, which
defines the motor currents. However, due to existing disturbances resid-
ual low-frequency DC-link voltage fluctuations appear, which cannot
be fully eliminated by the limited bandwidth DC-link voltage control.

The resulting voltage ripple can be reduced by
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— a larger DC-link capacitance
as the increased energy storage reduces the voltage fluctuation
for a given disturbance and/or residual differences of the rectifier
stage power supply and the inverter stage input power. However,
this measure would directly increase the converter volume and
cost and thus should be omitted;

— a control feedforward term
to eliminate or at least reduce the effect of the power flow distur-
bance. An in-depth analysis identifies the instantaneous (magne-
tization) power demand of the motor inductances, required by the
time-varying q-current, as the primary cause of the disturbance.
A compensation term which largely eliminates the disturbance is
proposed;

— an increased control bandwidth
originating from a higher switching frequency or timing improve-
ments to reduce delay times (in the inner current control loop).
While switching frequency is directly related to switching losses,
the latter enables a bandwidth and voltage ripple improvement of
around 60 % without increasing the system losses.

» Extended Functionality

Even though the proposed drive system does not employ any signif-
icant energy storage, grid interruptions should be survived without
triggering protective measures to ensure maximum operability. In case
of a short grid interruption, the PFC rectifier power supply is discontin-
ued, however, the DC-link voltage should remain at the given voltage
level to ensure minimal ramp-up time after the interruption. Thus,
the inverter continues operation and supplies the DC-link from the
kinetic energy stored in the rotating drivetrain. For extended inter-
ruptions, where the speed of the drivetrain decays to speed values
close to zero due to the remaining load torque, the system switches to
battery supply and continues operation at reduced power and/or speed.
Advantageously, for AC and DC supply the same control concept can
be employed, which minimizes the software-related implementation
and maintenance effort.
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> Voltage-Slope-Limited Switching of SiC MOSFETs

Next-generation Wide-Bandgap (WBG) power semiconductors hold
the promise of increasing the inverter’s efficiency and power density.
The performance enhancement is based on unipolar switching devices,
which feature ohmic on-state characteristic and high switching speeds.
However, the voltage slew rate applied to the motor must be limited in
order to prevent surge voltages at the motor terminals resulting from
cable reflections or an unequal distribution of the voltage across motor
windings potentially resulting in partial discharge phenomena, which
would damage the winding insulation.

Theoretical considerations have shown that gate drive modifications
are the most promising solution to limit the maximum voltage slope
of the switching transitions in motor-integrated converter systems,
which allow to program do/dt-values such that no limitations con-
cerning cable reflections need to be considered. For achieving the
do/dt-limitation, an external Miller capacitor is placed between drain
and gate of each power MOSFET in combination with suitable gate
resistor values. The maximum voltage slope occurs for turn-on at zero
(load) current, i.e. Zero-Current Switching (ZCS), while the turn-off
voltage slope saturates once an analytically calculated “kink current”
is passed. Significant turn-off switching losses occur only after this
point, which leads to the finding that switching losses in a bridge-leg
are not quadratically dependent on the switched current (at least under
limited voltage slope conditions). Instead, the dependence on current
is piecewise linear, with the second linear function starting at the kink
current value. The voltage slope and loss models are validated on a
SiC MOSEFET bridge-leg for a general purpose 10 kW 800V DC-link
VSD system with do/dt-limitations of 10 V/ns and 15 V/ns, where an
excellent matching between the model and the measured bridge-leg
losses is found.

MPPB Performance Evaluation

The analysis of the motor phase currents reveals that the MPPB con-
cept results in an increase of the phase current peak value of 100 %,
contradicting the employment of inverter output filters. However, this
finding has no significant effect on the motor, as the motor design is
commonly limited by thermal properties and not by current-related
magnetic saturation. Beneficially, the MPPB concept has no effect on
the average value of the phase currents, which largely defines the loss
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components of conventional Insulated Gate Bipolar Transistor (IGBT)-
based inverter systems. However, the RMS value of the phase currents
increases by ~ 22 % which results in an increase of ~ 50 % of corre-
sponding loss components like power MOSFET conduction losses or
motor winding losses. A detailed analysis shows that the phase current
stresses remain symmetrical as long as the electrical frequency of the
motor is different from the grid frequency or twice the grid frequency.
Thus, a motor with a suitable number of pole pairs should be selected
to avoid these critical frequencies in stationary operation and to en-
sure that the frequencies are only assumed during transients or at the
startup. In this case overdimensioning can be avoided, and the nominal
motor losses increase by around 25 %, assuming equal winding and
no-load losses.

Assuming a conventional IGBT-based realization the inverter losses
remain in a first approximation unchanged. For a high performance
SiC-based inverter with modified gate drives ensuring do/dt-limited
switching an estimated worst-case loss penalty of 17 % has to be ac-
cepted, nevertheless a higher performance than for IGBT-based systems
is achieved.

The revealed loss penalties are a comparable small cost for the achieved
volume reduction and lifetime improvement gained by avoiding elec-
trolytic capacitors.

Motor-Integrated Hardware Demonstrator

Avoiding the electrolytic capacitor DC-link energy storage enables full
motor integration, which eliminates shielded cables and/or motor cable
reflections, and accordingly allows higher dv/d¢-limits of the switching
transitions resulting in lower switching losses. Furthermore, the inte-
gration of inverter and motor in a single housing results in excellent
Electromagnetic Compatibility (EMC) and allows to employ a combined
cooling system for the power electronics and the motor.

The implemented 7.5 kW hardware demonstrator utilizing the MPPB
concept verifies the expected high performance and achieves a power
density of 0.91kW/L (15 W/in®) or a total volume of 8.2L (incl. the
motor), while only the electrolytic DC-link capacitors of the conven-
tional approach would occupy 1L of additional volume. The system
matches the loss models over the full torque range. It achieves a nomi-
nal grid-to-motor-shaft efficiency of 91.4 %, which corresponds to 703W
of total system losses and ensures IES 2 compliance. For operation
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with output powers above 5kW or 66 % of nominal load the grid-to-
motor-shaft efficiency remains above 90 %. Compared to a conventional
implementation, a worst-case loss penalty of 17 % or 100 W has to be
accepted at nominal operation, while the averaged losses (over the
full torque range) increase only from 447 W to 491W, or 9.8 %. The
demonstrator system features extended functionality, including the
ride-through capability employed during grid interruptions and would
achieve CISPR 11 Class A compliance at full integration. In addition, the
measured low-frequency DC-link voltage ripple of 35 Vpkpk matches
the simulated value for a DC-link capacitance of only 60 uF and can be
reduced to 10 Vpkpk with the discussed control enhancements.

Dual-Inverter Topology

The proposed MPPB approach can be extended to various other con-
verter topologies as shown in the second part of the thesis using the
example of a dual-inverter topology which advantageously allows to
omit the boost-functionality of the front-end rectifier stage and/or a
HF switching bridge-leg and a boost inductor, resulting in reduced sys-
tem volume, cost and complexity. For implementing the dual-inverter
approach, a first VSI is supplied by a single-phase diode-bridge recti-
fier input stage through a primary DC-link and drives the Open-End
Winding (OEW) three-phase motor. The opposite ends of the motor
phase windings and/or the second set of motor terminals is connected
to a second VSI stage featuring a second DC-link. Accordingly, the sys-
tem requires only an Electromagnetic Interference (EMI) filter, a diode
bridge, the OEW motor, and two VSIs, which could be implemented
using low-cost six-pack IGBT modules and film capacitor DC-links.
The proper operation of the proposed approach is verified by circuit
simulations, achieving a DC-link voltage ripple of 35 Vpkpk with a
DC-link capacitance of only 50 pF. Moreover, it is shown that in con-
trast to a single-phase supplied state-of-the-art dual-inverter system
with diode-bridge front-end and electrolytic DC-link capacitors, the
maximum achievable motor voltage is not inherently restricted by a
grid-voltage-dependent limit. Using simple performance indices to
assess the converter losses, the system performance is analyzed with
regard to this additional degree of freedom and a loss minimum is
identified for a motor voltage equal to half the grid voltage amplitude.
The analysis also shows that the worst-case semiconductor losses can
be reduced by 30 % compared to the state-of-the art.
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Hence, the proposed concept overcomes the operating limitations of
a conventional approach, besides improving the converter system’s
power density and avoiding electrolytic capacitors, resulting in ex-
tended lifetime.

4.2 Future Trends and Research Areas

This thesis proposes and analyzes several concepts enabling high power den-
sity implementations of single-phase-supplied motor-integrated VSD systems.
Also, potential further research topics have been identified in the course of
discussions of obtained results, which should be investigated in the future, as
they could potentially further improve the system’s performance regarding
power density, efficiency and complexity.

> Single-Inverter Topology

The performance of the built hardware demonstrator is mainly limited
by the utilized semiconductor devices. The employment of multi-level
bridge-legs could overcome this limitation, as low-voltage power tran-
sistors benefit from a higher Fiugre-of-Merit (FOM) leading to lower
conduction and/or lower switching losses. Consequently, the two-
level bridge-legs could be replaced by T-type or Flying Capacitor (FC)
bridge-legs to improve the performance. Such approaches are especially
beneficial for bridge-legs with dv/dt-limiting gate drives in combina-
tion with Quasi-Two-Level (Q2L) operation. The current dependent
switching losses scale inversely with the number of levels resulting in
substantially improved efficiency. In addition, the Q2L operation does
not require larger capacitance values in the FC bridge-legs resulting
in a negligible increase of the system volume compared to a two-level
inverter approach.

> Dual-Inverter Topology

The proposed and theoretically analyzed concept of the dual-inverter
topology should be built and verified experimentally. First, detailed
loss and EMI noise models should be developed. Subsequently, the
performance penalty of low-cost six-pack IGBT modules, instead of
latest generation SiC MOSFETs with do/d¢-limited switching, should
be evaluated to include economic viability in the system analysis.
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> Drive System Considerations

Ongoing research regarding Pulse-Width Modulation (PWM)-operated
power electronic converter systems for motors drives directly focuses
on analyzing and improving the motor’s lifetime under higher switch-
ing frequencies and elevated dov/dt of the inverter output voltages. This
direction is motivated by increased requirements on power density and
efficiency, which promotes the application of WBG devices also in drive
systems.

On the other hand, these devices cause high dv/dt switching tran-
sients and increased Common-Mode (CM) currents in the motor. The
accordingly increased motor winding insulation stress requires ad-
vanced insulation systems and/or isolated motor bearings. Both result
in increased motor costs and thus, raise the question of whether drive
systems featuring continuous output voltages in combination with
standard motors designed for AC-line operation, i.e. sinusoidal voltage
supply, would be a more economical solution.

