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Abstract

Boost-type power factor correction (PFC) rectifiers can be used in, for example, battery charging systems for
Electric Vehicles (EVs). Conventionally available three-phase PFC rectifiers are limited to output 1/3 of the
rated power when connected to a single-phase mains. This work presents the research into the single-phase
operation of the Belgian rectifier, a novel boost-type PFC rectifier which allows for full power operation in
both single- and three-phase operation (relevant for the three-wire split-phase systems in the USA with a
maximum power of 19.2kW). The single-phase AC-to-DC power converter is operated by paralleling and
interleaving the three-phase rectifier bridge legs. By using the analysed triangular current mode (TCM)
modulation scheme complete zero-voltage switching is achieved over the entire mains period. The power
converter is further analysed with respect to the steady-state operation and component-level modelling. The
modelling techniques are used to generate the Pareto-front of efficiency versus power density. The optimal
design is selected based on the multi-objective requirements, and is a design with 6x interleaving with a
boost inductance of 30 uH that results in complete soft-switching transitions and achieves an efficiency of
98.42 % with a power density of 5.34 kW/dm3. After that, the single-phase Belgian rectifier is compared to the
conventional six-switch boost PFC rectifier to identify and quantify the benefits. Finally, a closed-loop control
model is proposed and implemented on the 19.2 kW, 1.5 kW/dm?® hardware demonstrator for the conversion
of a 240V AC input with a maximum rms current of 80 A into a 380V DC output to verify the single-phase
operation of the Belgian PFC rectifier. Experimental results show efficiencies higher than 98 % for power
levels larger than 3 kW.
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Introduction

The global adoption of Electric Vehicles (EVs), including Plug-in Hybrid Electric Vehicles (PHEVs) and full
Battery Electric Vehicles (BEVs), increased over the last decade. In 2019, electric cars! sales reached a global
peak of 2.1 million, 40% higher than 2018, making 2019 the new record year. The global stock of electric cars is
now calculated to be 7.2 million. Increase of the EV sales is supported by environmental, health, and societal
benefits [1] such as noise reduction and reduction of green house gas (GHG) emissions when the electricity
is produced using a low-carbon electricity industry.

Even though the sales reached a peak in 2019 it is not even close to the goal of the EV30@30 campaign,
which launched to accelerate the deployment of EVs. The goal for all EV30 members is to reach an electric car
market share of 30% by the year of 2030. A good charging infrastructure is key to enable the electric mobility
transition [2]. Following the increase of market shares of the EVs, electricity use is forcasted to increase by
50%, of which 4% is accounted by EVs to the global annual electricity demand (up from 0.3% today) [1]. A
large part of the electricity will be converted by power electronic systems, such as electric vehicle chargers.
The efficiency of a power electronic converter becomes important when the generation efficiency growth
stays behind [3].

The DC batteries from EVs are charged from an AC mains grid. This requires the power converters to be
AC-to-DC converters. The easiest way to charge the EV battery is by using the on-board charger, an isolated
AC-to-DC charger. The on-board charger is usually power limited because of weight and space restrictions [2].
The other option is to charge the EV battery with an off-board (AC-to-)DC charger, which usually allows for
higher power, faster, charging and is less restricted by size and weight. An illustration showing the difference
between on- and off-board chargers is depicted in Figure 1.1.

Figure 1.1: lllustration showing the difference between on- and off-board charging.

D'Electric cars’ refers to battery electric vehicles including plug-in hybrid electric vehicles in the light-duty vehicle segment. Hybrid
electric vehicles that are not able to be plugged-in are excluded.
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A typical block diagram of a battery charger is shown in Figure 1.2. The EMI filter is placed at the input of
the AC-to-DC converter to reduce the high-frequency electric noise that may cause interference with other
devices. Then the rectifier stage with power factor correcting (PFC) stage is visible to rectify the AC voltage
and provide the correct grid power quality to comply with regulatory standards i.e. power factor (PF) and
total harmonic distortion (THD). The isolated DC-to-DC converter placed after the PFC stage charges the EV
battery at the correct voltage and current levels. The rectifier and PFC stage can be combined into a single
active converter called a PFC rectifier, this allows for a more compact design.
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Figure 1.2: Typical block diagram of a battery charger consisting of (a) an EMI filter, rectifier stage, PFC stage and an isolated DC-to-DC
converter. (b) The combined PFC and rectifier stage into a PFC rectifier.

The market for electric vehicle chargers is a global market. This means that these products can be
used worldwide, and have to cope with different electricity grids. An example of such a difference is
the single-phase 240V/80 A mains (three-wire split-phase in the USA) with a maximum power of 19.2 kW
compared to the three-phase 400V/32 A mains with a maximum power of 22kW (in Europe). EV-charger
manufacturers would benefit from a universal front-end product with similar performance without having to
over-dimension for the single-phase mains connection.

The main problem why this research is done is because a conventional three-phase battery charger can
charge with only 1/3 of its rated power when connected to a single-phase or split-phase mains, resulting in
the need to over-dimension the power stage. This research introduces, analyses and comparatively evaluates
(as detailed further in section 1.1) a novel PFC rectifier topology, named the Belgian Rectifier, that allows for
charging at rated power in case of a three-phase (400V/32 A Europe) mains supply and comparable power
with a single-phase (240 V/80 A USA/Japan) mains supply without having to over dimension for the single-
phase operation.

1.1. Research Objectives

The first objective of this research is to proof that the Belgian PFC (BePFC) rectifier, which was invented to
be used as a three-phase rectifier, is capable to operate in single-phase at a similar nominal power level with
comparable component stress as in three-phase operation and thus without the need for over-dimensioning
the power stage. This first objective is subdivided into three sub-objectives:

— Mathematically describe and understand the operation principle of the single-phase BePFC rectifier and
derive a suitable modulation scheme which facilitates low component stresses.

— Develop a controller, with converter simulation included, to verify the dynamic behaviour and operation
principle of the single-phase BePFC rectifier.

— Model and design a 19.2 kW BePFC rectifier hardware demonstrator, that is used for the proof-of-concept
of the BePFC rectifier.
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The second objective is to identify and quantify the benefits, in terms of efficiency and power
density, compared to the conventional approach (in particular the Six-Switch Boost PFC rectifier) which
yields significantly higher component stress in single-phase operation, thus leading to a need for over-
dimensioning the system. This second objective is subdivided into two sub-objectives:

— Model and (virtually) optimal design a 22 kW Belgian PFC rectifier that is able to operate connected
connected to a three-phase 400V 32 A European and a split-phase 240V 80 A USA grid.

- Comparatively evaluate the single-phase operated BePFC rectifier to a Six-switch boost PFC rectifier
which must support multi-mode operation (i.e. three-phase, single-phase and split-phase).

The rectifier is designed using the requirements listed in Table 1.1. The starting point for the optimal design
and comparative evaluation is a three-phase system which is then tailored for single-phase operation. In
other words, the designed and compared converter needs to be capable of covering both operating modes in
order to make the comparison fair.

Table 1.1: Design requirements for the single-phase operation of the Belgian PFC rectifier.

Description \ Parameter Value
Single-phase mains voltage | vgrms 240V
Single-phase mains current | igms 80A
Mains frequency fs 60 Hz
Output voltage range Vout 350—-420V
Nominal output voltage Vout,nom 380V
Output power p, 19.2kwW
Nominal full load eficiency | 7100% >98%
Power density op >5kW/L

Additional requirement:
e CISPR 22 Class A EMC standards

1.2. Research Methodology

The research into the single-phase operation of the BePFC rectifier is done using converter simulations in
MATLAB. These simulations are based on analytical converter models, consisting of steady-state average
models, Fourier-analysis models and component-specific models (e.g. loss and volume models). These
models contribute to the overall system performance model. The modelling of the converter will be verified
with time-domain simulations in Simulink/PLECS and verified by a hardware proof of concept.

With accurate and valid simulation models, an optimal virtual design can be generated without the need
for hardware prototype iterations. This only holds if the models are close to reality. Therefore, the hardware
demonstration that will be included in this research, is aimed at validating the simulation models and single-
phase operation of the BePFC. Comparative evaluations of the BePFC rectifier with the Six-switch boost
rectifier are done using the same modelling platform.

1.3. Thesis OQutline

This thesis is divided into nine chapters:

The first chapter is an introduction to the main problem why this research is done into the single-phase
operation of the BePFC rectifier. The objectives and methodology used in this research are also presented.

The second chapter presents a literature review on relevant topics to mains connected boost PFC rectifiers
and the modelling of these converters. The power mismatch between three- and single-phase PFC rectifiers
is explained, as well as the zero-voltage switching principle and power converter modelling procedure.

The third chapter introduces the Belgian PFC rectifier and the single-phase operation principle including
the triangular current mode modulation scheme.
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The fourth chapter elaborates on the converter component modelling, such as Fourier modelling,
semiconductor modelling, inductor modelling and EMI modelling. The modelling routing is introduced and
forms the basis of the design optimization.

The fifth chapter is dedicated to the closed-loop control structure of the Belgian rectifier. The interleaved
control with variable switching frequency is explained together with the switch sequencing with each zero-
crossing of the supply voltage.

The sixth chapter is about the design optimization of the single-phase Belgian rectifier. The proposed
modelling techniques and virtual prototyping routine is used to generate the Pareto-front of power density
versus efficiency. The optimal design is chosen based on multi-objective requirements.

The seventh chapter is a comparative evaluation of the single-phase Belgian rectifier and the six-
switch rectifier that allows full power operation in single-phase. Both converters are compared on the

semiconductor stresses, semiconductor losses and normalized required attenuation.

The eight chapter is dedicated to the design and experimental results of the BePFC rectifier hardware
demonstrator.

The ninth chapter is the conclusion of this thesis with recommendations and ideas for future research.



Literature Review

This chapter presents a literature review on topics relevant to the research into the single-phase operation of
a three-phase boost-type PFC rectifier, such as the principle of zero-voltage switching and the modelling of
power converters. This research is focused on EV battery chargers. Power electronic supplies of high-power
AC-mains-connected DC-electrical systems usually consist of two stages, i.e., an AC-to-DC PFC rectifier
followed by an isolated DC-to-DC converter [4]. This research focusses on the AC-to-DC PFC rectifier stage
of the charging system as was depicted in Figure 1.2.

2.1. The Basics of a Boost PFC Rectifier

The PFC rectifier is an active power converter that does the rectification of the AC grid voltage, power factor
correction of the input currents and control of the DC output voltage. The behaviour of the power converter
is defined by the power factor A, the displacement angle ¢; between the fundamental component of the
voltage and current, and the total harmonic distortion (THD) of the input AC current [4]. These behavioural
characteristics are related by

1
A= —————cos(¢1) 2.1
V1+THD?
The THD is a measure of the harmonic distortion present in a signal in relation to the fundamental
component and is described as

Yo I
THD = % 2.2)
1

where I; is the fundamental component and Iy, is the h-th harmonics.

Regulatory standards have been introduced to prevent grid pollution by power converters. Described in
these standards are the maximum allowed THD and EMC limits. For example, the NEN-EN-IEC 61000-3-12
[5] details limits for harmonic current of systems with input current >16 A and <75 A per phase, and the NEN-
EN 55022 [6] provides CISPR 22 EMC limits.

In order to avoid over-dimensioning components and grid pollution, the PFC rectifier shapes the input
currents sinusoidal and in-phase with the grid voltage, resulting in a unity power factor and ohmic behaviour
of the converter, as depicted in Figure 2.1a. The Figures 2.1b and 2.1¢ respectively show behaviour where the
current is displaced or distorted. The corresponding power factor is non-equal to 1 and the power converter
shows non-ohmic behaviour, resulting in power limitations of the converter and/or grid pollution.
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Figure 2.1: AC mains source voltage vs and current i for different displacement factors and THD with corresponding power factor A.
Figure adapted from [7].