However, inverters with sine-wave output filters are unfavorable for
the proposed MPPB concept due to the doubled motor peak currents
(compared to operation with constant instantaneous power supply), the
additional passive components, and the necessary switching frequency
increase required to achieve low filter volume and to meet the defined
control objectives despite low-pass filtering. A promising alternative
would be a single-to-three phase converter system with intermediate
current DC-link, also called Current Source Converter (CSC). The main
drawback of CSCs is the required reverse blocking capability of the
employed switches, i.e. the series connection of a power diode and a
unipolar power transistor per switch resulting in higher conduction
losses, cooling effort and costs. However, the recent availability of
monolithic bidirectional Gallium Nitride (GaN) power transistors al-
lows to overcome this limitation and motivates further research in this
direction. The MPPB concept could be directly employed in this context
as it omits the need for energy storage or a power pulsation buffer. The
required DC-link current would be defined by the maximum of the
input and output peak currents. Alternatively, the instantaneous grid-
angle-dependent maximum could be taken for improved performance
and thus, the DC-link current would pulsate with the grid power. In
summary, the utilization of the MPPB concept in a CSC would be an
interesting alternative for single-phase-supplied drive systems in order
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to ensure continuous motor voltages and enable the employment of
standard low-cost motors designed for conventional AC-line operation.
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Low-Speed MPPB Operation with
Constant Load Torque

In this Appendix, we investigate the low-speed limit of a Motor-Integrated
Power Pulsation Buffer (MPPB)-operated system with a constant load torque.
This investigation is performed with an abstracted system, where the Variable
Speed Drive (VSD) is taken as lossless and forwards the complete grid power
(see Eqn. (2.1)) to the motor.

The motor power is therefore given, and the inner motor torque is
tm = pc/w. The torque difference ty — Ty, is then applied to the motor (and
the load) inertia Jy and defines the speed change of the motor, which can be
written as:

pa(t)
w(t)

We conduct the analysis for the use case described here, with a constant
load torque Tj, = cst., i.e. k = 0 (as discussed in Section 2.2). This dynamic
system is shown as control-oriented block diagram in Fig. A.1(a), and with
the system described by a non-linear differential equation, the analysis must
be conducted numerically to determine the minimal achievable average speed
@min for continuous MPPB operation.

We use the critical specifications for our application (T, = Ton = 19.4 Nm,
fo =100Hz, Ji = 4.5 mkgm?) and visualize the behavior across speeds. For
large average speeds, the behavior is identical to that shown in Fig. 2.2(e.ii),
with an approximately symmetric speed ripple defined by Eqn. (2.5) as
2Aw = 13.7rad/s. The first analyzed case in this Section selects a grid power
Py =388 W to achieve & = 20 rad/s, recalling that in steady-state the average
grid power Py must equal the average mechanical power Tp. @ (see Fig. A.1(c.i)).

Juso(t) = () - T, = £ g (A1)
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Fig. A.1: (a) Graphical representation of Eqn. (A.1) for a constant load torque Tj..
(b) Kinetically-stored energy over speed with the indicated speed and energy range
for operation at @ = 20rad/s and T, = T,y = 19.4Nm. (c) Grid power and instan-
taneous speed w over one grid period for different average speeds (i) @ = 20 rad/s,
(ii) @ = 10rad/s, and (iii) ® = 5rad/s. The average values are indicated by the thin
lines and the peak-to-peak speed ripples are annotated.
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The corresponding time-domain waveform of the motor speed is shown in
Fig. A.1(c.i), where even though the average speed is only 5 % of the nominal
speed, the system roughly behaves as expected. There is a slight asymme-
try in the speed ripple amplitude (6.1rad/s versus —7.2 rad/s) caused by the
quadratic nature of the kinetic energy storage (see Fig. A.1(b)). The load
power TLw contains a significant fluctuation as it scales proportionally with
the instantaneous speed w(t) # @, i.e. the small ripple assumption is no
longer valid. This actually reduces the toque pulsation ty; = pgw ™" seen by
the system and results in a slight phase shift of the speed variation and reduces
the peak-to-peak speed ripple slightly from 13.7 rad/s to 13.3 rad/s.

As we reduce the input power to half in Fig. A.1(c.ii), the average speed
is also halved to @ = 10rad/s. A larger phase shift occurs, reducing the peak-
to-peak ripple to 12.2rad/s. The ripple amplitude asymmetry increases to
5.2rad/s and —7.0 rad/s. With the ripple reduced, the instantaneous speed
minimum also reduces.

Finally, through numerical methods, we find the minimum possible av-
erage speed for stationary MPPB operation (requiring w(t) > Orad/s) in the
considered system as @min = 5rad/s ~ 50 rpm (see Fig. A.1(c.iii) with w(t)
hitting zero).
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Controller Design and
Enhancements

In this Appendix, we detail the controller design and highlight enhancements
to improve both steady-state and transient behavior in the Motor-Integrated
Power Pulsation Buffer (MPPB) system.

We start our analysis with the inner-most control loop, the motor current
controller, which is shown in Fig. B.1(a) (similar to the corresponding control
loop of Fig. 2.4) and redrawn in Fig. B.1(b) in a more familiar model.

We investigate the control loop, design the necessary controller, highlight
the bottlenecks and suggest improvement, and then repeat this process for the
outer control loops, with a special emphasis on the DC-link voltage control
with a feedforward term to reduce the low-frequency voltage ripple.

B.1 Motor Current Control Loop

The control implementation is a conventional digital controller, where the
control loop of Fig. B.1(b) is executed discretely when the sawtooth carrier
of the Pulse-Width Modulation (PWM) unit reaches the top or bottom of the
range. This execution occurs synchronously with the duty-cycle updates [153]
twice per PWM (switching) period Towm = Tisw = 1/ fisw of the inverter.

At the updated time instants, the reference value if, q is compared to the
measured value ill\/[q’ and the error §iyyq is input to the controller Riq, which
is characterized by its transfer function (with w; = 1/7; = kp/7,):

Wj 1 1+ s7
Gpi(s) =kp + — = kp + — = ky——.
s ST STn

(B.1)
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Fig. B.1: (a) Implementation of the motor current control (taken from Fig. 2.4) and
(b) corresponding control loop for the g-current.
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The controller output o] is converted to a duty cycle and applied to
the plant. In this process, a feedforward delay mprr occurs, which com-
prises the delay between the controller execution and the duty-cycle update
. = Tisw/2 and the delay between the duty-cycle update and its influence to
the plant 7p pwm, which is a result of the PWM operation itself. The average
delay in the control loop can be approximated as a dead-time element of
,pwm = Tisw/4 [154]. This feedforward term pfr = 7p,c + Tp,pwm results in
the transfer function of:

GD,FF(S) = GD,C(S) : GD,pwm(s) = exp (_STD,FF) . (B.2)

The plant itself corresponds to the energy storage of the controlled quan-
tity as an integrator Gi(s) = 1/(s7), which, for the motor current controller,
equals the g-inductance 77 = Ly = 3mH.

For the feedback, the instantaneous current value iy is measured
and the feedback path comprises a low-pass filter Gp(s) = 1/(1+ szg), with
v = 1/wp = 1/ (27 f¢) modelling the cut-off frequency of the sensor unit (here,
fe = 5MHz). A feedback delay is added to account for the time delay from
the sensor to the controller execution, Gprp(s) = exp (—STD)FB), with the de-
lay including g = Tmar/2 + Tpyvhal Since a Moving-Average Filter (MAF)
filter [155] with Tyar = Tisw is employed to eliminate all switching frequency
components in the measured signal. Tp yhg1 = 2.1 ps accounts for the additional
delay in the VHDL/C implementation.

The measured current is summed, with the appropriate sign, with the
requested current, and the loop is closed.

B.2 Motor Current Controller Design

The current controller is designed around the phase margin criteria, where
the phase margin PM defines the phase reverse (referenced to 180°) at the
crossover frequency fco of the open loop transfer function OL(s), which is
OL(s) = Gpi(s) - Gprr(s) - Gi(s) - G(s) - Gppa(s)-

We replace the delay with an equivalent low-pass filter (Pade ap-
proximation) with the time constant 7 = (TD’FF + TD’FB) 2V3/ 7, arriving at
Gprr(s) - Gprs(s) = Gp(s) =1/(1+ smp), and define the equivalent time con-
stant 75 = max (7, 7p) (assuming 7z >> 7p or 77 << 7p, which is typically
valid), arriving at the simplified equivalent delay term:
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Gprr(s) - Gprs(s) - Gr(s) = Gpo(s) = (B.3)
1+ stEg
and the simplified open loop transfer function ol(s):
kp + skpty
ol(s) = Gpi(s) - Gi(s) - Geo(s) = 5———> —— (B.4)
S“TTn + S T TnTEQ
The phase margin criteria for ol(jw) are:
lol(jwco)| =1 (B.5)
arg [ol(jwco)] = PM —180°, (B.6)

with the phase margin PM achieved at the angular cross-over frequency
wco = 27 fco. Solving for the controller gains results in the fully-analytical

expressions:
T 1+1/a
ky=— -4 —— and 1, =an B.
P 5o 1+a n EQ ( 7)

with a = (2 tan® PM + 1) +\/ (2tan? PM +1)* — 1, and the crossover frequency
result of:

1 1 1

feo 27 7o \/& (B.8)
The proposed control loop, with fisw = 24kHz and a phase margin of
PM = 40°, results in the controller gains of k, = 23.4 and w; = 85.2 rad/ms.
With these controller gains, the full (OL) and simplified (ol) open-loop transfer
functions are shown in Fig. B.2, with the indicated phase margin PM = 40°
at the cross-over frequency fco = 1.2 kHz, verifying the introduced approach.

The closed-loop transfer function can be calculated as:

_ ing _ Gpi(s) - Gpre(s) - Gi(s)
CL() = By 1+ OL(s) (B.9)
Gri(s)-Gi(s)

and simplified by cl(s) =

transfer function:

Trol(s) resulting in the simplified closed-loop

kP + Skp(Tn + TEQ) + SZkPTnTEQ kp

cl(s) = (B.10)

kp + skpty + $21iTn + 3 TiTaTeg  kp + 574
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Fig. B.2: Bode plot of the full-model OL and simplified-model ol for loop and controller
parameters. The phase margin PM is indicated at the crossover frequency fco, with
the inverter switching frequency fisw, the cut-off frequency of the equivalent low-pass
filter fgq, and the PI-controller cut-off frequency fp; = 1/(277;) also highlighted.

where the approximation cl(s) =~ 1/(1+ st;/kp) can be used as an equivalent
time constant for the design of an outer control loop (including for the DC-link
voltage controller).

In case, the described system would employ a pure proportional controller,
the analytical calculation results in:

1 1

=— B.
feo 27 tpq tan PM (B.11)

17 1+ 1/tan? PM

ke = TEQ tan PM (B.12)
k
ol(s) = ———— (B.13)
ST] + S°TITEQ
k, + sk
d(s) = —2 TR ke (B.14)

kp + S11 + SZTITEQ kp + 811
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B.3 Motor Current Control Improvements

The inner current controller is primarily limited by the sum of the delays, or
the equivalent time constant of the controller. Next, we therefore investigate
the timing constraints of the structure to find options for improvement.

As mentioned previously, the duty cycle of the PWM unit is only up-
dated once the carrier reaches top or bottom, for an update rate of twice per
switching period Tpwwm. This behavior is shown in Fig. B.3(a).

The ADC, however, operates in free run and gives new samples asyn-
chronously. These samples are summed by an accumulator, which implements
the first part of the MAF. The second part of the MAF — the division by the
sample length — is performed within the controller itself. To ensure that
averaging occurs over the full switching period with the double-update rate
of the duty cycle, we implement two 180°-phase-shifted accumulators, one for
the top update and one for bottom update of the PWM (Accu. I and Accu. Il in
Fig. B.3(b)). The data read-out and reset is synchronized with the duty-cycle
update, similar to a synchronous sampling structure [156].

After the read-out of the MAF, the controller derives the new duty cycles,
the calculation of which requires the control computation time Tc. Although
Tc may be significantly smaller than Tpw/2, its result (the new duty cycle)
can only be used at the next duty-cycle update, which is defined by the
sawtooth carrier. In the end, then, the time difference AT = Tpwn/2 — Tc is
wasted by waiting every half-cycle, as highlighted in Fig. B.3(b).

To improve this time delay, the accumulator read-out can be shifted for-
ward by AT (minus some margin) rather than synchronized with the duty-
cycle, and the accumulator read-out now occurs shortly before the duty cycle
update. We introduce a forward shift of T¢ plus some margin (Fig. B.3(c)), and
™, is reduced from half the switching period to T¢ alone. Here, Tc = 260 ns
to account for the VHDL implementation of the current controller.

The PI controller gains are again calculated based on the phase-margin
criteria of 40°, leading to a controller with k, = 37.7, w; = 221.5rad/ms and
fco = 2.0kHz. The crossover frequency of the open-loop transfer function,
then, is increased by nearly 60 % with this proposed delay reduction.

Finally, we want to evaluate and compare the closed-loop transfer func-
tion:

=/

’ _ qu _ OL(S)
CL'(s) = i;/[q =TT OL(S) oL’ (B.15)
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Fig. B.3: (a) PWM waveforms with indicated duty-cycle update and ADC sample
timing. We highlight the timing considerations of the accumulators and the controller
execution for the (b) conventional and (c) improved implementation of the duty-cycle
update timing.
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Fig. B.4: Model and verification measurement of the closed-loop transfer function
CL'(s) = iI/vlq / i;/lq for the conventional and improved implementation.

(Note that iyq cannot be evaluated directly in the selected implementation
with the MAF filter before the dq-transform block). The original and improved
closed-loop transfer function is shown in Fig. B.4, with the indicated —3 dB
bandwidth for each implementation highlighted.

We observe excellent matching between the model and the measurements,
with the small deviation around the resonances due to the neglected motor
phase resistance. The improvement in timing improves the bandwidth from
few = 2.9kHz to fzw = 4.7 kHz, an improvement of 60 %.

B.4 DC-Link Voltage Control Improvements

The same procedure can be applied to the DC-link voltage controller, where a
particular improvement to the low-voltage ripple is sought. The equivalent
time constant is now defined by the inner current controller rzgv = 71/kp,
which would, in this case, be located in the feedforward path.

To achieve a bandwidth separation of around 4X from the inner current
control, the phase margin target is PMypc = 62°. The conventional controller
gain is kpy = 0.117, wiy = 56.7rad/s and fcov = 309 Hz and the improved
controller gain is kv = 0.188, wiy = 147 rad/s and fco,y = 500 Hz.
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Fig. B.5: Measured grid voltage vg and AC-component of the DC-link voltage upc,ac
at nominal operation for (a) conventional current control, (b) improved current control,
and (c) improved current control with inductor voltage feedforward (see Fig. 2.4).
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For each controller and timing implementation, the measured AC compo-
nent of the DC-link voltage (measured with a high-pass filter) is shown in
Fig. B.5(a) for the conventional controller and (b) for the improved controller
operation. In the conventional case, the voltage ripple is 2Avpc = 35 Vpkpk,
which is almost identical to the simulation results of Fig. 2.5 (the simulation
employs the same controller configuration). With the improved controller
setting, the DC-link voltage ripple is reduced to 2Aupc = 23 Vpkpk.

Interestingly, the voltage ripple reduces by a 60 % factor, which can be
explained straightforwardly. The timing structure allows higher controller
gains while maintaining stability, which increases the gain of the open-loop
transfer function and enables a higher crossover frequency. Because the open-
loop transfer function appears in the denominator of the disturbance transfer
function, the impact of any disturbances below the crossover frequency are
reduced by the improved open-loop transfer function.

Even with this improvement, though, these results imply a significant
amount of disturbance power at low frequencies (multiples of 100 Hz) that is
resulting in a relatively large DC-link voltage fluctuation. We therefore look
at the motor itself, and particularly at the waveforms surrounding the motor
inductance (Fig. B.6).

Starting with the g-current (from Eqn. (2.12)), and considering the motor
inductance Ly = 3 mH, we can compute the magnetically-stored energy within
the motor over several grid periods as ey q(t) = i12\/1 q(t)Lq /2. We then find the
magnetization power with prq(t) = deq(t)/dt, shown in Fig. B.6, which is
the disturbance quantity. The inductive power demand of the motor, with a
zero average (prq(t) = 0 W), is acting as the low-frequency disturbance. The
peak power is almost 1kW, which is about 13 % of the average output power.

To address this disturbance in the control architecture, we calcu-
late the inductor voltage that results from the q-current change as
oLq(t) = prq(t)/ivg(t) = Lqdimg(t)/dt. The resulting voltage can be used as
a feedforward term, along with the induced voltage V. We note that the
derivation of the voltage requires a differentiation, with the associated con-
cerns of robustness, but because the instantaneous grid phase angle is known
from the Phase-Locked Loop (PLL) the inductor voltage can be calculated
open-loop.

For a sinusoidal input, then, the inductor voltage can be calculated as

014(0) = InoLq f (), with the function f(0) as:

f2rfet) =4-2nfs - cos (2nfgt) - sin (27 f5t) . (B.16)
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Fig. B.6: Motor inductance waveforms: q-current ijiq, stored magnetic energy erq,
corresponding magnetization power prq, and g-inductor voltage v1q, which can be
used as a feedforward term to reduce the DC-link voltage ripple.

The feedforward term is implemented as shown in Fig. 2.4, and, with this
improvement, the corresponding DC-link voltage measurement is shown in
Fig. B.5(c). The voltage ripple is reduced another 55 % — beyond the timing
improvement — to a much-improved ripple of 2Aupc = 10 Vpkpk.
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Motor Phase Current Analysis under
MPPB Operation

In this Appendix, we detail the phase currents in the inverter and motor
under Motor-Integrated Power Pulsation Buffer (MPPB) operation, including
an investigation of the loss-characteristic currents and different frequency
ratios between the electrical motor frequency fi = po/(27) and the power
pulsation frequency fp.

First, we analyze the Root Mean Square (RMS) phase current stress under
a variety of frequency ratio cases, and subsequently move to an average
current analysis. For completeness, the analytical equations for all three
phase currents are given below in Eqn. (C.1), Eqn. (C.2), and Eqn. (C.3).

iMa(t) = — Ivo Sin (p@dt + &) (Co)
I
- % sin (p&t + 27z fpt + £9)
I
- % sin (paot — 27 fot + &)
; . _ 2
ivp(t) = — Iy sin (pa)t +¢& — ?) (C.2)

I 2m
- % sin (pd)t+2n’fpt+£0 - ?)

I 2
- % sin (pd)t — 27t + & — ?)
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2
imc(t) = = Iy sin (p@t +&o+ ?ﬂ) (C.3)
I 2
- % sin (pa')t + 27 fpt + €0 + ?ﬂ)

I 2
- % sin (pd)t —27fpt + 6o + ?)

C.1 RMS Current Stress

The phase currents are the superposition of three sinusoidal waveforms:
fi = fe with amplitude Iyio and fi; = fg + fp and fis = fg — fp, each with ampli-
tude Iyio/2. Depending on the ratio of f and fp, though the coincidence of
sines will vary, potentially leading to asymmetric phase current stresses.

We analyze the current amplitudes, maximum phase losses
PypHmax = max (Pyma, Pymb, Pyme), and total losses
Pypcond = Pyma + Pymp + Pyme With Pyyg = pywmj(t), j = a, b, c, for a variety
of motor speeds (and resulting frequencies), with the results summarized in
Table C.1 for the speed ratio cases. The phase losses are benchmarked to
Pypyo = RSIon /2, which are the phase losses under conventional operation.
For the first four cases in Table C.1, the corresponding phase currents (ipa,
imb, and iyc) and local conduction losses pyy;(t) = Rsirz\/[j(t), j =a,b,c, are
shown in Fig. C.1(a) to (d) for phase a with fp = 100 Hz and worst-case con-
ditions. While the analysis is conducted for fg > femin = P@min/(27) = 4Hz,
with femin derived as in Appendix A, the results are also, of course, valid for
f& < —femin (the opposite direction of rotation).

We now walk through each case to better detail the calculations behind
the results of Fig. C.1 and Table C.1.

Casea, fz > fp

In this case, the superposition maintains three distinct frequencies with the
amplitudes given in Table C.1. The RMS stress is the superposition of the
three sines, as:

2 2 2
2 =22 11M0+11M_0—§Il\4_0

4 1 = , C.
PHrms 2 Mo 2 4 2 4 2 9 ( 4)
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Appendix C. Motor Phase Current Analysis under MPPB Operation

The conduction losses are Pypy = 3/2 Pypyo for a single phase and
PyMcond = 9/2 Pyprp for the three-phase system. The waveforms are shown
in Fig. C.1(a) at fg = 120 Hz, where we verify symmetrical stresses across the
three phases.