A single-phase boost PFC rectifier is a system that steps up the voltage with a lower output voltage limit
specified as Uy, > \/EUph,,ms. Figure 2.2a shows the conventional single-phase boost PFC rectifier, a very
simple boost topology where the rectification of the AC input voltage is done by the passive diode bridge,
and the power factor correction of the input current and control of the output voltage is done by the boost
circuit [8]. The converter operates at a high switching frequency to have a high power density and a fast
transient response. However, when the boost converter is operated to have hard-switching transitions, the
output diode will cause significant reverse-recovery losses. Other negative effects of the reverse-recovery
are additional thermal management and electromagnetic interference (EMI). To overcome the problem of
reverse-recovery, SiC Schottky diodes or SiC MOSFETs can be used instead of the output diode.

m— > ) op
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Figure 2.2: Single-phase PFC rectifier topologies with (a) the conventional boost PFC with rectifier stage and PFC stage separated and
(b) the bridgeless (dual-boost) PFC rectifier.

o7

An alternative boost PFC rectifier topology is the active bridgeless (dual-boost) PFC rectifier, as shown in
Figure 2.2b. The rectifier and boost stage are combined into a hybrid rectification stage. Less semiconductor
devices are conducting current, resulting in minimized conduction losses, thereby showing a higher
efficiency compared to the conventional boost PFC rectifier.

The single-phase hybrid topology can be extended to a three-phase system, making it a half-controlled
hybrid three-phase rectifier as depicted in Figure 2.3a. However, the problem with this converter is that it
does not allow to for the impression of three sinusoidal AC input currents throughout the complete mains
period [4]. This problem can be explained using Figure 2.4. In the 60° region where only phase voltage u,x
has a positive sign, switching-off Sz, result in the current i, to flow through D,z. In the other phases, b and
¢, the body diodes D, and D,,; are conducting when switches Sy, and S¢;, are switched-off. Sinusoidal input
current can only be impressed for the 60° region where two phase voltage have a positive sign. The two phases
voltages with a positive sign can be controlled to impress sinusoidal phase currents, the third phase follows
to have a sinusoidal shaped current as a result of i, + i + i. = 0.

The six-switch boost converter, as depicted in Figure 2.3b, is an extension of the half-controlled hybrid
three-phase rectifier where the diodes D, ; ) are replaced with active switches. This converter allows
for output voltage regulation, sinusoidal current impression over the full mains period, and bidirectional
operation. Each rectifier bridge-leg is able to generate two voltages levels, a positive or negative voltage,
referred to the virtual midpoint at the output. Hence, the converter allows to control the phase currents to
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Figure 2.3: Three-phase PFC rectifier topologies with (a) the half-controlled hybrid three-phase rectifier and (b) full-controlled active
rectifier also known as the six-switch boost rectifier.
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Figure 2.4: (a) Three-phase voltages within a mains period. (b) The half-controlled hybrid three-phase rectifier for the mains period
between —30° and 30°. Only the current of one phase can be controlled. (c) The half-controlled hybrid three-phase rectifier for the
mains period between 30° and 90° where phase a and b are controlling the corresponding phase currents.

be sinusoidal and with any phase displacement relative to the mains voltage, i.e., power can be fed back to
the grid. This converter topology enables single-phase operation when connected as shown in Figure 2.5b.
The downside is that the operation power is limited to 1/3 of the nominal three-phase power, since the
power components of each phase are rated for nominal three-phase operation [9]. Single-phase operation
with a total input current of 80 A would be feasible with the source connected as depicted in Figure 2.5c,
thereby paralleling and interleaving phase a, b and c. However, in that configuration the magnetic core of the
common mode (CM) choke will saturate because the return conductor, the neutral, is not added in the CM
choke. Furthermore, each split DC-link capacitor would have high current stresses because these would need
to buffer energy during a half mains cycle one after another. [9].

0< Pom < Pnom 0< Pom <0.35 Puom Lcm saturates!
230V Lcm Ldm Lcm Ldm L cm Ldm
— +a = AC a ==\ AC a AC
- - — —— + e S — + —r—+
b | i oy i b i
SaF 1S Vie 240V (X)) Sorctimm-mm- Vae N s 0V
C = | -1 ¢ = | c - ——
e /1 - - /1 - 240V - DC o—
(a) ®) (©) =+

Figure 2.5: Examples of mains connections to a 3-ph power converter. Figure from [9]

Figure 2.6 shows the modifications to the six-switch boost rectifier to solve the single-phase power
limitation, avoiding CM choke saturation and reducing the DC link rms currents. By using a 4-phase CM
choke, the input phase and return currents are magnetically coupled, preventing magnetic core saturation
both in 1-phase as well as 3-phase operation. The added passive diode bridge reduces the rms currents of the
DC link capacitors. Finally, a relay contact is employed between the midpoints of the diode bridge-leg and
the DC-link capacitors, which is needed to reduce CM noise in 1-phase operation [9]. These modifications
can be applied to other boost PFC topologies, such as the Belgian PFC rectifier in this research.
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Figure 2.6: The modifications to the six-switch boost rectifier in red, to deliver full power in single-phase operation. Figure adapted
from [9].

2.1.1. PEC Rectifier Efficiency and Power Density

The efficiency and power density of the PFC rectifier are important for EV battery chargers. The power density
of a power converter can be improved by operating the active switches with a higher switching frequency.
Moving to higher switching frequencies reduces the volume of the passive components by, for example, an
increased cut-off frequency of the input filter, resulting in smaller inductor and capacitors required. The
amount of current ripple in the boost inductor usually determines the inductor size. For higher switching
frequency a smaller inductor can be used for the same amount of ripple current. However, a higher switching
frequency goes at the costs of increased switching losses, since these scale proportional to the switching
frequency. Soft-switching can be implemented to limit the increase of the semiconductor losses and have a
reasonable combination of efficiency and power density. Higher losses result in needing more cooling effort
which increases the volume, an optimum can be found for the power density and efficiency.

Table 2.1 gives an overview of realized boost PFC rectifier topologies, together with their performance
indicators and used semiconductor technology. The BePFC rectifier of this research is competitive to these
rectifier topologies, although not all topologies show performance indicators for combined single- and three-
phase operation. Three single-phase PFC rectifiers can be connected in star(Y) or delta(A) to make it a three-
phase rectifier, as explained in [4], while the conventional six-switch thee-phase rectifier is limited to 1/3 of
its three-phase nominal power when connected to a single-phase mains.

Table 2.1: Realized boost-type PFC rectifiers.

Topology Mains | Technology | Rated Power | Efficiency | Power Density
Modified Six-Switch Boost- 3-Ph | SiC MOSFET 22 kW 98.4 % 6.8 kW/dm3
Type PFC Rectifier [9] 1-Ph | SiC MOSFET 19.2kW 97.8% 6.8 kW/dm3
Totem-Pole PFC [10] 1-Ph | SiC MOSFET 6.6 kW 98.9 % 3.9kW/dm?
Belgian PFC Rectifier (BePFC) | 3-Ph | SiC MOSFET 22kwW - -
Hardware Demonstrator 1-Ph | SiC MOSFET 19.2kW 98.24 % 1.5kW/dm3
Virtual Prototype 1-Ph | SiC MOSFET 19.2kwW 98.4% 5.34kW/dm?3

The efficiency and power density of the three-phase BePFC is not given because the converter is modelled
using a different converter model which is described in [11]. It is expected that the three-phase converter
show comparable efficiency with the same power density.

2.2. Zero-Voltage Switching

The conduction losses in semiconductors are based on the drain-source resistance (Rps, ;) and the switching
losses are based on the output capacitance (Cys) and switching speed [12]. Zero voltage switching (ZVS) of
semiconductors is used to reduce or eliminate the turn-on switching losses of a MOSFET. This allows the
power converter to be operated at a higher switching frequency and improve the power density without
significantly increasing the switching losses and decreasing the converter efficiency. To allow for ZVS
transition, an inductive element is required that is connected to the midpoint of a MOSFET half-bridge [13].
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With the single boost cell of Figure 2.8, the basic operation of a ZVS resonant transition, with turn-off of Sy;
and zero-voltage turn-on of S12, can be explained. Each power switch Sy, is made of a power transistor Ty,
adiode Dy, and a non-linear parasitic capacitance Cyy (i.e., Cyss(Vps)) as depicted in Figure 2.7.

8
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Figure 2.7: Representation of a switch Sy with its transistors Txx, diode Dy and non linear capacitance Cyy. Figure adapted from [14].

Figure 2.8a depicts the first interval indicated in Figure 2.8d, where output capacitance Cj; of switch Sy is
charged to the voltage Vpc, switch S» is in the ON-state, the voltage across the inductor is vs and the inductor
current is flowing through transistor 77, of switch S;,. The current iy increases linearly. Switch Sj; is turned
OFF at #; and the channel resistance Rps,s,, of T12 starts to increase rapidly. Leading to the flow of inductor
current through the total parasitic bridge leg capacitance. The turn-off of switch S is not completely lossless
as there exists a voltage and current overlap in the MOSFET channel after #; [15]. A way to decrease the turn-
offlosses is to add an additional capacitor in parallel to the switch, lowering % and thus reducing the voltage
and current overlap. Additional advantages of adding parallel capacitance are easing the gate driver and lower
EMC filtering requirements.
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Figure 2.8: Example of a soft switching transition in a MOSFET half bridge from switch Sy2 to the top switch Sy;. (a) Corresponds to the
time interval before #; where switch Sy is ON; (b) Switch S turns OFF and the resonant transition starts charging and discharging the
output capacitors of S and S11 respectively; (¢) The body diode of switch S1; conducts the inductor current and switch 777 is turned
ON with zero voltage; (d) the commutation currents of the switch transistor, switch capacitor and body diode corresponding to the
three example circuits.

At the beginning of the second interval, which is shown in Figure 2.8b, the switch output capacitance C;,
is discharged and forms a resonant circuit together with L and C;;. A resonant transition takes place where
capacitor Cj» is being charged and C;; discharged by the split inductor current i;. The resulting increase of
Ups,s,, causes the value of C;, to drop and that of Cy; to rise leading to an inductor current transfer from Cj»
to Cy;. These current commutations are shown in Figure 2.8d. The switching transition gets faster with a
larger inductor current iy.
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When capacitor Cy; is completely discharged, the body diode of Sy; starts to conduct the inductor current
and the third interval indicated in Figure 2.8d starts, corresponding to Figure 2.8¢. After a deadtime, switch
S11 is turned-on at zero drain-source voltage, achieving ZVS because the voltage drop across the body diode
is negligible compared to Vpc.

Note that the same ZVS principle applies for a commutation from switch S;; to switch S;». Also note that
adding a capacitor in parallel with the switch, in order to reduce the %, increases the total charge Q,ss which
needs to be removed or delivered by the inductor current to achieve a soft switching transition [15].

To conclude, in order to achieve ZVS it is required to have a large enough inductor current to remove
charge Q. to completely discharge the total equivalent output capacitance of the corresponding switch.

2.3. Modelling of Power Converters

There are multiple global trends in which optimization of power electronics is important as explained in [14]
and [16]. The common objectives for these power electronics are improved efficiency, higher power density,
minimized costs and high reliability. These objective are mutually coupled and can be translated into a set
of 'performance indices. Figure 2.9 show the performance indices including the fundamental trend in the
design of power electronics. The design usually ends up having multiple design objectives for the optimal
design.

Weight

Future

Losses Volume

Cost Failure Rate

Figure 2.9: The representation of the state-of-the-art performance indices together with the fundamental trend (future) relevant in the
design of power electronics. Adapted from [14].

The modelling and optimization of power converters can be done using mathematical multi-physics
models of the converter and individual components. "The concept of optimization is the search for an
optimal design with a set of alternatives with respect to performance measures" as stated by [17], such
as efficiency and power density in this work. The performance measures for the optimization of power
electronics are topically coupled. One example is a higher switching frequency implying smaller passive
components and a higher power density. However, higher switching frequencies result in an increase in
switching losses, making the converter less efficient [18].