Caseb, ff = fp

With the frequencies equal, the result is two distinct frequency compo-
nents with a DC-offset, since fij; = 0Hz. The DC magnitude in phase a is
Ivo/2 sin gy, and, since both sines are multiples of the power pulsation fre-
quency, there is a standing wave, as shown in Fig. C.1(b). Because the phase
currents are locked with the power pulsation frequency, the conduction losses
of the phases are asymmetric.
The RMS stress in phase a is IgHa’rms = (5+2sin® &) /4 11%/10/2! which now
depends on &, or the position at which the frequencies lock. For ¢y = 0, which
is the minimum stress for phase a, the RMS current is I, . =5/4 /2
and for & = /2, the maximum stress for phase a, the RMS current is
IIZJHa,rms =7/4 11%40 /2. The maximum conduction loss for a phase, then, is
Pyptmax = 7/4 Pypmo, an increase of 16 % for losses in a particular phase. Be-
cause the two remaining phases are 120°-phase-shifted, though, the total

losses remain the same at Pypicond = 9/2 PypHo.

Casec, fp/2 < fr < fp

This case again results in three distinct frequencies, like in Case a, with the
waveforms shown in Fig. C.1(c) for fz = 80 Hz.

Cased, /2= f;

Here, two sine functions collapse into one, with fi = —fi = fg, so for
fp = 100Hz, the result is f{ = —fj = f = 50Hz with an amplitude of
Ivoy/5/4 — cos(2¢). fii oscillates at 3 f; with an amplitude of Iyo/2.

These conditions result with iy, (t) equal to nearly iyg(t), as shown
in Fig. C.1(d) for fg=50Hz. The asymmetry between the phases
is increased further, with the RMS current stress for phase a of

IgHa’rms =[6 —4cos(2¢)] /4 11%40/2 for ¢y = 0 (minimum stress for phase a)
and IlfHa ms = 1/2 11%/10/2 and for & = 7/2 (maximum stress for phase a) at

}fHa’rms = 5/2I},,/2. The maximum conduction losses for a particular phase

are Pypamax = 5/2 Pypuo, an increase in 66 % over the symmetric case. Again,
the total losses remain the same due to the phase shift between the phases.
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Fig. C.2: Maximum phase conduction losses Pyppmax over the electrical frequency
fg with the illustration of the restricted operating areas for different thermal time
constants 7y,. The prevented speed operating range according to Appendix A is
indicated by the grey area. The e indicates the analytical calculations of Table C.1.

Case e, fimin < fi < fo/2

This case is identical to Case c.

The total losses for this condition, even at the maximum phase stress,
remain the same as for every other frequency ratio. With total losses iden-
tical, we primarily need to consider the thermal time constant of the key
components — the motor and the inverter power semiconductors — in the
vicinity of these key corner cases to verify safe operation.

We approximate the motor winding time constant as 7y, = 50 s and a
faster time constant of 7y, = 0.1s for the Metal Oxide Semiconductor Field
Effect Transistor (MOSFET) power semiconductors [157]. With these time
constants, we can design the system to operate outside restricted frequency
ranges as |po| = 27 fp (see Case b), |p&d| = nfp (see Case d), and |d| > |@min,
with a 0.01 Hz width for the slow motor time constant and a 5 Hz width for
the faster power semiconductor time constant. These results are illustrated
in Fig. C.2, where the maximum losses and the restricted frequency ranges
are highlighted. Note that the motor frequencies corresponding to these
restricted frequency ranges can be influenced via the number of pole pairs in
the selected motor.
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C.2 Absolute Average Current

With the RMS current analyzed for each case, we turn to analyze the average
current stress of phase a, Ima avg, for each frequency ratio assuming a non-zero
speed, i.e. |®| > Orad/s.

We define Iyaavg = % _/OT liMa (7)|dT with T as the minimum period
of ipa. Starting from |iya ()| = img(2)] sin (pot + &) | with ing(t) > 0 A,
we substitute iygq(t) = Imo + Imo cos (27 fpt) and splitting the equation as

_7i ii .
IMaavg = Ly avg + Maave the results for each part are:

; o [T, . . 2
Vaavg = - [ 1sin (pr +e0) ldz = Zhvo (Cs)
i Ivo [T
Iﬁ,’[a’avg == / [| sin (poT + &) | cos (2xfpr)] dr. (C.6)
0
Applying the Fourier transform reveals that
i =0Aif po/(2r) = f # fp/(2m) with m = 1,2,3, ..., so these cases

Ma,avg
have a symmetrical current stress of Ivaavg = 2/7 Ino-

For fg = fp/(2m) with m = 1, 2,3, ..., the average current stress is asym-
metrical across phases, with numerical calculations showing a worst-case
increase of 33.3% form =1, 6.7% for m = 2, and < 3% for m > 3.

The sum Iyaavg + IMbavg + IMcavg = 6 /7 Imo, though, remains constant,
similar to the constant total losses in the RMS analysis. There are, therefore,
no further restrictions on the frequency ratio for the MPPB operation from
the average current stress.
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Performance Evaluation of a
dv/dt-Limited 1200V SiC MOSFET

This Appendix summarizes the most relevant research findings concerning
the employment of SiC MOSFETs in next-generation VSD inverter systems for
improved efficiency and power densities without harming the motor winding
insulation, also published in:

» M. Haider, S. Fuchs, G. Zulauf, D. Bortis, J. W. Kolar, Y. Ono, “Analytical
Loss Model for Three-Phase 1200 V SiC MOSFET Inverter Drive System
Utilizing Miller Capacitor-Based Active dv/dt-Limitation,” IEEE Open
Journal of Power Electronics, vol. 3, pp. 93—104, 2022.

Motivation
In order to break the performance limit of insulated gate bipolar transistors, this Appendix
evaluates the performance of silicon carbide metal oxide semiconductor field effect transistors

| under the side condition of a limited voltage slope to protect the motor winding insulation. |
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Executive Summar
— Y

Next-generation Variable Speed Drive (VSD) systems utilize Silicon Car-
bide (SiC) Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
to achieve both high efficiency through reduced bridge-leg losses and high
power density through an order-of-magnitude increase in switching fre-
quency or reduction of the DC-link capacitance. These systems, however,
must contend with the high voltage slew rate (dups/dt) of these next-
generation power semiconductors, especially in the context of protecting
the motor from partial discharge phenomena, surge voltages from cable
reflections, and unequal distribution of the voltage across motor windings.
We assess the attractiveness of an external Miller capacitor across the
bridge-leg power semiconductors to limit the maximum voltage slew rate
in a system. To evaluate this technique, we propose a maximum dops/d¢
model, finding that the maximum turn-on slew rate occurs at Zero-Current
Switching (ZCS) with an increase in dops/dt as the device junction tem-
perature increases. During the turn-off transition, the applied dups/d¢
saturates at a particular current. We then find a switching loss model,
arriving at a piecewise-linear dependence of bridge-leg switching losses
on current under dups/dt-limited conditions, a finding that runs counter
to the widely-utilized quadratic current dependence.

The proposed models are validated on a SiC MOSFET bridge-leg designed
for a 10 kW 800 V DC-link VSD system, where the Miller capacitor-based
technique achieves lower losses for the same maximum dopg/dt than a
gate resistor-only dops/dt-limiting value. This SiC MOSFET bridge-leg
achieves peak calculated bridge-leg efficiencies of 99.2 % for a dups/dt

| limitation of 10 V/ns and 99.4 % for a limit of 15V /ns. |

D.1 Introduction

Variable Speed Drive (VSD) inverter systems are critical for the efficient
electrification of the mobility, manufacturing, and logistics sectors, with
VSD-driven industrial motors projected for over 30 % of electricity growth to
2040 [158]. More broadly, VSD-driven motors are rapidly replacing single-
speed motors for higher efficiency, better control, and lower operating costs.

For the switching power semiconductor devices, state-of-the-art VSD
inverters use Insulated Gate Bipolar Transistors (IGBTs), often with a blocking
voltage of 1200 V, accompanied by anti-parallel freewheeling diodes. IGBTs
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Fig. D.1: Three-phase Variable Speed Drive (VSD) PWM inverter system employing
SiC MOSFETs with gate control — in this case, a gate driver with gate resistor Rg and
explicit Miller feedback capacitor Cy; — to limit the voltage slew rate applied to the
motor terminals a, b, ¢ and prevent partial discharge phenomena and/or progressive
insulation aging.

incur high switching losses due to the bipolar on-state carriers, and these
switching losses limit the switching frequency of industrial drives that utilize
IGBTs to 4 kHz to 16 kHz, typically.

With the most recent commercialization and adoption of Silicon Car-
bide (SiC) Metal Oxide Semiconductor Field Effect Transistors (MOSFETsS),
these switching frequencies can be extended by nearly an order-of-magnitude,
enabling full sine-wave filtering [159,160] and higher performance on both
power density and efficiency (including at partial load [161]), simultaneously.
Relative to IGBTs with the same blocking voltage, SiC MOSFETs incur signifi-
cantly lower switching losses due to the unipolar carrier characteristic, lower
conduction losses due to fundamental material improvements [109,162] and
the lack of an on-state voltage drop in forward or reverse conduction, and
support synchronous rectification. Further, the internal body diode of the
MOSFETs eliminates the need for external freewheeling diodes. Overall, SiC
MOSFETs support smaller overall chip areas, lower conduction and switching
losses, and higher switching frequencies for smaller high-frequency motor
losses and lower DC-link capacitance for given switching frequency voltage
ripple.

These next-generation VSD systems (like the three-phase VSD shown in
Fig. D.1) must contend, though, with new complications introduced by the
faster switching speeds of SiC MOSFETs. High slew rate voltages, or dv/dt
values, at the output of the VSD can lead to partial discharge phenomena and
progressive insulation aging of the motor [90,119], unequal distribution of
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the voltage across the motor windings, and/or surge voltages from reflections
in long motor cables. VSD systems must meet critical standards that protect
industrial motors from these deleterious effects [163,164]. One method of
do/dt-limiting is to implement a full sine-wave LC-filter to limit the do/dt
applied to the motor, but this approach carries the familiar drawbacks of
additional high-power passive components: volume, design and realization
effort, and cost [165]. Alternatively, the voltage slope applied to the motor
can be limited directly through other techniques, but with industrial IGBTs
featuring switching speeds of only 1V/ns to 5 V/ns [166] while SiC MOSFETs
can achieve slew rates of up to 100 V/ns, a deeper exploration of dov/dt-
limiting concepts is required.

The most straightforward approach to limit the dv/dt applied to the motor
is with a do/dt-filter, where an LC-filter with a resonant frequency above
the switching frequency is implemented between the switching stage and
the motor terminals (or the cable). Different passive filter implementations
to limit do/dt applied to the motor include a damped LCR-filter [167] or an
undamped LC-filter with Diode-Resistor-Capacitor (DRC) damping [168],
which utilizes a pair of diodes but does not require active control. Combined
Differential-Mode (DM) and Common-Mode (CM) filters, further, feature
capacitors connected to the DC-link rails [107,169] and limit both bearing
currents [170] and radiated electromagnetic emissions [129]. Finally, as a
combination of a passive filter and an active control scheme, an undamped LC-
filter can be combined with an adaptive switching cycle to enforce resonant
transitions without overshoot [171,172]. Each of these concepts reduces the
filter requirements relative to a bulky full sine-wave filter, but still require
the design, implementation, and realization of multiple passive components
that diminish the benefits of the adoption of SiC MOSFETs in VSD systems.

Alternatively, the do/dt applied to the motor can be limited through gate
drive control of the MOSFET directly. The simplest approach is to increase
the resistance of the gate resistor to increase the gate time constant [173]
(including with multiple discrete gate resistance values [174]), leading to
slower switching transients and higher switching losses but lower dv/dt slew
rates. An improvement to this approach, as shown in Fig. D.1, is to implement
a conventional gate driver with gate resistor and an additional Miller feedback
capacitor connected between the gate and drain of each MOSFET [56, 175].
The additional Miller capacitor influences the transient of the switch-node
voltage but, unlike an oversized gate resistor, does not have a meaningful
effect on the gate time constant. A larger Miller capacitance prevents, a
priori, fast voltage transients instead of filtering them out, linearizes the gate
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voltage (especially valuable for Gallium Nitride (GaN) [56]), and is small
in both capacitance value and size. Further, unlike alternative gate drive
modifications that require additional active circuits [176,177] or closed-loop
concepts to control do/dt [178-180], the Miller capacitor concept is simple,
compact, and straightforward to implement.

Despite the performance promised by the Miller capacitor concept for
next-generation VSD systems, there is limited literature on the optimal Miller
capacitor configuration for SiC MOSFETs [176], with more for GaN-based
systems [56,177,181]. None of this prior work, however, includes (a) accu-
rate modeling and analysis for SiC MOSFETs or (b) the effect of the Miller
capacitor on overall system performance beyond dov/dt, most notably on
switching losses and the shorter dead-time (and lower diode conduction
losses) supported by the faster gate time constant.

Motor-integrated VSD systems support dv/dt values as high as 10 V/ns
to 15V/ns, as no cable reflections need to be considered with direct motor
integration. In [77], we analyzed a number of approaches to meet these
do/dt requirements in an Vpc = 800V VSD system, and found the Miller
capacitor solution promised the best analytical performance. In the following,
we extend this work into a complete switching loss model for SiC MOSFETs
with an external Miller capacitor, first revisiting the switching behavior of
a bridge-leg and experimentally validating the effect of the Miller capacitor
on the switching transient (Section D.2). From there, we find a parametric
gate drive model to enable the selection of a gate resistor and Miller capacitor
combination to achieve the desired voltage slew rate during turn-on and turn-
off, and propose and validate a loss model for the switching losses across these
voltage slew rates that unifies turn-on and turn-off switching loss models
under soft- and hard-switching conditions (Section D.3). In Section D.4,
these switching losses are validated on a 10 kW VSD, where the inverter losses
are derived for sinusoidal current and then verified by measurements with
both an external Miller capacitor and under conventional operation, achieving
a peak bridge-leg efficiency of 99.4 % at a 15 V/ns slew rate limitation. In
Section D.5, we provide a design approach for implementing do/d¢-limited
VSD systems. Section D.6 concludes the considerations and points to further
improvements for Wide-Bandgap (WBG)-enabled, motor-integrated, next-
generation VSD systems.

133



Appendix D. Performance Evaluation of a dv/dt-Limited 1200V SiC MOSFET

D.2 Switching Behavior with an External Miller
Capacitor

D.2.1 Switching Behavior Explanation

To understand the external Miller capacitor (Cy;) approach under investiga-
tion, we first must analyze the effect of Cy on the switching transient. To
investigate this switching behavior, we consider a half-bridge configuration
with a high-side Ty, and a low-side transistor T| connected to a DC-link with
the voltage Vpc and driving an ohmic-inductive load with both positive and
negative load currents i, (such that either a strictly positive or strictly neg-
ative current is seen during a switching cycle). In Fig. D.2, the half-bridge
power semiconductors are each shown with a gate driver and an explicit
Miller feedback capacitor Cy;.

For a positive load (and switched) current, the load is connected to the
negative DC-link rail, as shown in Fig. D.2(a.i). When Ty, is conducting, the
load current i, is increasing (under vpg = Vpc) until the switching transition
occurs, at which time Ty, is turned-off and i, = iog (Fig. D.2(b.i)). This
triggers a Zero-Voltage Switching (ZVS) turn-on transition [182] for the low-
side switch T} and a ZVS turn-off transition for the high-side switch Ty,
where the effective switch-node capacitance is the combination of the output
capacitances of the high-side Cossm and low-side transistor Coss 71 and both
Miller capacitors Cy; (as both switches are off). This switch-node capacitance
defines the slope as the switch-node voltage vpg discharges from Vpc to zero,
at which point the voltage transient ends and the load current flows through
the low-side diode.

After the enforced dead-time tp, the low-side transistor is turned-on and
the load current commutates from the diode to the MOSFET channel (note
that the low-side transistor, under a strictly positive current condition, cannot
trigger any transitions and only enables synchronous rectification). While the
low-side switch is on, the current decreases (vps = 0 V) until T is turned-off
again at i, ® ion > 0 and the current commutates back from the channel to
the low-side diode. Again, after an enforced dead-time tp, Ty, is turned on and
a hard-switching event occurs if, = iy,. This hard-switching event discharges
Coss,th and the high-side Cy while charging Coss 11 and the low-side Cy to
bring the switch-node voltage uvps from zero to Vpc, and this fast transient
typically causes a voltage overshoot caused by an oscillation between the
equivalent output capacitance and the commutation loop inductance.
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Fig. D.2: (a) Half-bridge power semiconductor bridge-leg comprising a high-side Ty,
and a low-side transistor T} with individual gate drives and external Miller feedback
capacitors Cy. (b) Characteristic bridge-leg waveforms: gate drive signals, switch-
node voltage ups, and load current ir. (i) Strictly positive load current if, and (ii) a
strictly negative load current iy, both of which occur during a fundamental period.

Under a negative load current, where the load is equivalently connected
to the positive DC-link rail (Fig. D.2(a.ii)), the behavior of T}, and Tj are
reversed, with the high-side device transistor turned-on under ZVS and the
low-side transistor hard-switched at turn-on, as shown in Fig. D.2(b.ii).

D.2.2 Experimental Validation

To validate our understanding of the effect of the external Miller capaci-
tance on the switching transition, we construct a half-bridge using two next-
generation low-Rpg on SiC MOSFETs (C3Mo016120K [115]) and a gate driver
with an output clamp variant (for enhanced noise immunity) [120] that drives
the transistors at the maximum positive (Vg on = 15 V) and minimum negative
(Vgoff = —4 V) gate drive voltages. The Miller capacitor is implemented with a
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Mica capacitor [183], which has low dissipation factor, linear capacitance, and
is rated for transients up to 20 V/ns [183]. Turn-on and turn-off behavior for
the half-bridge is measured under Double-Pulse Test (DPT) conditions, and
we define the rise time f, and fall time #; of vpg as the time interval between
10 % and 90 % (or 90 % and 10 %) of the DC-link voltage Vpc with a resulting
voltage slope dups/dt = 0.8Vpc/t, or dups/dt = 0.8Vpe/t for Vpe = 800V,

Firstly, we measure and analyze the behavior for Rg = 0 Q without a Miller
capacitor (Cy; = 0 pF), as reported in Fig. D.3. The turn-on transition occurs
under Zero-Current Switching (ZCS) conditions (I,, = 0 A) and the measured
slew rate is dupg/dt = 60 V/ns, with the turn-off transitions at I, = 5A and
Lg = 40 A achieving voltage slew rates of 6.1V /ns and 45 V/ns, respectively.
We might expect the voltage slew rate to increase by a factor of 8 with an
8% increase in current; instead, we find an increase of 7.4 and encounter
the saturation of dups/dt under high-current switching conditions that was
reported in [88]. For all of the measured turn-on and turn-off transitions in
Fig. D.3, the drain-source voltage transitions nearly linearly between 10 %
and 90 % (or 90 % and 10 %), justifying the previously-introduced derivation
of voltage slope based on the rise (or fall) time. The power loop inductance
can be estimated from the oscillation frequency of the commutation loop,
which is measured at 71MHz in Fig. D.3(a.ii) and corresponds to 20 nH,
which originates primarily from the parasitic inductances of the two TO-247
packages. Even with a current slew rate of 2 A/ns, a reasonable value for the
gate resistors considered here, the inductive voltage drop is only 40 V — less
than 5 % of V¢, and safely neglected in the subsequent analysis.

Next, the gate resistor is increased to Rg = 30 Q while maintaining zero
Miller capacitance (Cy; = 0 pF), which slows the turn-on voltage slew rate
significantly to 8.8 V/ns. We find, perhaps unexpectedly, a negligible effect
on the turn-off slew rate at 5 A (measured at 5.7 V/ns), but the high-current
turn-off transient slew is reduced from 45 V/ns to 9.0 V/ns. The gate transient,
as we see in Fig. D.3(b), is also much slower relative to the reference case
with Rg = 0 Q.