The detailed mathematical modelling of the power converter can provide a complete estimate of the
converter’s performance aspects, such as losses, volume, EMI, and thermal stresses. Each coordinate in
the design space, as depicted in Figure 2.10, represents a single converter design with performance aspects.
These performance aspects can be combined into the total converter efficiency and volume, which can be
mapped into a performance space [17]. The performance space is bounded by the Pareto Front. From the
performance space, the best design with regard to multiple objectives can be chosen. The process of mapping
the design space into the performance space and ultimately identifying the Pareto Front is also known as
virtual prototyping [17]. The advantage of virtual prototyping is that there is no need to do multiple hardware
design iterations to get to an optimal design. The optimization may feature up to a 1000 different converter
designs since each design variable, such as semiconductor selection, inductor selection, switching frequency
etc. adds possible converter designs. The main challenge with virtual prototyping is the minimization of the
computation time.
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Figure 2.10: Representation of the design optimization where the multi dimensional design space is mapped onto the Performance
Space. The feasible designs are bounded by the Pareto Front.

The modelling of a single converter design of the BPFC rectifier for this work is done using the flow
diagram as depicted in Figure 2.11. This diagram is adapted from literature that have proven this modelling
approach such as [14, 15, 18-20]. First the converter specification, such as input voltage v;, output voltage
Vo, output power P, grid frequency fg, and EMC limits, have to specified to be able to evaluate the converter
characteristics. For this research, these converter specifications (requirements) are listed in Table 1.1. Next,
the system parameters have to be specified, including the component values, number of interleaved stages,
number of switches placed in parallel, modulation scheme, switching frequency limits etc. The design space
for the design optimization for this research is explained in section 6.2.

Based on the converter specifications and system parameters, the (converter specific) average model is
used to calculate the duty cycles, average voltages, average currents and switching frequency as discussed in
section 3.3 and 3.4.

With the information from the average model, the switching model calculates the Fourier coefficient
to describe the switch-cycle waveforms. Examples are switch node voltage waveforms, inductor voltage
and currents waveforms etc. These waveforms are analysed in the Fourier domain in order to increase the
modelling possibilities, in particular with respect to the EMI model [15]. The Fourier modelling is explained
in section 4.4

The modelling is then split into the component specific models, such as the semiconductor, inductor
and EMI models. These models calculate the component specific losses, thermal stresses, and volume. The
component volumes and losses are combined to calculate the total converter volume and efficiency.

The design optimization of the BePFC rectifier is done using the flow diagram as depicted in Figure 4.1.
This flow diagram makes use of the single converter design model explained with Figure 2.11 and changes a
system parameters, e.g. inductor value and switching frequency, in each virtual design iteration. The virtual
designs are mapped into the performance space to find the Pareto Front and optimum design.
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Figure 2.11: Modelling approach for single converter design.



Belgian Boost PFC Rectifier

3.1. Introduction

In this chapter, the single-phase operation of a novel three-phase boost PFC rectifier is explained. The
single-phase Belgian PFC (BePFC) rectifier is derived from the three-phase BePFC rectifier [21] and is able
to output comparable power in three-phase as well as single-phase operation without over-dimensioning
the power stage. In single-phase operation this converter topology is able to be operated with complete ZVS
conditions. The BePFC rectifier topology is explained in detail and the advantages of this topology are given.
Furthermore, the operation principle, steady state analysis, conduction states, and modulation scheme to
facilitate complete ZVS transition are outlined.

3.2. Belgian PFC Rectifier Topology

The BePFC rectifier, shown in Figure 3.1, is originally patented as a three-phase boost-type AC-to-DC
converter that features a fully integrated top and bottom boost circuit together with a three-phase bridge
rectifier to allow for a pulsed voltage at the rectifier output [21]. The semiconductor switches are controlled
using pulse width modulated (PWM) control signals or are switched into the selection state. The top and
bottom boost circuit control two out of three-phase current, i.e., the currents at the phase having the highest
and the lowest voltage levels of the three-phase input voltages. The respective bridge legs of the rectifier
that are connected to these phases are in a selection state (constant ON). The current of the remaining input
phase, having an intermediate voltage level between the highest and lowest voltage levels, is controlled using
PWM modulation of the corresponding bridge leg of the rectifier. This bridge leg is therefore in an active state
(PWM state) instead of a selection state. The current control loop of the BePFC generates PWM signals to
control the semiconductor switches of the rectifier bridge and boost circuit in order to control the current in
each boost inductor/phase.

Advantages of the BePFC rectifier regarding the three-phase operation are:

— Smaller phase inductors; The top and bottom boost circuit generate a three-level voltage between
the rectifier output nodes. As a result, the ripple of the inductor currents i, is smaller than for a
conventional six-switch boost-type PFC rectifier. For the same ripple, smaller phase inductors can be
used.

- Reduced switching losses; only one out of the three rectifier bridge legs are in an active switching state
switching the three-level voltage between the rectifier output nodes. The top and bottom boost legs
switch only half the DC bus voltage, resulting in an improved efficiency of the system due to lower
switching losses.

— Semiconductor switches with a lower voltage rating of V,,,;/2, can be used in the top and bottom
boost circuit. A lower breakdown voltage usually results in the reduction of switching losses. A
reduction in conduction losses can also be obtained due to a lower Rps, ., compared to higher voltage
rating devices which are used in the rectifier bridge.

13
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Figure 3.1: Circuit topology of the Belgian PFC rectifier connected to a three-phase grid and a resistive load.

3.2.1. Single-Phase Operation

The BePFC rectifier can be operated, with minor modifications, in single-phase at comparable nominal power
levels without changing the three-phase operation. These modifications have been explained in section 2.1
with respect to the 6-switch boost rectifier. The modifications to the BePFC rectifier, depicted in Figure 3.2,
are as follows:

— Arelay contact is placed between the midpoint m of switches Sz, and S,,,5 and the midpoint m’ of the
DC-link capacitors Cp,, and Cpyry,.
— A 4-phase CM choke is used in the input EMI filter.

The bridge legs of the three-phase active rectifier act in parallel and interleaved for the single-phase
operation, forming the interleaved boost circuit. The interleaved boost bridge legs, switching with high
(variable) frequency (HF), shape the inductor current iy, iz, and iz, to be sinusoidal and proportional to
the phase voltage vs. Switches Sz, and Sp,5 form the low frequency (LF) switch leg, switching synchronously
with the mains frequency, either connecting the output bus n to midpoint m or the output bus p to m based
on the sign of the mains voltage. For a positive input voltage switch S, is in the ON-state and switch Sz,
is in the OFF-state, and vise versa. The switches Sy and Sy, are always in the ON-state. The external return
path, from the midpoint m of the LF switch leg to N, in combination with the 4 phase CM choke allow the
single-phase BePFC to be operated at comparable nominal power to the three-phase BePFC rectifier.
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Figure 3.2: Circuit topology of the Belgian PFC rectifier connected to a single-phase grid and a resistive load with modifications,
compared to Figure 3.1, to be able to operate at full power.
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The single-phase BePFC rectifier allows for complete ZVS
when a triangular current mode (TCM) is used. As explained
in section 2.2, zero-voltage turn-on of switches Szz, S;j, and
Sz¢ is achieved with a large enough positive current in the
inductor. To zero-voltage turn-oN the switches Sz, Sj; and
Szy, a large enough negative inductor current is required. So,
in a switching cycle a zero-crossing of the inductor current
is required, which can be facilitated with TCM. This type of
modulation results in a variable switching frequency and is
further explained in section 3.4. The inductor current ripple
in TCM is high, but the interleaved operation of the boost i
bridge legs result in superposition of the inductor current s v

ripple, reducing the input current ripple i5, as depicted in 0 o 120 180 240 300 360
Figure 3.3. The interleaving of the inductor current results in wt[°]

Current [A]

a lower required EMI filter attenuation.

bs
— Ve
The single-phase BePFC rectifier output voltage is lower = LA /\\/\/\ ALNANAN
than the output voltage in three-phase operation. This ;f,
is a result of the decision going for lower voltage rating S
semiconductors in the top and bottom boost circuit for the
three-phase BePFC rectifier due to only switching half the
output voltage. The explanation how the DC/DC converter wil’]
is connected after the BePFC rectifier is explained later using
Figure 3.9. Figure 3.3: Belgian PFC rectifier input voltage and
output voltage together with the input current i; and
. . inductor currents waveforms iy, for vy, rep =380V in
The advantages of the single-phase BePFC rectifier are: single-phase operation with three times interleaving.

No need to add additional passive diodes for the LF bridge, as is required for the six-switch boost (cf.
Figure 2.5);

- The interleaving of the inductor currents result in low attenuation requirements;

The topology allows for complete ZVS transitions over the full mains cycle;

- The single-phase operation benefit from the low inductance value (and volume) required in three-
phase operation.

3.3. Steady-State Average Operation

The average input current i of the converter is defined by the input voltage v and the output power P, of the
converter. The HF semiconductor switches Sy ; j ;) and S, j ) ; are switched in such way that the summed
local average inductor currents follows the reference input current i;. For the steady-state analysis it has been

assumed that:

The input and output voltages are constant within a switching cycle, fs,, >> finains
— Upn = {Vpn) = constant

- The switching cycle averaged volt-sec across an inductor is zero, (vy,,) =0

(i) is the sum of the local average inductor currents (i Liape

Where () denotes the switch-cycle average value of the parameter.

The converter steady-state operation of the circuit from Figure 3.2, is analysed by solving equations
describing the relation between the input and output voltages. The relation between input and output can
be described using the duty cycle expression for this rectifier topology:

v .
——‘n, ifvg>0

d.i.-.= vp (3.1)
(@b,6)y {_vasn, ifvs<0

Where the duty cycles for the switches Sz5, S by and S¢j are equal but the bridge legs switch interleaved. The
duty cycle d denotes the relative conduction interval of the corresponding switch.
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By applying Kirchoff’s voltage law to the converter, the following equations can be obtained:

Vam = (Vam) = - d(d,i),é)y) “Vpn, ifvg>0 -
am am (_d(il,l},é)y) “Vpn, if v, <0 )
l/pn = me —VUnm (3.3)

By applying Kirchoff’s current law to the converter, as depicted in Figure 3.2, the following equations are
derived:

(ipn) = (ix) = (iCpu) (3.4)

Where the currents {iz) and (ij) can be described using the following equation:

(ie)=(L—dyp g5 (i) ifvg>0
(igy = (=dgj o5 (i) ifvs<0 (3.5)
(iz) = —(ip)
The steady-state waveforms for the operation with nominal power P, = 19.2kW can be found in Figure 3.4.
Figure 3.4a and b show the main converter voltage waveforms, including the average input current (is).

Figure 3.4c shows the average inductor currents (ir,, ) output capacitor current (ic,,) and average
intermediate current (iz). Figure 3.4d shows the converter duty cycles of the boost bridge legs.
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Figure 3.4: Single-phase steady-state average waveforms of (a) the input voltage vs and current (i) together with the output voltage
vpn (b) the output voltages vpm, vnm and vpy, (c) the inductor current (i Liabo) )y with the intermediate current (i3) and average output
current (ic,,,’ and (d) the duty-cycle d of the HF interleaved boost bridge legs.
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3.4. Basic Operation

Figure 3.5 shows a simplified single-phase BePFC rectifier where only a single boost half bridge of phase a
is considered with corresponding conduction states. The output capacitors Cp,y and Cyy,, are replaced by
a single equivalent output capacitor C,y¢, and the constant ON switches (Spz, Sy,) are replaced with a short
circuit. The bridge leg formed by switches Sz, and Sy, switch synchronously with the mains frequency
based on the sign of the input voltage v;. For a positive input voltage vs, S;,j is turned ON and Sy, is turned

OFF. — P
@ S:Y:(E S:i:'m,

1+ “out 1+ Cout

n —o 1,

P o

_1+Cout 1+Cout

— 1, n

Figure 3.5: Conduction states of phase a of the BePFC rectifier. Conductions states I and II apply for a positive input voltage v, and III
and IV for a negative input voltage.