Finally, an arbitrary Miller capacitance of Cyy = 50 pF is added to the
half-bridge, and a much lower gate resistance of Rg = 10 Q is selected to
achieve the dups/dt at turn-on as for the Rg = 30 Q case (Fig. D.3(a.i)). The
gate transient is now faster than for the large gate resistance case (although
still slower than for the Rg = 0Q, Cy; = 0 pF case, as expected), and we again
find little effect on the turn-off transition at 5 A (measured at 5.6 V/ns) but a
large influence on the high-current transition (slew measured at 11.5V/ns at
40 A).
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Fig. D.3: (a) Measured drain-source voltage vpg and (b) measured gate-source voltage
vgs of a C3Moo16120K low-side transistor T} (see Fig. D.2(a)), during (i) turn-on at
zero current (¢, in Fig. D.2(a)) and (ii) turn-off at 5 A (faded lines) and at 40 A (¢, in
Fig. D.2(a)) for different gate drive parameter combinations Rg and Cy;. The change
of the drain-source voltage is nearly linear between 10 % and 90 % (or 90 % and 10 %)
of Vpc and is further linearized with the external Miller capacitor Cy;. The turn-on
voltage slew rate at zero current results with 8.8 V/ns for both gate drive parameter
combinations of Rg = 30 Q, C\ = 0 pF, and Rg =10 Q, Cy; = 50 pF. In contrast, the
turn-off voltage slew rate at I, = 40 A differs for the two cases and results with
9.0 V/ns for Rg = 30Q, Cp = 0 pF and 11.5V/ns for Rg = 10 Q, Cy; = 50 pF. The Miller
plateau becomes visible at reduced voltage slopes, with non-zero values of Rg and
O
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Fig. D.4: Measured drain-source voltage vpg for a turn-off current of I,¢ = 1A, causing
an incomplete ZVS transition, and a turn-off current of 5 A with a complete ZVS
transition. Both configurations have Rg = 10 Q and Cy; = 50 pF. After the dead time
tp = 400 ns has passed, the complementary transistor turns on and enforces a rapid
voltage transient similar to ZCS conditions at a reduced voltage difference. This
case is inherently included in the selected half-bridge configuration and the dops/dt
limitation is still met.

At low current levels during turn-off, the rise time may become longer
than the dead time tp, which is selected to minimize the diode conduction
losses. Under these conditions, a partial hard turn-on event occurs, causing
an incomplete ZVS transition (see [182] for a more complete discussion).
During this turn-off transition, the gate-source voltage decays to a negative
voltage during the dead time, and, when the second transistor turns on after
the dead time (but before the transition is complete), a ZCS-like transition
occurs for the remaining voltage difference, with a fast dopg/d¢ transient.
A measured waveform for this event is shown in Fig. D.4 (for Rg = 10 Q,
Cwm = 50 pF) at a turn-off current of 1A and a dead time of 400 ns. Because
the low current (which must be the case to cause this condition) causes a slow
transition during the dead-time, the slew rate limitation is still met under
these conditions.

We see, then, that the Miller capacitor slows the voltage transient, as
desired, and that the Miller capacitor can achieve different turn-on and turn-
off voltage slew rates with the same gate resistor. For the same drain-source
voltage slope, the Miller capacitance solution has a faster gate transition than
a gate resistor alone, which could be beneficial. Most importantly, though,
we find a significant dependence of the voltage slew rates dups/dt on the
switched current, an influence beyond the gate drive parameters Rg and Cy
alone, and this warrants a deeper investigation.
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D.2. Switching Behavior with an External Miller Capacitor

D.2.3 Voltage Slew Rate Measurements over Switched
Current

To understand the current dependence of the slew rate, the voltage slew rate
dups/dt is measured across switched current with and without the Miller
capacitor. We sweep the DPT measurements with switched currents from 0 A
to 45 A for both turn-on and turn-off currents with gate resistors Rg on = 30.1Q
and Rgoff = 24.3 Q and a Miller capacitance, when used, of 20 pF. The results
are shown in Fig. D.5, alongside an image showing the relative volume
contribution of the Miller capacitor, which is negligible compared to the SiC
MOSFET and other gate drive components.

At turn-on, we find that dopg/dt reduces with higher switched turn-on
currents I, with the maximum slope occurring at ZCS (dops/dt|,,,y)- This
aligns with conventional theory with a transconductance gy,, where the
Miller voltage increases at higher currents as vy = vy, + Ion/gm and the slew
rate goes as dops/dt|,, o« VGon — oM. We also find a temperature depen-
dence by applying continuous switching under ZCS (rather than the DPT)
at around 100 °C junction temperature, which is indicated by the black dots
in Fig. D.5 and achieves higher a duops/dt than ZCS under DPT conditions
(with a junction temperature near room temperature). The maximum mea-
sured voltage slope under turn-on (at the elevated junction temperature)
is dops/dt| . = 9.8 V/ns without the Miller capacitor and 7.4 V/ns with
Cm = 20pF.

At low turn-off currents and under ZVS, the voltage slew rate dopg/dt
scales with the switched turn-off current I ¢. At higher switched currents,
though, the voltage slope dups/dt saturates, replicating the “kink current” I
behavior found in [88]. The kink current is:

dUDS

Ik = Ceff T s (Dl)

max

with Cefr = 2C30,05s + 2CM + Cpar and Cag oss as the charge-equivalent capac-
itance [182] of the transistor between 10 % and 90 % of the DC-link voltage.
Without an external Miller capacitance, and considering Cy and any parasitic
capacitance Cp,; as negligible compared to Cyg oss, the effective capacitance is
Ceft = 2Cyg,0ss = 666 pF and the kink current is I o = 6.5 A. With Cy = 20 pF,
the kink current is Iy = 4.9 A as a result of the reduced dops/dt|,,y, With
these values labeled in Fig. D.5 (although the kink current transition from
rising slope to saturated is relatively smooth here).

In sum, then, the external Miller capacitance Cy maintains the behavior
of the voltage slew rates across current, but reduces dups/dt overall and can
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Fig. D.5: dupg/dt measurements from Double-Pulse Test (DPT) experiments on a
C3Moo016120K bridge-leg over switched current from 0 A to 45 A for (a) turn-on and
(b) turn-off, with Rg on = 30.1Q, Rg off = 24.3Q and two different Miller capacitors
Cwm. The black dots indicate continuous Zero-Current Switching (ZCS) measurements
at 100 °C. In (b), the size of the Miller capacitor (green) is compared to the gate drive
components (gate driver, turn-on resistor, second resistor with an additional diode
to achieve an independent turn-off resistance) and the SiC MOSFET to show the
compactness of this solution.

be used with a gate resistor to achieve the desired voltage slope. That said, the
important saturation current characteristic mandates a deeper investigation of
the switching behavior during a transition, leading to an analytical model for
both dups/dt and switching losses for any gate resistance and Miller capacitor
combination.

D.3 dv/dt and Loss Models

In this Section, we derive a dupg/dt model to find suitable gate drive configu-
rations (for an arbitrary power semiconductor device) to achieve a desired
dopg/dt and a related switching loss model for determining turn-on and turn-
off losses. First, we return to a deeper investigation of the half-bridge during
a switching transition to better understand the detailed models derived here.
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D.3.1  dv/dt-Model

Fig. D.6(a) shows the equivalent half-bridge circuit present during the turn-
off and turn-on transition of the low-side switch (Tj in Fig. D.2(a)), with the
corresponding waveforms shown in Fig. D.6(b). Here, we limit our focus
to the switch-node voltage transient, with the broader gate and bridge-leg
waveforms detailed in [174,176]. The switching current L, is assumed positive
(hard-switching Tj at turn-on), constant during the switching transition, and
with a magnitude greater than the kink current as Iy, > Ix. The waveforms
use a straight-line approximation and Cpg represents the equivalent output
capacitance between the drain and source, including the drain-source capaci-
tance of T}, the output capacitance of Ty, (indicated in the figure only with a
free-wheeling diode to which I, commutates) and any additional parasitic
capacitances, such that Cps = Cossh + Cas 11 + Cpar-

Turn-off Transition

At turn-off (Fig. D.6(a.i) and Fig. D.6(b.i)), the initial condition is
with T) turned on, such that the gate is charged to Vgon. The gate
driver applies Vgof, and the internal gate-source voltage is reduced
and clamped at the Miller voltage vgsi = oM = 0 + Liw/gm. We as-
sume a strict Miller plateau, such that vgs; = wvm is strictly true and
therefore no current flows to Cgs. Through KVL, we can then find

2
oM = Voot = |Rooft (Cu + Cop) + RintCop | 425 + Re ot Rint CMCop ddzt)]z)s- Us-

2
ing the straight-line approximation such that 4 12> = 0, we find our model
for dupg/dt during the turn-off transition:
dops| om — VG off

- , (D.2)

dt | g RcofCum + RgoCop + RintCaop + Toft
with an additional fitting time constant 7 to account for further delays,
perhaps inside the semiconductor or the semiconductor package. With no
external gate resistor (Rgoff = 0 Q), the internal gate resistance Ry limits the
voltage slew rate.

Turn-on Transition

At turn-on (Fig. D.6(a.ii) and Fig. D.6(b.ii)), T; is turned off and the gate is
therefore charged to Vi 0. The gate driver applies Vg on, and we can follow
the same analysis as for the turn-off model — with the important exception
that vgs; = vy, because the device is turned-on under ZCS to consider the
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Fig. D.6: (a) Equivalent circuit of the bridge-leg of Fig. D.2(a) during the (i) turn-off
and (ii) turn-on switching transitions of T} for switched current greater than the kink
current, or Igy > I. The upper power transistor is only visualized as the body diode
and the shown drain-source capacitance Cpg includes the parasitic capacitances Cys 1y,
Coss Th> and Cpar. (b) shows the corresponding time waveforms. The switched current
Isw is taken as constant during the turn-off transition (low ripple approximation)
and the time behavior of the inner gate-source voltage (vgs;) of T} is based on a
straight-line approximation.
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worst-case dupg/dt (Fig. D.6(b.ii) shows the behavior for a current value I,
different from zero). During turn-on, the voltage slew rate is:

dopg _ VG,on — Uth

dt |,, RconCm + Rg,onCop + RintCaD + Ton

(D.3)

Cgp corresponds to the charge-equivalent gate-drain capacitance. Al-
though the local value (cgp) is voltage-dependent and non-linear, the external
Miller capacitor linearizes or even dominates the total gate-drain capacitance.
The drain-source voltage change is therefore more linear, and we emphasize
again that the Miller capacitor primarily influences the drain-source voltage
transient without significant affecting the gate transient.

Experimental Validation

We validate the proposed dups/dt models in the same half-bridge configura-
tion with four Miller capacitance values (Cyv = [0, 10, 20, 50]pF) and several
turn-on and turn-off resistors. Turn-off transitions are measured with DPT
conditions at 40 A switched current and turn-on transitions are measured
with continuous ZCS with a junction temperature of 100 °C.

The results are reported in Fig. D.7, with the modeled voltage slope
shown as lines and the measured slope as dots. The turn-on model is fit to the
measurements with oy, = 6.0V, Cop = 24.5pF, Ry = 2.2 Q and 1., = 143 ps,
and the turn-off model is fit with oy = 8.7V, Cgp = 45.7pF, Ripy = 2.5Q
and 7o = 151ps. These parameters are quite similar, as desired, with the
large deviation for Cgp assumed to originate in the different contribution of
Cgs between turn-on and turn-off since the Miller plateau is not perfectly
flat [184,185].