Multiple modulation schemes are possible for this topology. Typical waveforms for boundary conduction
mode (BCM) and triangular current mode (TCM) are shown in Figure 3.6. By using the BCM modulation
technique proposed in [22] ZVS is can only be achieved when |vs| < vp,,/2, for a larger input voltage valley
switching is implemented to decrease switching losses. The use of TCM modulation allows for complete ZVS
transitions over the entire mains period. A disadvantage of using TCM modulation is the large inductor ripple
that will be imposed at the input, which initially results in the need for a larger differtential mode (DM) EMI
filter. The interleaving of the half bridges make it possible to reduce the EMI filter size, e.g., for a 3 times
interleaved converter only the fundamental and multiples of the third harmonic have to be filtered since
the other harmonics are cancelled. The variable switching frequency, due to the TCM modulation, has the
additional advantage of a lower required EMI attenuation [23].

The basic principle of operation of the BePFC rectifier can be explained using Figure 3.6. The waveforms
are based on the single boost leg equivalent circuit, as shown in Figure 3.5, with a positive input voltage. For a
negative input voltage similar explanation follows, only the role of the switches Sz; and Sz5 are interchanged.

Interval 1 [fy...1;] The switch Si; is in the ON-state and the voltage v is applied to the boost inductor, the
inductor current iy, rises linearly with a slope of v;/L until Is. In case of BCM modulation in Figure 3.6a the
value fg=2- (ir,». For TCM modulation, as depicted in Figure 3.6b, the value is=2- (ir,) + I, where Iy is
the reverse current in order to achieve ZVS, explained later with eq. (3.9). The additional reverse current i R
have to be compensated for with a higher peak current Is to achieve the same average switch cycle inductor
current. When the current [g is reached, the switch Sz is turned OFF.

Interval 2 [£;...72] A resonant transition takes place between the inductor L and output capacitances Cyg1
and Cyss2 of switch Szz and S5 respectively, which charges the output capacitor Cyss2 of switch Sz; and
discharges Cy;s1 of switch Si4. Alarger inductor current iy, results in a faster resonant transition.

Interval 3 [1,...13] After the resonant transition, Cyss2 of switch Szy is fully charged to v, and the body diode
of Szg starts conducting the inductor current. After a predefined deadtime the switch S5 can be turned oN
with ZVS, as was already explained in section 2.2. During this interval the voltage applied to the inductor is
Us — Vpp and the inductor current decreases linearly with a slope of (vs — vp,)/ L.
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Figure 3.6: Typical waveforms of (a) BCM modulation and (b) TCM modulation with corresponding inductor and switch currents. The
conduction states (Szz =0,Sz5 =1 & Sza = 1, Say = 0) respectively correspond to I and IT of Figure 3.5.

Interval 4 [z3...14] If BCM modulation is considered as depicted in Figure 3.6a, Sz is turned OFF when ij,
reached zero. The boost inductor L, in combination with Cyss1 of switch Szz and Cyss2 of switch Sz5 become
an oscillating resonant circuit. The oscillation behaviour depends on the input and output voltage ratio, for
|us| < vpn/2 the voltage over Si; rises to vy, and the voltage of S declines to zero, thereby ZVS can be
achieved [22]. If |vs| > vy /2, ZVS can not be achieved and the Sz5 can be switched ON with valley switching
to decrease the switching losses. To overcome the drawback of loosing ZVS, TCM modulation can be used.
Switch Si; remains in the ON state after if, reached zero, as depicted in Figure 3.6b. The inductor current
keeps decreasing linearly with a slope of (v — v,)/L, until a reverse current I is reached.

Interval 5 [4...t5] The switch Si; is turned OFF, the inductor current is large enough to have sufficient energy
for the resonant transition which charges Cys1 of switch Szz and completely discharges Cyss2 of switch Szj.
After Cyss2 is completely discharged, the body diode of S;5 starts conducting and after a specified deadtime
the switch S5 can be turned ON with ZVS. At the time ¢ = #5 a new switching cycle starts.

The switch currents shown in Figure 3.6, are formed by segments of the inductor current. The average
switch current can be calculated as:

1
(is) = T— ir(Hdt (3.6)

sw JITy

where Ty denotes the conduction interval of the switch within a switching cycle period T, and (is) the
average switch current. The average switch current can be simplified to:

(isy=d-(ip) 3.7

where d is the switch duty cycle, (ir) the local average inductor current and (is) the average switch current.
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The three boost bridge legs of a BePFC rectifier switch interleaved to limit the input current ripple of the
power converter. The phase shift of each bridge leg is calculated as:

k-2

T withke{1,2,3-n;} 3.8)
3-n;

b=+

where k the the bridge-leg count and n; is the number of BePFC rectifiers in parallel. For example, two BePFC
rectifiers in parallel result in six bridge legs that switch interleaved.

The inductor current is shaped by the interleaved bridge leg switches in such way that the sum of the
local average inductor currents follows the reference current is which is proportional to the input voltage v,
and output power. There is an infinite set of combinations of Is and Iz which result in the required average
inductor current (ir,) since a larger reverse current Iz can be compensated for with a higher [ and vise versa.
However, a larger I and Is result in a higher rms current i, and flux density swing of the boost inductors,
increasing the winding and core losses. Changing the combination of Is and Iy results in different switching
frequencies, imposing different switching losses.

The closed-form analytical model as proposed in [24] provides expressions to be able to calculate the
switching instances and required reverse current I to achieve ZVS over the full mains period. The reverse
current can be calculated using the following formula:

2Qc : Upn
fR:{—\/ FRus—vpp), ifvg>-5 (3.9)

. Upn
0, if vg < 5

The required reverse current depends on vy, vs and semiconductor switch selection that defines Qc which
is the charge required to be removed to discharge C,s of the switch. If additional capacitors are placed in
parallel with the switch to reduce the turn OFF losses, more charge has to be removed to discharge C,ss and
achieve ZVS.

For the remainder of this thesis TCM modulation is used to 200
facilitate ZVS over the entire mains cycle. However, the reverse
current [y is set to a fixed value, larger than the minimum
required reverse current, over the entire mains period. This is 150 -
done to simplify the analysis and make sure a safety factor is
taken when ZVS need to be achieved. E
& 100}
The switching frequency of the BePFC can be calculated g
with g
€3
To = Lpoost*2-(€ir )+ 1r)  Lpoose -2+ (Iir ) + IR) 50
sw —
. |vs] |Us|_Vpn (3.10)
= — 0 L L L
f sw Tow 0 90 180 270

wt [°]

Figure 3.7 shows the switching frequency waveform for two

BePFC rectifiers in parallel (effectively 6 times interleaving Figure 3.7: Resulting switching frequency of a
because of three parallel bridge legs per rectifier), with a boost ~Pridge leg using TCM modulation, considering a
induct f1L = 25.01uH for diff t output levels. Th twice interleaved BePFC rectifier (6 times effectively
mnductor ol L = 2o.01 i Tor ditferent output power levels. € interleaving) with a boost inductor of L = 25.01 uH for
switching frequency increases with a decreasing output power different power levels.

and vise versa. Choosing a smaller boost inductor also results

in an increased switching frequency. The switching frequency should be limited in order to not enter the
audible region (fs,,> 20kHz) and should have an upper limit of f;,, »4x because switching losses become
significant at higher switching frequencies increasing the converter cooling volume [25]. As an alternative,
the switching frequency can be fixed in order to let the converter operate with continuous current mode

(CCM) modulation within large regions of the mains cycle as explained in [19] for a PFC full-bridge topology.

360
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Figure 3.8: The single-phase grid connected power converter have a power variation with twice the mains frequency, an output
capacitor is place to smooth out the energy variations resulting in an output voltage ripple Avp;. Adapted from [24]

In single-phase grid connected power converters, the energy flow from the input is not constant and
has a power variation with twice the mains frequency. This phenomenon is shown in Figure 3.8 and can be
explained using the following formula[24, 26]:

Po(8) =nus(0)is(t) = nVsl sinwgr t|js| sinwg,t

=nVsls- (1 - cos Rwg, 1) = Py (1 - cos Rwgr 1)) @10

where 7 is the converter efficiency and wg, = 27 f is the grid angular frequency. The output power has

a constant component P, and a varying component Ap, = —P, - cos (2wg, £). The output capacitor is used to

smooth the energy variations. Initially the output capacitor was assumed to be large enough so the output

voltage v,, was stable. However, the capacitor is not infinity large and a ripple voltage can be estimated

[26]. The output capacitor has to deliver energy to the load when p,(f) < P,. Equation (3.4) can be used to

calculate the LF capacitor current. The inductor current ripple results in an output voltage ripple which can
be calculated as:

1 .
Vpn(t) = Vpp + flcoutdt
CDM[
P, (3.12)
=Von— —+ ———— -sin Quwg, 1)
pn Von 2wgrCout 87
The maximum output voltage ripple can be calculated with
P, 1
Avpy = —= (3.13)

Vpn 20grCoyy

With a specified maximum allowed ripple, the minimum required capacitance can be calculated. For the
BePFC rectifier with an output power of 19.2kW and an output voltage vy, = 380V and maximum allowed
voltage ripple of Avy,,, = 10V, the minimum output capacitor is

Py
Cout.min=—————— =73mF (3.14)
’ 20gr - AVpn - Upn

For the three-phase operated BePFC rectifier, the output capacitors are switched in series in order to
withstand the full DC-link voltage of 750V as shown in Figure 3.9a. In single-phase operation the output
capacitors including DC-DC converters are switched in parallel, as shown in Figure 3.9b. The paralleling is
possible due to the lower bus voltage of 380V and is done in order to achieve a larger output capacitance.
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Figure 3.9: Block diagram of the proposed way of how the output capacitor and isolated DC-DC converters are switched for (a)
three-phase operation and (b) single-phase operation. Adapted from [9] and applied for the BePFC rectifier.

3.5. Component Stresses

The component stresses determine the component selection for the BePFC rectifier. The stresses for the
output capacitors consist of capacitor ripple current and the voltage it should be able to handle. The
minimum required capacitance can be calculated using eq. (3.14). However, the current ripple in this output
capacitor will also affect the choice of the capacitor. For output bulk capacitors, electrolyte capacitors are
conventionally used. These capacitors are specified to withstand a maximum current ripple at a defined
frequency. The minimum required capacity to handle the capacitor ripple can be calculated with

Ic
C in=ceil(——2%—).C 3.15
out,min = Cel (iAC,R(ngr)) r ( )

where fcw is the peak current in the output capacitors, iac,r (2 fgr) the recommended current ripple at 2 fg,,
and C; is the capacity of a single capacitor.

For the converter with the steady-state waveform as shown in Figure 3.4¢, a minimum required capacity
based on ripple currents is 10.34 mF, considering the capacitor described in [27]. This capacitor value is larger
than the minimum required capacity calculated with eq. (3.14) for the maximum allowed ripple voltage. A
higher output bulk capacity results in a smaller voltage ripple at the output. For the voltage rating of the
capacitor the peak output voltage of the power converter is considered. Electrolyte capacitors with a voltage
rating of 450V have been selected to function as output bulk. These capacitors are also suitable to be used
for the three-phase operation, where the output bulk is switched in series to withstand the higher maximum
output voltage of 860V [11].

The maximum blocking voltages for the semiconductors can be calculated by considering the peak output
voltage. These blocking voltages determine which class of semiconductor is suitable, i.e. Si, SiC or GaN.
For a hard switching BePFC rectifier it is beneficial to use SiC or GaN semiconductors since the reverse
recovery effect of SiC is negligible and even zero for GaN devices [28, 29]. Usually SiC devices are used in high
power application, as the BePFC rectifier is. Higher blocking voltage of a semiconductor usually comes with
increased switching and conduction losses, as the drain-source capacitance in increased as well as the drain-
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source resistance when the switch is turned oN. The selection of the components for the BePFC rectifier not
only depends on the single-phase, but also the three-phase operation of the power converter. An overview of
the semiconductor blocking voltages is shown in Table 3.1.

Table 3.1: Maximum blocking voltages of the switches used in the BePFC rectifier for both 1-phase and 3-phase operation.

. Blocking Voltage | Blocking voltage
Semiconductor (1ph) 3ph)
Sx@b.o) 427.03V 860V
Sw@hoy 427.03V 860V
Szm 427.03V 430V
Smy 427.03V 430V
Spx 427.03V 430V
Syn 427.03V 430V

Although the switches Sy and Sy, are considered to be constantly ON in single-phase operation, the
switches still have to block the output voltage if they are switches OFF. The maximum blocking voltage is
dependent on the maximum output voltage of the converter. This output voltage has a small ripple Avy,
which can be calculated with eq. (3.13) for the single-phase operation.

The rms currents of the semiconductors are dependent on the type of modulation, i.e. CCM BCM or TCM.
In case of TCM, the reverse current will influence the rms currents of the semiconductors, these rms currents

can be estimated with:
j —1 f j2dt (3.16)
1 = 1 .
S,rms T Jr S

The HF switches consist of S;;; 5 and S gy The maximum blocking voltage of these switches is
860V for the three-phase operation. These switches are selected to be SiC switches with a blocking voltage
of 1200V, where a safety margin of >25% is considered in case of undesirable oscillations and a single-event
burnout (SEB). Switches with alow Rpgs, ., and small output capacity C,ss are recommended.

The LF switches consist of Sz;; and S;;5. The maximum blocking voltage is 430V for the three-phase
operation. These switches are selected to be SiC switches with a blocking voltage of 650V, taking a margin of
>30% into account. In single-phase operation, the switching losses are neglected for these switches, since the
switches switch corresponding to the grid frequency. Switches with a low Rpgs ,, are recommended to use.

The constant ON switches consist of S,z and Sj,. The maximum blocking voltage of these switches is
430V for the three-phase operation. These switches are selected to be SiC switches with a blocking voltage
of 650V, taking a margin of >30% into account. The switching losses of these switches are also neglected.
Switches with a low Rps ,,, are recommended to use.

The BePFC rectifier considered for the proof-of-concept has an output power of 19.2 kW in single-phase.
The rectifier is implemented by interleaving two three-phase BePFC rectifiers resulting in 6 times interleaving
in single-phase. This is done because 3.3 kW is considered to be the sweet spot for a bridge leg [10]. Higher
powers for this rectifier topology can be achieved by placing more rectifiers in parallel. A more detailed multi
objective optimization for the design of the BePFC is presented in chapter 6.



Modelling of the Main Converter
Components

4.1. Introduction

Mathematical modelling of power converters and power converter components is a much studied topic
[14, 15, 17, 30, 31]. The multi-physics modelling of power converter components forms an important part of
the converter modelling. The component models provide estimations on performance indices such as losses,
volume, EMI and thermal stresses, depending on the specified design variables. The use of the component
models does not only allow to estimate the performance of a single power converter but also allows to run an
optimization algorithm to select the optimal design variables of multiple virtually designed converters. The
goal of the mathematical modelling and optimization is also to derive a performance trade-off on a set of
design parameters, such as for example switching frequency, boost inductor value and the number of BePFC
rectifiers in parallel.

In this chapter the mathematical modelling of the BePFC rectifier using Fourier analysis is explained,
together with the component specific models of the semiconductors, inductors and filter components. The
modelling explained in this chapter forms a basis for the design optimization in Chapter 6.

4.2. Modelling Approach

The modelling of the BePFC rectifier is adapted from the modelling of power converters explained in
Section 2.3 (cf. Figure 2.11). The mathematical modelling of the power converter is done using MATLAB.
For this work the modelling approach as depicted in Figure 4.1 is used. The modelling is subdivided into a
Global Design Space, Component design space and Performance Space [15]. In the global design space the
operating conditions, converter topology and design variables are specified. An example of the global design
space for the BePFC rectifier can be found in Table 6.1. The component design space specifies component
specific parameters, component material and component design variables. An example of the component
design space for the BePFC rectifier of this research can be found in Table 6.2.

In this research two different modelling routines are used. The first routine is depicted with the solid
arrows. This is the modelling routine for the design considerations of the hardware prototype, of which the
design is explained in Chapter 8. The modelling routine estimates the converter performance of the hardware
prototype without considering optimization. The component selection is done based on experience of
previous PFC rectifier projects complemented with input from the modelling done throughout this research.

First, converter specification have to be specified, such as the input voltage v;, grid frequency g, output
voltage v,, output power P, and the EMI limitations. With the converter specification, basic analysis of the
BePFC rectifier is done and steady-state average waveforms of voltages and currents in the converter are
generated as explained in Section 3.3.

23
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Figure 4.1: Proposed modelling routine adapted from Figure 2.11. The solid arrows correspond to the modelling routine of the
hardware prototype. The dashed arrows correspond to the virtual prototyping routine. The global design space is defined by the user
input and specifies the number converter design iteration x;. The component design space defines the number of component design

iteration x;. The volume and efficiency model outputs the system volume and efficiency. Adapted from [15].

The switching model of the power converter is derived using the steady-state average waveforms and
Fourier analysis. The Fourier coefficients are derived for the relevant converter components such as the
inductor current iy, switch node voltage vgy, switch current i, and high frequency output capacitor current
ic,. Describing the switch cycle waveforms in the Fourier domain makes the derivation of the voltages and
currents easy, in particular with respect to the modelling of the EMI filters. By performing an inverse Fourier
transform, the time domain waveforms can be reconstructed. The Fourier analysis is explained in Section 4.4.

The performance of the main converter components is estimated accordingly based on their switch cycle
waveforms and a grid cycle average performance is calculated. The main converter components are the
semiconductors, inductors, EMI filter and filter capacitors (e.g. output filter). Each component model gives
an estimation of the losses and volume. Detailed component temperature and loss distribution of each
component can be obtained within the component specific model. For example the amount of switching
losses compared to conduction losses.

When combining the losses and volumes of the converter components in the Volume and Efficiency
Model, an estimation of the power converter performance indices is generated.

The second modelling routine is referred to as the virtual prototyping routine, corresponding with the
dashed arrows in combination with the solid arrows in Figure 4.1. This routine calls sequentially the Basic
Analysis, Fourier Analysis, Inductor Model, Semiconductor Model, EMI Model and Volume and Efficiency
Model for x; iterations. Each iteration x; is a new virtual BePFC rectifier prototype of which the losses and
volume is estimated. Each iteration of x; is an optimization of the local component loop. The output of the
component model loop is a single design optimized for volume or losses. When all global design parameters
have been looped, the performance space is filled with all possible virtual prototypes and their performance
indices in order to estimate the Pareto trajectory and select and select an optimal design.
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4.3. Basic Analysis

The basic analysis of the 1-phase operation of the BePFC rectifier is done in Section 3.3 and 3.4. The steady
state average waveforms are derived using Kirchoff’s current and voltage laws, together with the duty cycle
derivation. The switching frequency f;,, is derived while considering TCM modulation for different output
powers as shown in Figure 3.7. The basic analysis can already give a good estimate of the average currents
and voltages of the converter. Components can be selected based on the estimated stresses as explained in
Section 3.5.

4.4. Fourier Analysis Input
The Fourier analysis is used to derive the switch cycle Uy, Us,d, ¢, nF
waveforms of the currents and voltages in the power converter ¢
based on the basic analysis of the BePFC rectifier. From two Inductor Voltaze Inductor
voltage levels (U; and Us), the duty cycle (d) and a phase-shift ~ — & Imp;dance
(¢), a Fourier description of a two level voltage square wave can a2 L
be derived using the generalized complex Fourier equations
[32]:
- i t
x(1) = cpel0
® nzz_"oo " @1 Inductor Current | | Windowing | &
1 —inwnt ’ ciy Function
Cp = —f x(te I"oldgy
TJr ¢
The complex Fourier coefficients ¢, of a two level voltage F{f} = F{g} |«
square wave can be described as: ¢
e—ion ' ' Switch Current
en = ———[(U (1= e 2 + (Up(e 72— 1)) (4.2) Ciu
j2nn

where ¢, are the complex Fourier coefficients of a double sided

spectrum, U; and U, the two voltage levels, ¢ the phase-shift

and d the duty cycle. The derivation of eq. (4.2) canbe foundin  gigyre 42: The proposed flow diagram for the
Appendix A.1. The Complex Fourier Series (CFS) requires only  Fourier analysis to determine the Fourier coefficients
to calculate a single coefficient c rather than the conventional of the inductor voltage, inductor current and switch
a and b coefficients [33]. currents.

The Fourier analysis is done according to the proposed diagram shown in Figure 4.2. Equation 4.2 is used
to generate the Fourier coefficients of a voltage waveform, i.e. inductor voltage (cf. Figure 4.3). Using the
inverse Fourier transform, the time-domain switch-cycle waveform can be reconstructed for the purpose of
visualization. Figure 4.3a shows an example of the inductor voltage waveform. The inductor current can be
easily calculated by a division of the voltage Fourier coefficients by the complex impedance of the inductor,
omitting the need for integration. The inductor current can be derived as:

_ Cyy,

=7 4.3)

Cip.
where ¢;; and c,, are the Fourier coefficients of the inductor current and voltage respectively, and Z; is
the complex inductor impedance for each multiple of the switching frequency. These inductor current
coefficients can be used to generate a time-domain representation of the inductor current waveform as
shown in 4.3b.

From the inductor-current Fourier coefficients, the Fourier coefficients of the semiconductor switches
can be generated. This is done by representing the time when a switch is conducting by a, so called,
windowing function which is one when the switch is conducting and zero otherwise. The convolution of
the inductor current Fourier coefficients and the windowing function of the representative switch results in
the switch-current Fourier coefficients. This can be described as:

Fif gt =F{f1 = Flg} (4.4)
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Figure 4.3: Example of the derived Fourier coefficients with corresponding restored time-domain waveforms with (a) the inductor
voltage Fourier spectrum cy; and corresponding restored time-domain waveform vy, (b) the inductor current Fourier spectrum C;,
with corresponding restored time-domain waveform iy and in (c) the switch current Fourier spectrum c¢;;__ with corresponding

a.

restored time-domain waveform i Say:

From the resulting switch-current Fourier coefficients, the time-domain switch cycle current can be
reconstructed as seen in Figure 4.3c. Other currents can be derived by summation and/or subtraction of

the currents, e.g. output capacitor currents. The capacitor voltage can then be derived by multiplication of
the Fourier coefficients with the complex impedance, similar to eq. (4.3)

The rms currents of a switch cycle can be calculated using the following formula in a single sided Fourier
spectrum:

(4.5)

where nF is the total number of harmonics and c;, is the Fourier coefficient of the nth harmonic. Similar
relation holds for calculating the rms voltages of the switch cycle.

Advantage of using the CFS for the modelling of power converter can be:

— EMI performance can easily be calculated as this is in the frequency domain;
— Currents and voltages can be easily obtained by multiplication or division of the Fourier coefficients by
the complex impedance;

Switch currents can be obtained by a convolution with a windowing function representing the time
when the switch is conducting;

— The switch cycle rms currents can be calculated with eq. (4.5) to calculate the HF switch cycle losses
(34];

— Compact matrix-form calculations are enabled, gaining speed and memory.

4.5. Component Modelling

Multi-physics modelling is done for the converter semiconductors, inductors and EMI filter components.
These component models output the performance indicators in terms of volume, losses and component
temperatures. The combination of the component models and design variables defines the total converter
performance in terms of efficiency and volume. In the following three sections the modelling of the
semiconductors, inductors and EMI filter are discussed including the assumptions made.
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4.5.1. Semiconductor Modelling

The modelling of semiconductors is done according to the
diagram as shown in Figure 4.4. In the semiconductor losses
are calculated until the junction temperate has converged. The
size of the cooling area of the semiconductors is scaled in order
to lower the junction temperature of the switching device until
a pre-defined set-value. The losses in the semiconductors can
be subdivided into conduction losses, switching losses and
gate driver losses. Each will be discussed accordingly.

Conduction Losses The switch cycle and average grid
cycle conduction losses P.(f) and (P.) respectively, of the
semiconductor can be computed with

Pe(t) = Rps,on(ips,rms(0), Tj(1), VGs) - i5yg pms (D1

1 (4.6)
(Pc) = _f Pc(t)dt

TJr
where Rgso, is the MOSFETs drain-source on-resistance
which depends on the switch cycle rms drain-source current
ips,rms(2), the switch-cycle average junction temperature T} (1)
and the gate-source voltage Vs applied to the switch. A
second-order approximation from the MOSFETs datasheet
information can be made in order to approximate a generalized
fitted formula of the Rps,, with the following variables:
ips,rms» Tj and Vs [14]. From the Fourier coefficients of the
switch current, the switch cycle rms currents can be calculated
using eq. (4.5).
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Figure 4.4: The proposed flow diagram for the
modelling of the semiconductor devices to calculate
the semiconductor losses and volume.