The proposal models match the measurements across gate driver circuit
values, supporting the selection of suitable gate resistor-Miller capacitor
combinations to achieve the desired voltage slew rate in any application. In
Fig. D.7, our targets of dups/dt| . = 10 V/ns and dops/dt|,.x = 15V /ns are
highlighted, with the Miller capacitance and gate resistor values that result
in those maximum slew rates summarized in Table D.1.

D.3.2 dv/dt-Related Loss Model

Loss Measurements

We see in Table D.1, then, that different gate drive parameter combinations
can achieve the same maximum voltage slew rate, but recall from Fig. D.3
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Fig. D.7: Measured voltage slope for different Miller capacitors and gate resistors for
(a) turn-off at 40 A and (b) turn-on at zero current. The proposed model of Eqn. (D.2)
and Eqn. (D.3) is shown overlaid as the solid lines, where we find excellent matching
between the model and the measurement. Maximum considered voltage slew rates of
10 V/ns and 15 V/ns are highlighted.

Tab. D.1: Required gate resistors Rg on and Rg o for different voltage slopes and
external Miller capacitor values; turn-off at 40 A, turn-on at zero current.

Gate Resistors 998 =10V/ns dos =15V /ns
dt max dt max

RG,on’ RG,off

CMm = 0pF 30.1Q,24.3Q 15.0Q,15.0Q

Cym = 20 pF 16.2Q,16.2Q 8.60Q,10.0Q

Cym =50 pF 9.5Q,11.0Q 52Q,6.8Q

144



D.3. dv/dt and Loss Models

that the time-domain behavior can be quite distinct among them. Here, we
explore if this degree of freedom can be used to minimize switching losses,
and derive a suitable — and novel, for turn-on losses — model for switching
losses.

We use the thermal transient measurement method [108] to conduct ZCS-
only, turn-off-only, and turn-on and turn-off loss measurements for all six
sets of gate drive parameters that achieve our maximum voltage slew rates
in Table D.1. These results are given in Fig. D.8 across turn-on and turn-off
currents, where we report the loss measurements alongside the measured
dops/dt for a single transition (Fig. D.8(a)) under continuous half-bridge
operation (Fig. D.8(b) and Fig. D.8(c)). We see, upon a quick examination,
that the losses depend, to first order, upon dopg/d¢ but that the tradeoff
between gate resistor and Miller capacitor value has almost no influence, and
we move to find a suitable loss model that explains this behavior.

Turn-off Loss Model

A detailed turn-off loss model is given in [88], and only a short summary is
given here.

For currents below the kink current, only the resonant charging-
discharging C,ss-losses [186] occur during turn-off, denoted as Ey. Above the
kink current, the voltage slew rate dups/dt saturates and a portion of the load
current flows through the channel, resulting in losses of Eq + ko (Lot — Ik),

. 12 ;d
with ke = 5V5o/
ma:

. Turn-off switching losses are, then:
X

Ig d .
dZ)Ds _ 1_: % max if Ioff < Ik (D 4)
dt off dd% - if ILg > I
E, if Ig < Ik
E Ig) = D.
st (o) {Eo kot ot ~ 1) i Lo 2 ki ®s)
with Iy > 0A. Note that the gate current flows as ig = —icm — icpG

(with the gate charge related to the Miller plateau Qgo = igotro), which
corresponds to the charge requirements of Cy; and Cgp and must be absorbed
by the gate driver itself. For our application here, we apply Eqn. (D.1) and
find I, = 6.6 A for dops/dt| ., = 10 V/ns and I, = 10 A for 15 V/ns.
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(a) Measured voltage slopes dops/dt and switching losses for
(b) dups/dt|max = 10V/ns and (¢) dopg/dt| . = 15V/ns at (i) turn-off and (ii)
turn-on, verifying the proposed models. Diamonds indicate a maximum slope of
dops/dt| pax 0f 10 V/ns (#) and squares indicate a maximum slope of 15V/ns (m). In
(b.i) and (c.i), turn-off losses (light blue) are directly measured and, subsequently,
turn-on losses (dark blue) are extracted from a total loss measurement of (b.ii) and
(c.ii) with the turn-off losses known (shown in light blue).
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Turn-on Loss Model

During the turn-on transition, the charge corresponding to the total capac-
itance Qtot = Qoss(Vdc) + (CM + Cpar/ 2) Wbc is charged/discharged via the
channel, resulting in ZCS losses of VpcQior. If dups/dt is assumed as in-
dependent of load-current, a reasonable approximation from our findings
in Section D.2 (see Fig. D.5), then the current-dependent losses increase
linearly with the current as konlon and can be considered the losses associated
with dopg/dt-overlap. The turn-on losses, then, can be described as:

d d
Ups _ Ups (D6)
dt on dt max
Esw,on (Ion) = VDCQtot + konlorr (D~7)

For turn-on losses, our model utilizes the values Quss(Vpc) = 344 nC,
Cpar = 100 pF (PCB), and a neglected charge contribution from the Miller

capacitor for Qiot = 384 nC. We fit ko, = %VSC/ dd%
ma:

1.35 interpreted as a waveform correction factor for the turn-on losses.

, with the factor of
X

Unified Loss Model

Finally, we can unify the turn-off (cf. Eqn. (D.5)) and turn-on loss models
(cf. Eqn. (D.7)), finding a linear piecewise function for half-bridge losses that
is distinct, and novel, from the typical assumption of a quadratic loss model
that is dependent on current.

With a simple summation, and neglecting the resonant charging-
discharging C,ss-losses occurring during turn-off, denoted as E,, which are
always a small fraction of VpcQior [186], the half-bridge switching losses
Esw(Lw) = Esw.on(Isw) + Esw.off (Isw) at alow current ripple (i.e. Iy = Ion = Iof)
result in a piecewise linear function:

VDCQtot + konIsw if Isw < Ik

] (D.8)
VDCQtot + konIsw + koff (Isw - Ik) if Isw > Ik-

ESW (ISW) = {

These linear functions intersect at the value of the kink current I, which
is dependent — along with ko, and kog — on the selected maximum voltage
slew rate dopgdt|,,,. Critically, half-bridge switching losses are actually
piecewise-linear on Iy, rather than quadratic [108], with the kink current I
playing a critical role as the intersection of these functions and the switched
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Tab. D.2: Derived loss parameters for different voltage slope limitations.

Parameter % o 10 V/ns % o 15V/ns
Otot (nC) 384 384
I (A) 6.6 10
kon (WJ/A) 43 29
kot (HJ/A) 32 21

current value after which switching losses start increasing more rapidly. This
arises because of the lack of dependence — in either turn-on or turn-off losses
— on di/dt, as mentioned previously [174,176].

The proposed model is validated in Fig. D.8(b) and Fig. D.8(c), with the
turn-off losses measured directly and with tight matching (cf. Fig. D.8(i)).
Turn-on losses cannot be measured directly easily, so we instead measure
half-bridge losses with a small current ripple, which are comprised of one
turn-on and one turn-off transition, and report the total measured losses
(cf. Fig. D.8(ii)). The obtained parameters for the switching loss model are
reported in Table D.2.

D.4 Case Study: 10kW Motor Drive System

The derived dopg/dt and loss models are validated by measuring the losses
(thermally [108]) of a single C3Mo016120K bridge-leg of a VSD system for
an electric motor, as shown in Fig. D.1. The specifications for this motor
drive are Vpc = 800V, Py = 10kW, ivn = 25 Apk, inopt = 20 Api, M = 0.8,
Mcos ¢ = 0.68 [77] with a inverter switching frequency fisw = 16 kHz to
remain outside the audible range [117].

With large motor inductances, the output phase current is sinu-
soidal under Continuous Current Mode (CCM) with a low ripple. For
a sinusoidal phase current iy, = iysin(e), the output power is
Py = %fMVDCM cos ¢. The half-bridge losses will include both conduction
and switching losses as Pypp = Pynpcond + Pvibsw, With conduction losses
as PyHBcond = %RDS,onl?\A (with current ripple neglected) and the switching

losses Pytpow = fisw e foh Egw(ima(€))de. Using the derived loss model of

148



D.4. Case Study: 10kW Motor Drive System

Eqn. (D.8) for the switching losses, the total half-bridge losses are:

1 ., 2,
Pyug =§RDS,onlM + fisw | VDcOrot + ;konlM

0 if iy o< L
+ . 2 ~ D.
fIsW%koff [iM 1- (1%) — I arccos (z%)l if v > I (D)
and the inverter efficiency is:
P Py (i
N, Py (im) (D10)

1= Pinv + 3Py 1iMVbcM cos 0

The power semiconductor losses and bridge-leg efficiency are measured
with the gate driver circuit parameters of Table D.2 under the maximum
voltage slew rates of 10 V/ns and 15 V/ns, with the results shown in Fig. D.9.
The modeled conduction losses use an on-resistance value of Rpgon = 20 meQ,
which corresponds to a junction temperature of 100 °C. The die area of the
selected C3Moo16120K SiC MOSFETS is optimal for a phase current of 20 Apy
[77], which we denote as ij,opt.

The loss measurements match well with the total loss predicted by the
proposed loss model across maximum slew rate dops/dt|,,,, limits, phase
current, and combinations of gate resistance and Miller capacitance. With the
10 V/ns maximum slew rate constraint, the measured bridge-leg losses are
Pyyg = 22.3W for fM,Opt = 20 Ay without the Miller capacitor and improve
to 20.9 W with Cy = 50 pF. Similarly, with the same 10 V/ns maximum slew
rate but at fM,N, the measured bridge-leg losses are Pyyp = 29.9 W without
the Miller capacitor and improve to 27.3 W with Cy = 50 pF. With a higher
slew rate limitation of 15 V/ns, the measured bridge-leg losses are reduced
relative to the 10 V/ns case, as expected, from 17.2 W (Cy = 0pF) to 16.3W
(Cwm = 50 pF) at iy opt and from 22.3W (Cy = 0pF) to 20.9W (Cy = 50 pF)
at iy n. For the slew rate limit of 10 V/ns, the maximum calculated bridge-
leg efficiency reaches 99.2 % at 17.0 A and for the maximum slew rate of
15 V/ns, the maximum calculated bridge-leg efficiency reaches 99.4 % at 18.1 A.
Without the slew rate limitation (0 Q gate resistance, which reaches a slew
rate of 60 V/ns, as reported in Section D.2), the peak bridge-leg efficiency is
99.6 % (calculated based on [77]), as shown with the dotted line in each plot
in Fig. D.g.
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Fig. D.9: Measured semiconductor bridge-leg losses and the corresponding calculated
bridge-leg efficiency over peak phase current i for (a) dops/dt|;.x = 10 V/ns (4) and
(b) dups/dt|max = 15V/ns (m). Measurements are conducted across several load
currents and gate drive circuit parameters (gate resistor and Miller capacitor values
according to Table D.1) to validate the proposed model. The efficiency without a
dopg /dt-limitation is calculated based on [77] and shown for comparison as the dashed
line.
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The combination of SiC MOSFETs and a slew rate limit enforced with an
external Miller capacitance, then, enables high-performance VSD systems —
without the significant size, weight, or cost associated with bulky filters —
that dramatically exceed the IGBT bridge-leg efficiency limit of ~ 98 % [77]
while protecting motors from high voltage slew rates.