The influence of the MOSFETs junction temperature and drain-source current on Rps,en is shown in
Figure 4.5a for a 650 V SiC MOSFET. A higher junction temperature results in a higher Rpgs, .. In Figure 4.5b
the influence of the gate-source on-state voltage on Rps,,, is shown. The gate-source voltage should be
chosen as high as possible to lower Rps o, and thereby the conduction losses of the MOSFETs.
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Figure 4.5: Fitted waveforms of the 650 V SiC MOSFET SCTH90N65G2V-7 [35] for (a) the drain-source on-state resistance Rpg, o, versus
the drain-source current ipg for different junction temperatures T; with a gate-source voltage Vs = 18V and (b) the drain-source
on-state resistance Rpg, o, versus the drain-source current ipg for different gate-source voltages Vs with a junction temperature

Tj=25 °C.
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The outputs of the conduction losses calculation are the switch cycle average conduction losses and the
grid cycle average conduction losses. The switch cycle losses will give an indication of the temperature swing
of the junction temperature over a grid cycle, where the grid cycle average losses are used in the steady state
efficiency calculation of the converter.

Switching Losses The switching losses of the LF and constant ON switches are neglected. The switching
losses of the HF switches in the semiconductor model are calculated with

Psw(t) = fsw(®) - [Eon(ips,on(t), Tj, Vps, VGs,on, RG,on) + Eoff(ins,of £ Tj» Vbs, Vas,of fRGof f)] 4.7

where E, o denotes the turn-on/off switching loss energies which depend on the switch currents
ips,oniof f» juction temperature T}, corresponding operation voltage vps, gate turn-on/off voltage Vs on/off
and external gate resistor Rg,on/off-

The total losses for a switching cycle are a combination of the E,,, fr which also depend on the switching
transition, i.e. ZVS turn-on will result in no turn on losses. From the semiconductor datastheet, Eopn/off
functions can be fitted, similar as for fitting the Rps o,. The fitted switching loss waveforms of a 1200V SiC
MOSEFET are visible in Figure 4.6.
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Figure 4.6: Fitted switching loss waveforms of the 1200V SiC MOSFET SCTH100N120G2-AG [36] for (a) a drain-source voltage
Vps =380V and (b) a drain-source voltage Vpg = 750V.

To examine the type of switching transition, two options are available in the semiconductor model:

The first option, the most easy option, requires the least computational power and time of the simulation
software. This solution calculates the required reverse current of the complementary switch to be able to ZVS
turn-on the switch. The required reverse current is calculated with eq. (3.9). Note that when an additional
capacitor Cp,; is placed in parallel to the switch the required charge increases accordingly. This is shown in
Figure 4.7a. Because there is more charge required, the reverse current increases. For partial ZVS turn-on, a
linear approximation is made between the turn-on and turn-off energies of the semiconductor.

The second option, a more advanced option, requires more computational power and time of the simulation
software which is undesired for the optimization of a power converter. This option makes use of the Fourier
coefficients of the switch current, specified dead-times and varying inductor current and semiconductor
output capacitor over time. From the Fourier coefficient, the time-domain waveforms are reconstructed
for the period of the switching moment + dead-time. The total charge before and after the switch point is
calculated by integration of the inductor current iz (f), Q(f) = f ir(£)dt. When the charge equivalent is large
enough to discharge the output capacitor of the switch, ZVS is achieved. An example of a complete ZVS
transition is visible in Figure 4.7b. When there is not enough charge, incomplete ZVS occurs. An example
where the charge Q < Q¢4 is shown in Figure 4.7c. The inductor current reaches zero before the required
charge is reached. The semiconductor turns on at zero current but with a remaining drain-source voltage.



4.5. Component Modelling 29

0.6 1 1
0.5
g 0.4 / . .
%03 El =
20 Qyeq,(incl.Cpar) - -
g g g
502 . - ’Q O O ,
- L K
_ - Areq = QB,reg
0.1 - - o
Z= Q.
0 req.(€xcl.Cp.,) 3 3
0 100 200 300 380 -400 -200 0 200 100 -400 -200 0 200 400
vps [V] time [ns] time [ns]

(@) (b) (c)

Figure 4.7: (a) The required commutation charges for both with and without considering an additional capacitor parallel to the
semiconductor switch. (b) An example of a ZVS transition where there is enough charge before and after t = Os for the resonant
transition. (C) An example of an incomplete ZVS transition where the charge Qp ¢4 is not large enough to completely
discharge/charge Coss + Cpqar. The dead-time considered is 800 ns.

The outputs of the switching losses calculations are the switch cycle losses together with grid cycle average
losses. The average grid cycle losses are used to estimate the converter steady-state efficiency, while the
switch cycle losses are used to calculate the grid-cycle temperature swing of the semiconductor junction
temperature. The separately calculated turn-on and turn-off losses can be used to verify the soft-switching
transitions over a grid cycle of the power converter.

Gate-Drive Losses The gate-drive losses are caused by the energy required to charge the MOSFET gate
capacitance. Having a higher switching frequency results in non-negligible gate driver losses. The gate-drive
losses of the LF and contant ON switch are neglected because of their low switching frequency. The switch
cycle gate-drive losses are expressed in terms of gate charge Qg, gate-source voltage difference AVgs and the
switching frequency as:

Pga(t) = Qg+ AVgs- fou(t) 4.8)

The gate voltage during during the off-state is —3V. This is done to avoid unwanted turn-on due to

coupling effects. The gate-voltage during the on-state chosen to be high e.g., 18V, to keep the conduction
losses low.

Semiconductor Thermal Model The semiconductor thermal equivalent model is used to estimate the
junction temperatures T; of the switches based on the total switch losses. The losses are calculated
starting with a junction temperature of Tj 4. T; is iterated until a thermal equilibrium is reached.
The semiconductor thermal model is based on the thermal equivalent model as shown in 4.8a. The
semiconductor losses are modelled as a current source, the thermal interfaces are modelled as (thermal)

resistances. The voltage over a thermal resistor is equivalent to the temperature difference over the thermal
interface.

The assumptions made for the semiconductor thermal model are as follows:

— The semiconductor is a surface mount device (SMD) component which is placed on top of a metal core
PCB (MCPCB).

— The semiconductor is surrounded by free cooling area which is scaled with the scaling factor Trg.4;., a
visual explanation of the transistor scaling factor is visible in Figure 4.8b .

— The heat is distributed uniformly across the copper foil.

- The cold plate has a constant temperature of 50 °C due to the constant flow of coolant liquid in the cold
plate.

The MCPCB consists of a copper foil, an insulation layer and the metal core. The MCPCB is connected
to an aluminium heatsink block with thermal paste, having a contact thermal resistance Ryj, conrace- The
aluminium block is placed on top of the cold plate that extracts the heat. The height of the stack, is defined
by the height of the boost inductors because for both devices heat is extracted via the coldplate.
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Figure 4.8: (a) The semiconductor thermal model with corresponding thermal equivalent model and (b) a sketch of the top view of a
MOSFET on a metal core PCB with corresponding cooling area which is scaled with T7g 4.

The thermal resistance of the semiconductor package can be derived from the datasheet, specified as the
junction-to-case resistance Ry j.. The thermal resistances of the remaining parts depend on the cooling
area A, thickness d and thermal conductivity of the material A and can be calculated as

d

Rip= TA 4.9)
The thermal modelling of the semiconductors is done until a thermal equilibrium is reached, represented
with the block AT; < 2°C in Figure 4.4. When, after reqaching thermal equilibrium the average junction
temperature Tj,4,¢ is above 80 °C the transistor scale factor is enlarged, as visually explained in Figure 4.8b.
Enlarging this factor results in a larger MCPCB and alumium block cooling area, thereby lowering the
corresponding thermal resistances, except the Ry j . of the semiconductor. This iterative process is
repeated until there is enough cooling for the semiconductor devices. A thermal runaway is detected in the
semiconductor model if the scaling factors end up being too large or if the switch cycle junction temperature
does not reach equilibrium.

Semiconductor Volume Model The volume model estimates the volume required for the semiconductors
including cooling. This is estimated by calculating the boxed volumes of the MCPCB (with semiconductor
components on top), the aluminium block and the semiconductor cold plate. The boxed volume can be
calculated with

V=A-h (4.10)

where A is the required area and h is the required height. It is important to take margins in defining the
required area and height. The area required is the initial semiconductor area, obtained from the datasheet,
multiplied by the transistor scaling factor Tr.4;.. This scaling factor starts with an offset of 2 because of the
required space for routing. Additional height of 10mm above the semiconductors is taken into account if
other PCBs are placed on top.
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4.5.2. Inductor Modelling

The modelling of the boost inductors is done following the
diagram as shown in Figure 4.9. This flow diagram shows
the calculation of the winding and core losses for each switch
cycle in a grid cycle. The mathematical calculations used
in the inductor model are based on [14, 17, 31, 37, 38]
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calculation of frequency dependent losses.

Inductor design When no boost inductor design is specified,
an inductor will be designed based on the desired inductance.
For the boost inductor design the worst case operation point
in a grid cycle is selected as calculating the losses of a grid
cycle requires too much computational power and time. After
the optimized boost inductor design is selected, the full grid-
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Figure 4.9: Flow chart of the inductor modelling with
a design loop indicated with the solid line, the loop
makes inductor designs by changing the core material
n2 with i¢,mar, the core dimensions with i; 4;,, and the
(4.11) wire type iyire- At the end of the design loop the
best design is selected. After the design loop the
final evaluation loop starts with the designed inductor,
indicated with the dashed line. This loop simulates
each grid switch cycle to have the losses and volume
as output for the converter modelling.

cycle losses are calculated similar to the single point worst case
losses for the inductor design.

The inductor is designed based on a design goal, which
can be minimum (boxed) volume or minimum losses. The
inductor design is done for a predefined inductor design
space consisting of different wire types, core material and core
dimensions. For each virtual inductor design, the first step is to
generate the reluctance model. The inductance of an inductor
with n windings and a total magnetic reluctance of R, ;o; can
be calculated as

g

L=
Rm,tot

The total reluctance Ry, 0 iS a combination of the core
reluctance Ry core and airgap reluctance Ry airg and is
calculated according to the methods proposed in [38]. The
inductance value is controlled with the airgap length Iz, while the peak flux density B should not exceed the
maximum flux density B4 specified in the core datasheet. The limits on the airgap length [ ¢ and maximum
flux denisity B4 result in a minimum and maximum number of turns for the inductor calculated as

_ . Lind iind,max
Nind,min = ceil =
maxAc

Nind,max = floor (\/Lind(Rm,core + Rm,airg”lg:lg_mux)

4.12)

The range of possible number of turns 7;,4,min < Rind < Nind,max defines the number of possible inductor
designs where for each design iteration the required airgap [, for the desired inductance is calculated. The
core volume and losses and winding losses calculations define the selection of the optimal inductor design.

CoreLosses The core losses can be estimated by the Steimetz Equation (SE) P, = k f%BP where B is the peak
flux amplitude, P, is the time-average power loss, f is the frequency of the sinusoidal excitation and k, @, and
B the Steinmetz parameters [39]. However, this formula is only applies to sinusoidal exited waveforms. In the
BePFC rectifier the boost inductors experience a piecewise-linear current excitation and thus a piecewise-
linear flux-time function. The improved Generalized Steinmetz Equations (iGSE) [39], which is consistent
with the Steinmetz equation for sinusoidal waveforms has been used in the inductor model for evaluating
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the core losses on non-sinusoidal excited waveforms. With the iGSE the core losses, time averaged per unit
volume, are calculated as
1 T
P == f ki
core,v T ) i

k
ki =
Zn“‘lfoznlcosel"‘Zﬁ‘“dG
The Steinmetz parameters k, a and § are material parameters that are extracted out of data provided by the
core manufactures.

a

dB (AB)P%qdr (4.13)

dt

with

(4.14)

Winding Losses It is assumed that the wire used for the inductor is a Litz wire. The winding losses in this
Litz wire can be separated into LF and HF losses. The LF losses can be considered as DC losses while the HF
losses originate from the higher strand resistance with increased frequency due to eddy currents. These eddy
currents can be separated into three loss sources. The first source are self-induced eddy currents with skin-
effect losses P as a result. The second source are due to an external alternating magnetic field, e.g. external
magnetic field H, from other neighbouring conductors leading to the external proximity effect losses Py ..
And the third source are are due to an internal magnetic field H; produced by the Litz bundle itself, leading
to the internal proximity effect losses Py, ; [14].

The skin-effect losses of a Litz bundle, per unit length L, can be calculated with [37]:

f 2
Pg1 =ns-Rpc,sr-Fr(f)- . (4.15)

N

where I are the Fourier coefficient amplitudes of the inductor current, Rpcsr is the per unit length DC
resistance of a single stand in the Litz bundle calculated with

4
omnd?

RpcsL= (4.16)

where o is the conductivity of the conductor material and d; the strand diameter. Fg is the skin-effect
factor describing the conductor resistance due to skin effect for the corresponding frequencies. This factor is
calculated using the proposed formulas in [37].

The per unit length proximity-effect losses, both due to external and internal magnetic fields, can be
calculated as shown in [31], with

Ppr=Ppre+Ppr,;

. 2 (4.17)
=n-Rpc-Gr(f)| He +

272
27 db

where Gy is the proximity-effect factor [37], dj, is the Litz bundle diameter and H, is the peak external
magnetic field from the airgap fringing field and in neighbouring Litz bundles, calculated with the 2D
analytical approach proposed in [37]. This uses the method of imaging (also known as mirroring) of
conducting material in order to estimate the effect of a surrounding magnetic conducting material. The
internal magnetic field originating from neighbouring strands in the same litz bundle is modelled as H; =
I?/(2n*d2). It is assumed that the current is equally distributed over the Litz wire bundle.

Inductor Thermal Model The input for the thermal model are the core and winding losses that are
calculated previously in the inductor loss model. For modelling the inductor thermal behaviour, a simplified
thermal model is adapted from [40]. For the simplification it is assumed that the inductor bobbin and the
inductor core are thermally decoupled. It is also assumed that all cooling of the wires is done via the cold
plate with a constant temperature, on which the inductor is placed, as depicted in 4.10a. Because of the
thermal decoupling, the winding temperature (7,,) and core temperature (7,) can be computed separately.
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Figure 4.10: (a) side view sketch of the inductor with the core, bobbin, coil, thermal paste and the cold plate and (b) the electrical
equivalent thermal model to calculate the inner winding temperature with cooling via the cold plate and (c) the thermal equivalent
model of the core with cooling of the core surface via the ambient air.

For calculating the core temperate, the thermal equivalent model from 4.10c¢ is used. The core temperature
can be estimated by
Te = Peore- Rth,core + Tamb (4.18)

where the thermal resistance of the core is given in the core datasheet. A smaller core will result in a higher
Rin,core- For calculating the winding temperature, only the worst case wire temperature of the most inner
winding is considered because the thermal resistance from the inner wire to the cold plate is the highest. It
is assumed that the winding losses are equally distributed over the length of the inductor wire. The thermal
resistance of the inner winding can be calculated as shown in [40]

Rupy = — 01 (4.19)

thw AcondAcond ’
where [, is the mean length of winding turn, ny is the number of winding layers, and A.y,4 and A¢opng are
the thermal conductivity and cross-sectional area of the conductor. For the simplification is assumed that
there is only a heat flow along the wire length. It is assumed that the distance to the cold plate is equal for
both sides of a winding turn. Litz wires are used for the windings, therefore the assumption of the effective
cross-sectional area is scaled as
dp-dfin®
2

where dj, is the Litz bundle diameter and d;y; is the fill factor.

Acond =T (4.20)

Inductor Volume Model The inductor volume is calculated based on the core dimensions. It is assumed
that the windings of the inductor fit within the core and thus do not add to the inductor boxed volume. The
core size is estimated from the datasheet parameters specified by the core manufacturers.
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4.5.3. EMI Modelling

An Electromagnetic Interference (EMI) filter is designed in order to comply with regulatory standards, e.g.
CISPR 22 Class A/B for conducted emission (CE). The design of this filter is based on a harmonic analysis,
using the Fourier modelling approach, of the equivalent common mode (CM) and differential mode(DM)
noise sources of the converter, in combination with the filter and line impedance stabilizing network (LISN).
Inserting the input filter to the converter has influence on the displacement factor, resonances in the system
and a significant influences on the converter volume [41]. Therefore the design and modelling of the EMI
filter has to be accurate in to minimize the required converter volume. The design of the DM and CM filter
is usually decoupled, i.e. the CM filter is designed after the DM filter. The design of the DM filter is typically
more straightforward than the CM filter which is more based on a trial-and-error method [14] as the CM filter
is designed based on parasitic assumptions which depend on the physical converter design.

The LISN is used to provide an stable connection
between the converter and the test receiver. A simplified
equivalent circuit of the LISN according to CISPR 16 is
shown in 4.11, which is valid for the mid-to-high-frequency Lusw I
range (150 kHz - 30 MHz). The LISN provides a stable input S0pH
resistance for this frequency range (Ry;sy = 50Q). The
voltage Unmeqs is used for the EMC test receiver. Attached to
the LISN is a EMC test receiver to measure the Quasi-Peak = = =
(QP). The test receiver is modelled to have a bandwidth of
9kHz as explained in [41]. In the remaining figures of this
work, the LISN is simplified with RygN.

Converter
input current

<+ Ldm

Figure 4.11: Simplified model of the LISN. Valid for the
mid-to-high-frequency range (150 kHz - 30 MHz)[41].

Analytically describing the (multi-stage) filters can be complex. A simplification can be made when
considering two asymptotes in the magnitude bode plot of a filter stage transfer function [30]. One asymptote
corresponds withto low frequencies and a second asymptote corresponds with high frequencies, as depicted
in Figure 4.12 for a single stage LC filter. The simplified HF asymptote can be describes as

1 1
=— (4.21)
Aasymptote(w) w-LC
: ~. __ High frequency asymptote

Low frequency
asympltote

Magnitude of 1/A(s) [dB]

Frequency [log(Hz)]
Figure 4.12: Attenuation characteristics of a single-stage LC filter where the high and low frequency asymptote are shown. From [30].

As explained in [30], the multi-stage filter can be considered decoupled from the surrounding ones for
frequencies that are high enough. Because of these simplifications a generalized formula, adapted from 4.21,
can be used to estimate the filter attenuation as

1 ~ 1
Ageneml(f) B Kr

N Nc
erpHNNe [T L[] ¢
i=1 j=1

where the coefficient K1 depends on the filter structure as shown in table 4.1.

(4.22)
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Table 4.1: Coefficients Kt for different filter structures.

Configuration Kr

LC 1
LCL R,

CL Ro/Rin
CLC 1/Rin

DM Filter Model

The interleaved modulation of the BePFC rectifier results in an equivalent DM circuit as depicted in
Figure 4.13. The DM noise sources are described in the Fourier domain by the Fourier coefficients of the
switch node voltages. Only the frequency multiples equal to (n;,,(3k+3) fs,,) are common to all three phases
and appear in the LISN, where n;,; is the number of interleaved BePFC rectifiers placed in parallel. The
remaining HF harmonics circulate between the three phases and, in case of an ideally symmetric filter, do
not lead to significant voltages at the LISN [9].

Lpmm ety . Lpaa Lioost /Tint
— - - —— — — ﬂﬂ—| VDM, {rone (3643}
: : '
T T '
'

L —— L . P L = —L DM, {1 (3h-4+1) e (3542))
Coma _—,_ i Cow Cpam _—,— ‘

Lt
Com, "IP CM,par

HH -
o

. o . =+
Lpnn/3 Lpaa/3 Cparasitiﬂ_:

Figure 4.13: HF equivalent circuit with n DM and CM filter stages and the DM noise sources of the BePFC rectifier. Only the frequency
multiples equal to (1 ,¢(3k + 3) fs1) are relevant for the DM filter design. Filter damping is not considered for this figure.

The modelling and design of the DM is done according to the flow diagram as shown in Figure 4.15,
this flow diagram is later also used for the CM filter design. First the required attenuation is calculated,
considering the worst case single phase equivalent circuit as shown in Figure 4.14. The required attenuation
is calculated by comparing the CISPR limits (including a margin) with the worst case QP estimation as:

AT)M[dB] = UQP,DM(fD) [dBpV] - limitCIspR (fD) [dBp\/] + margin[dB] (4.23)
Lboost/<3nint>
Umeas,DMl RLISN UDM,{nint(3k+3)}

Figure 4.14: Single phase equivalent worst-case differential mode circuit to estimate the required attenuation. n;,; refers to the
number of BePFC rectifiers in parallel.

The frequency fp is defined as the design frequency for the EMI filter at which the worst case QP occurs
within the range of the CISPR limits. Figure 4.16 shows the measured voltage across Ry sy including the QP
measurement of the DM noise at the design frequency fp. The required attenuation Ay, , is calculated with
a margin of 6 dB. The regulatory limits for the CISPR 22 Class A in the range of 150 kHz - 500 kHz is 79 dBuV

and for the range 500 kHz - 30 MHz the limit is 73 dBuV.
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Figure 4.15: Flow chart of the differential-mode and common-mode EMI filter design.

DM Filter Design The DM filter is designed based on the required attenuation at the design frequency.
A single stage filter will requires a low cut-off frequency resulting in large filter components, therefore the
filter is built up with a two-stage LC filter. The inductor Lpys,» of the second stage filter is omitted since the
influence on the filter performance measured with the LISN is negligible, the last filter stage is formed by the
second stage filter capacitors Cpys,2 and Ryisn. To optimize for volume it has been chosen to go for a multi-
stage filter with equal components for each filter stage (L; = ... = L, and C; = ... = C;) [42]. Optimizing the
filter with respect to volume and using eq. (4.22) results in a minimization function of the DM capacitance
Cpym as [42]:

3 2/3- kL,powder . Ilznax : IOADM/ZO

Cpm = (4.24)
3-ke,foit,x2* Viax - Rusn - 0%

where kr yowder = 3.95 % 1073 [m3/HA?] and ke foit,x2 = 45 x 10~%[m3/FV?] are volumetric coefficients for
powder inductors and X2 foil capacitors [43]. V4 and I;,4, are the maximum voltage and current ratings
of the grid source and wp is the design frequency in [rad/sec]. The factor 2/3 and 3 come from the 4-phase
filter structure, the derivation of 4.24 can be found in the Appendix A.2. It should be mentioned that in terms
of control stability it is preferred to have attenuation of the first filter stage higher than the second filter stage.
This suggests that the cutoff frequency of filter stage 1 should be chosen to be smaller than the cutoff of filter
stage 2 [44, 45].

The DM capacitance Cpys has an upper limited because a large capacitance will lead to a lower initial
power factor A. The maximum capacitance can be calculated for a specified A at a given minimal active
power, as

Qmax _ V(PIN)? = P?

= (4.25)
wgr IVE~ wg VP2

CDM,tot,max =

where Q4 is the maximum allowed reactive power, P and A are the minimum active power and power
factor respectively, wg, is the grid frequency in [rad/sec] and |V] is the maximum rms phase voltage. This
total capacitance is evenly distributed over the filter stages. If the Cp)s capacitance calculated with eq. (4.24)
is larger than the limit, the maximum allowed capacitance is selected.
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Figure 4.16: Worst case DM noise modelled with the LISN and EMC test receiver for a TCM modulated BePFC rectifier. The dashed line
represents the estimated QP noise. The blue line represents the filtered QP noise.