To evaluate the performance of the proposed Miller-capacitor-based ap-
proach, we compare the system volume and losses with a conventional do/d¢-
LC-filter-based approach [168] to meet the same slew rate limitation. We
derive a simple volume model and use the filter loss model from [77] for the
comparison. The volume of the power stage is primarily driven by the volume
of the heatsink. We assume a maximum heatsink temperature of Jdys = 85°C
and an ambient temperature of Jamp = 45 °C, and use the Cooling System
Performance Index (CSPI) approach [187] with a typical CSPI of 20 W /KL to
calculate the heatsink volume Volys. The design equations for the heatsink
volume are:

‘9HS - ‘9amb

RHS = —F— (D.ll)
3Pyus (imN)
1
Volyg = ——. D.
O = CSPT R (D12)

For a three-phase inverter at nominal operation (fM,N = 25 Ap) and a slew
rate limit of 15 V/ns ensured by the discussed gate drive modifications, the
inverter heatsink volume is Volgs = 81cm3 (for maximum semiconductor
losses of 64.6 W at fM,N = 25 Api) with total losses of 50.5 W at fM,opt =20 Apy.
Without the slew rate limitation (0 Q gate resistance, which reaches a slew rate
of 60 V/ns, as reported in Section D.2), the peak bridge-leg efficiency is 99.6 %
at 21.3 Ay and the power stage heatsink volume is reduced by almost 40 % to
51cm3 (for maximum semiconductor losses of only 41W at iy N = 25 Apy).

Without the bridge-leg slew rate limitation, the do/dt-LC-filter is now
required to protect the motor winding system. We use, as a reference, an
LC-filter with DRC damping branches (connected between the filter output
and the positive and negative DC bus, [168]) this is designed for the same
application scenario with 15V/ns. If we consider the Permanent Magnet
Synchronous Motor (PMSM) 1FT7084 from Siemens [113], the dv/d¢-filter
capacitor of a phase needs to be at least C, = 1.5 nF [77], which can be imple-
mented with a Mica capacitor [183] for a volume of only 0.1cm3 per phase.
While this small capacitor volume can be easily neglected, the filter capacitors
introduce additional capacitive switching losses, resulting in additional losses
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of Pyc = 3ﬁSWCOV]§C = 46 W that are dissipated in the damping resistors. An
additional heatsink for these resistors (which we allow to reach dysr = 125 °C,
as power resistors can be operated at high temperatures) requires a volume
of Volysr = 28.8 cm3. According to [77], in each phase a filter inductor with
L, = 1.2 pH is required which causes a current swing of 28 A, thus the in-
ductor must be designed to saturate above 58 A. This filter inductor can be
implemented with the HCI Inductor from Wiirth Elektronik [188] for only
3 cm3 of additional volume per phase.

Then, a dv/dt-limiting passive LC-filter with DRC damping (in each phase)
achieves a system volume of 89.4 cm? and system losses at iM,opt of 79 W, for
an overall system volume increase of 10 % and an overall system loss increase
at fM,th of 56 % compared to the Miller capacitor approach (efficiency reduc-
tion from 99.4 % to 99 %). Further, the relatively large filter inductors may
prevent automated assembly of the power stage and the filter approach is
sensitive to the selected motor since the filter capacitor C, must dominate
the motor capacitance [77]. The proposed Miller capacitor approach is, in
contrast, not sensitive to the motor characteristics, as any additional par-
asitic capacitance only increases Ceg and the kink current I but does not
influence the dv/dt limit, which depends only on the gate drive configura-
tion (cf. Eqn. (D.2) and Eqn. (D.3)). This increase in kink current reduces
the turn-off losses, while the increased ZCS losses only occur inside the motor.

In sum, then, the combination of SiC MOSFETs and a slew rate limit en-
forced with an external Miller capacitance uniquely enables high-performance
VSD systems — without the significant size, weight, or cost associated with
bulky filters — that clearly exceed the IGBT bridge-leg efficiency limit of
~ 98 % [77] while protecting motors from high voltage slew rates.

D.5 Design Procedure for Voltage-Slew-Rate-
Limited Bridge Legs

With a voltage slew rate limitation on the bridge-leg itself attractive in many
VSD systems, we provide a design procedure to implement the dopg/dt-
limitations explored in this work. The goal of this Section is to summarize
the critical design steps for a tangible and straightforward guide to apply
active dopg/dt limits in motor drives with a sinusoidal phase current with
peak value iy.
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[S1] The specification of the application must be defined, including the
maximum slew rate dops/dt|,,, and DC-link voltage requirements.

[S2] Select the transistor technology based on the blocking voltage (the
DC-link voltage, with margin) and other considerations, including cost
and preferred manufacturers.

> For this transistor family, devices with a range of on-resistances
are typical available.

> The loss minimum chip area — based on the on-resistance Rpgon
at the desired junction operating temperature Jjqp,, and the output

charge Qqss(Vpe) = fOVDC Coss (v)do (all of which can be determined
from the datasheet) — is [77]:

1 [2WcQossh
RDS,on,opt = RDS,onT ﬂ (D.l?,)
iMm V Rps,on

[S3] With the power transistor now selected, we move to the configuration
of a gate drive, where we have to distinguish two cases:

(a) For the known half-bridge configuration of Section D.2, with ex-
isting data from this work for the C3Mo016120K [115]) and a gate
driver with an output clamp variant, the designer may straight-
forwardly select:

> Cpy = 50 pF should be selected for maximum performance, as
it achieves minimal losses without causing instability through
excessive gate ringing.

» A minimum effort implementation with no Miller capacitor
(Cm = 0pF) and elevated gate resistors incurs a switching
loss increase of 6 % to 8 %.

> The corresponding on and off resistances for the given
dops/dt|p.,-limit can be selected according to Fig. D.7.

(b) If, alternatively, the half-bridge power semiconductors and/or
gate drivers have not been characterized:

> An evaluation bridge-leg must be constructed to conduct sim-
ple voltage slope measurements, as described in Section D.2.

» Testing should begin with Cyy = 0pF, and the turn-on re-
sistance should be gradually increased (with Rgog = 0Q)
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until the voltage slope limit is reached under continuous ZCS
conditions, with the switching frequency selected to achieve
a junction temperature close to the maximum operating tem-
perature Jj,p in the application.

> After this sweep is completed, Rg on should be fixed and Rg o
can be selected such that the same voltage slope limit is
achieved during turn-off at the maximum phase current and
under DPT conditions (room temperature device).

» To further increase the performance, the prior two steps can
be repeated for different Miller capacitor values, stopping
before a maximum value where additional ringing occurs in
the gate-source voltage during transients.

[S4] With the Miller capacitance selected, the effective capacitance is

0.9Vpc .
o1V Coss(v)do is the

charge-equivalent capacitance of the transistor between 10 % and 90 %
of the DC-link voltage and Cp,, includes the parasitic capacitance of
the PCB and the load.

Cefr = zch,oss +2C\ + Cpars where CdQ,oss =

[S5] Between Ceg and the slew rate limit dopg/dt|,,,y, the kink current Iy is
fully-known from Eqn. (D.1):

dUDS

o= Con =g

max

and the loss coefficients are:

Otot = Qoss(VDC) + (CM + Cpar/z) Vbe

135 dops dops
kon B VSC/ dt max kOE VSC/ dt max
[S6] The half-bridge losses are, from Eqn. (D.9):
1 " 2.,
Pyns :ERDS,onlM + fisw | VDcQtot + ;konlM
if iy < I

0
2 2 . 2
ﬁswf—[koﬁf IiMﬂl— (f—;) — Iy arccos (1%)] if iy > I

[S7] An appropriate heatsink can now be designed, and the system can be
implemented and validated.
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D.6 Summary

Variable Speed Drive (VSD) systems utilizing next-generation Wide-Bandgap
(WBG) power semiconductors hold the promise of boosting the efficiency,
power density, and adoption of electric motors to electrify manufacturing,
logistics, and mobility. To realize fully the loss reduction and frequency
increase benefits of SiC MOSFETs, however, the voltage slew rate applied to
the motor must be limited to values such that the motor will not be damaged
by partial discharge phenomena, surge voltages from cable reflections, or
unequal distribution of the voltage across motor windings.

In this work, we evaluate the potential of an external Miller capacitor to
limit the maximum dops/dt of a bridge-leg, and derive a detailed understand-
ing of the switching behavior to derive analytical models — across switched
current, gate resistance, and Miller capacitance — for the maximum dopg/dt
and switching losses during the turn-on and turn-off transitions. The dopg/dt
model and matching measurements show that the maximum slew rate occurs,
for turn-on, at Zero-Current Switching (ZCS) and at elevated temperatures,
while the turn-off dups/dt saturates after an analytical “kink current” is passed.
The kink current derivation, which can be understood in the context of the
current paths during switching, helps us arrive at a critical finding for the
broader field: that switching losses in a bridge-leg are not quadratic with
current (at least under limited dopg/dt conditions), as long modelled, but are
rather piecewise linear on current, with the second linear function starting at
the kink current itself.

The dops/dt and loss models are validated on a SiC MOSFET bridge-leg
for a 10 kW 800 V DC-link VSD system with dupg/dt limitations of 10 V/ns
and 15 V/ns, where we find excellent matching between the model and the
measured bridge-leg losses. The Miller capacitor-based technique achieves
lower losses for the same maximum dopg/dt than a gate resistor-only tech-
nique, highlighting the promise of realizing VSD systems with SiC MOSFETs
that simultaneously achieve high efficiency, high power density, and limited
voltage slew rates.
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