With a known Cpyy, the value of Lpjs can be estimated using eq. (4.22) as

1085720
Lpy=—FT—"""—7" (4.26)

The damping of each filter stage is done using series RC damping. The optimal damping resistor for each
filter stage can be estimated with the methodology used in [45] and [30] as

L
. \/ DMy \/ 2+n)4+3n) (4.27)

Cpm 2n2(4+n)

where 7 is the factor between the filtering capacitor Cpys and damping capacitor Cp,pys. In the case for the
BePFC rectifier filter they are chosen equal so n = 1.

The filter values are put in the state-space model of the filter stages. The currents and voltage in the filter
circuit and LISN are estimated in order to calculate if the resulting QPs are below the CISPR limits.

DM Filter Loss Model The losses in the DM inductors are dominated by the LF AC losses. For the DM
inductors, a design is generated which uses a design space of a set of toroidal cores with solid copper windings
to achieve the required inductance Lpy;. The design with the lowest volume is chosen, resulting in a wire
length and thickness which determine the LF AC resistance. The inductor LF losses can be estimated by

—q. L2 L:2
PL,DM =3 RLDM,phase lphase,rms + RLDM,neutral lneutml,rms (4.28)

where Rpp,\ . @nd Ry, 0., are the winding resistances of the phase and neutral inductor respectively.
And ipngse,rms @and igrig,rms are the phase and grid rms currents where the following relation holds,

igrid,rms = 3" Ineutral,rms-

High frequency currents lead to losses in the DM capacitor induced by the internal equivalent series
resistance (ESR). The filter state space model is able to output the Fourier coefficients of the DM capacitor
currents. The capacitors of the first filter stage experience the largest HF ripple and are implemented using
X2 electric film capacitor that can handle up to 8 A rms. The ESR losses can be calculated as

Pc,pm =3 Resr(f)- iIZJM,rms(f) (4.29)



38 4. Modelling of the Main Converter Components

where Rgsg is dependent on the noise frequency f and can be extracted from the capacitor datasheet, ips,rms
is the rms current at frequency f generated from the Fourier coefficients using eq. (4.5).

DM Filter Volume model The total volume of the DM filter can be estimate by their peak stored energy and
volumetric coefficients as were previously used in eq. (4.24). It is assumed that the stored energy is directly
related to the volume similar as explained in [43]. The volume estimation of the filter capacitor and inductor
can be done as

Volc = kg foit,x2- Com - V2 (4.30)
Voly, = kz powder - Lom - I ‘

For the DM inductor, an optimized design based on volume has been generated for the DM inductor loss
calculation, the boxed volume of this design can replace the volume estimation done with the inductor
volumetric coefficients. In order to have a good estimate of the filter volume, additional margins are taken
for mounting, connections, PCB routing and airflow. A margin of 2.0 is taken to take the required extra space
into account.

CM Filter Model

In 1-phase operation of the BePFC rectifier, the LF switching of Sz, ans S5 and vgm n@3k+3) cause CM noise.
The CM noise of the LF switches is resolved by placing a capacitor Ccy, ;. Thus, the CM noise relevant for the
input CM filter is caused by vpps,nii+3) [9]. The HF equivalent circuit of the BePFC is show in Figure 4.13
where Cparacitic is the parasitic capacitance through a heatsink of the MOSFET, estimated to be 90 pF for
a single FET. Estimating the required attenuation for the CM filter is more complex because it considers
parasitics which are difficult to estimate and depend on the physical design.

Similar to the DM filter model, the first step is to determine the required attenuation with a worst-case
estimation. The equivalent circuit shown in Figure 4.17 is used to estimate the worst-case voltage across the
LISN resistor Ryisn/2 with Cpararasitic considered. The CM noise source vc,par is estimated in according to
the estimation done in [9] by first replacing the boost inductor by an open circuit and the capacitors of the
first DM stage by a short circuit and the DM noise source by its Thevenin equivalent source as

—UDpM,n@3k+3) * 3* 1+ Cparacitic

VcM,par = (4.31)

3-n-Cparasitict Ccmym

where n refers to the number of BePFC rectifiers in parallel and Cpayasitic s due to the grounded heatsink
of the semiconductors. Increasing the value of Ccyy,,, would improve the attenuation, due to the voltage
division, but it is limited by the ground leakage current as explained with eq. (4.33). The steps taken to get to
the vem, par noise source is further elaborated in Appendix A.2.1.

UTne(Ls,C]VI l RLISN/2 VC M, par

Figure 4.17: Worst-case common mode circuit to estimate the required attenuation.

The measured worst-case voltage U,eqs,cm across Risn/2, for a converter with 2 BePFCs in parallel, is
shown in Figure 4.18 together with the CISPR 22 class A EMC limits. The required attenuation is calculated
from the maximum QP estimation with the CISPR limit as:

A¢[dB] = Ugpcm(fp) [dBuV] — limitcispr (fp) [dBuV] + margin[dB] (4.32)



4.5. Component Modelling 39

120 . ;
;Umeas,CM,QP
— 100 ¢ ‘,"\,Umeas,CM 1
> « /
= Ao AN
m \ /,
5,
S 80 + - 1 il i Ny
O - l | Class A EMC Limits
g Mar n
S
l
—Umeas,CM,QP
ol ]

10° fp 106 107
Frequency [Hz]

Figure 4.18: Worst case CM noise modelled with the LISN and EMC test receiver for a TCM modulated BePFC rectifier. The dashed line
represents the estimated QP noise. The blue line represented the filtered QP noise.

CM Filter Design The CM filter design is restricted by the maximum allowed current to flow though the CM
capacitances. The CM capacitance Cc)y is limited to keep the leakage current towards PE below 3.5 mA at
110% of the input voltage. The limited CM capacitance can be calculated as

Coror > ——— T (4.33)

L1-Vgrrms-wgr

where Ipg is the maximum allowed current towards PE, Vg5 the grid rms voltage and wg, the grid
frequency in [rad/s]. A safety margin is taken in case there are other sources of leakage current towards PE.
The maximum total allowed CM capacitance is chosen to be 20 nF. The CM filter is designed to be a two-stage
LCLC filter, thus the total CM capacity per filter is stage is 10 nF. The CM filter is designed to be symmetrical,
therefore the CM capacitance from neutral to PE is 3-Ccay, phase as depicted in Figure 4.13. The capacitors use
in the CM filter are referred to as Y1 capacitors to fulfil the safety standards. The CM filter capacitances are
designed to have the maximum allowed capacity. Therefore the CM inductance, for a two stage LCLC filter,
can be calculated with the HF approximation from 4.22 as

107020
Lpy=—— (4.34)
sz -CpMm eq
where Af,,, is the required CM attenuation, Cpy,eq the equivalent phase capacity and wp the design
frequency in [rad/s]. The filter component values are put in the state-space model of the CM filter. The
currents and voltages in the CM filter can be estimates in order to calculate if the resulting QPs are below the
CISPR limits.

CM Filter Loss Model The CM filter losses are dominated by the LF AC conduction losses of the 4-phase
CM chokes. A 6-phase CM choke, paralleling 3 phases for the neutral connection, is designed using a design
space of a set of high permeability Nanocrystalline toroidal cores with solid copper wire winding to achieve
the required inductance. The output of the CM choke design is a wire length and wire thickness of a single
phase. The losses of a CM choke can be calculated as

Riph
B 2 ,phase .5
Prem=3- RL,phase : lph,rms + 3 “Yaeutral,rms (4.35)

where Ry, ppase is the phase resistance, i, s the phase rms current and ipeyrrai,rms the neutral rms current
which is related to the phase rms current as ineurral,rms = 3 iph,rms
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CM Filter Volume Model The volume of the CM filter can be estimated using the volumetric coefficient,
similar to as is done for estimating the DM filter volume with eq. (4.30). It is assumed that the stored energy
is directly related to the component volume as:

Vol = kg foir,y1+Com - V2 (4.36)

The volume estimation of the CM choke is done using the CM choke design model. Using the core
dimension and wire thickness, a CM inductor boxed volume can be estimated. A margin of 2.0 is taken
in order to have enough space for PCB routing, air cooling and mounting, similar to the DM filter volume
estimation.

4.6. Total Losses and Volume

The converter components models discussed in this chapter output each the component volume and

losses. The component models for inductors, capacitors, semiconductors and EMI filters have the most

impact on the total converter volume and efficiency. However, there are also other sub-circuits that have a

minor influence on the total losses. Additional losses originate from auxiliary electronics (passive balancing

circuits), control electronics (FPGA, microcontroller) and measurement, supply and protection circuits.

These additional losses are estimated to be around 25 W. The total converter efficiency is estimated as:
Nconverter = M -100% (4.37)

P;

The total converter volume can be estimated by summation of the converter component volumes and an
additional volume required for the sub-circuits that also added the minor losses. Additional volume margins
have to be taken above the component specific margins. The additional volume exists due to variables such
as, electrical isolation restrictions, mounting restrictions, interconnection restrictions etc. An additional
margin of +10 % is taken on the total converter volume. The total converter volume is estimated as:

P,
Pconverter = V_ -100% (4.38)

box

4.7. Summary

In this chapter the modelling routine were explained starting from the the converter specifications, basic
analysis, Fourier analysis and component specific models into the full converter efficiency and power density.
The proposed modelling routine is further used for the design optimization explained in Chapter 6.

The basic analysis of the BePFC rectifier is used from Chapter 3, and the Fourier analysis is explained
using a flow diagram and an example. The main converter models are the semiconductor model, inductor
model and EMI model. These multi-physics models of the converter components were explained in detail.
Finally, the calculation of the total converter efficiency and volume were described with taking into account
the additional losses and required volume when physically designing the power converter.



Closed-loop Control

5.1. Introduction

In this chapter the proposed closed loop current controller for the BePFC rectifier is explained together with
the interleaving control of the boost rectifier stages. The relevant waveforms from the simulation results
are shown together with two different interleaving start-up sequences at every zero-crossing of the source
voltage. The relevant results for the simulation are the input current THD, interleaved inductor currents,
the source power factor and the current control behaviour. The voltage control behaviour is not considered
because the output of the rectifier is connected to a bi-directional supply with a stable output voltage.
Table 5.1 lists the converter parameters of the performed simulations of the single-phase BePFC rectifier.

Table 5.1: Simulation parameters of the Belgian PFC rectifier.

Description | Parameter | Value
Single phase rms voltage Vs rms 240V
Source frequency fs 60 Hz
Output voltage Upn 380V
Output power P, 11-19.2kW
Inductor current amplitude i;mp ! 10.80 — 18.86 A
Boost inductance Lpoost 25.01uH
BePFCs in parallel Nint 2
Switching frequency fsw 40 — 250kHz
Input current THD iTHD <8%
Input displacement factor D >0.99
Input power factor A >0.99
5.2. Control Scheme

Figure 5.1 shows the proposed (closed-loop) control scheme of the Belgian PFC rectifier for the proof-of-
concept tests explained in Chapter 8. This control scheme only considers a current controller as the output
is connected to a voltage supply in order to only control the AC input current of the rectifier.

The measured input voltage v is an input of phase locked loop (PLL). The PLL locks onto the source
frequency and outputs the source frequency f;, source voltage amplitude Uy, phase angle 0 and a normalized
input voltage reference REF;. The REF; is used to create signal relevant for the current controller, such as the
reconstructed source voltage v, pry and set current iy,,.

The average inductor current amplitude i;mp ; is an input for the control structure and is chosen based
on the desired output power P,. The measured boost inductor currents i; are compared with the set-value of
the average inductor current i;,, and fed into a (fast inner loop) current PI controller to generate the inductor
voltage set-points v; . The duty cycles for the HF switches are calculated based on the output voltage v, and
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average switch-node voltage v, which is obtained from v; and the measured grid voltage vs pyr.

The switching frequency of the HF bridge legs is calculated as

 Lioost -2+ (135, + I}) , Lboost -2 (i, + I3

T, =
W . [Verril [Verril — Vpn (5.1)
fsw - Ts*w

V\ihere vs,pLL is the measured source voltage, vy, the measured output voltage, i},, the current set-value
and Ig the reverse current required to achieve complete ZVS transition considering TCM modulation with a
known boost inductor value Lj,,s,. The switching frequency set-value f;, is used for the interleaving control
of the boost circuits.

The state of the LF bridge leg is defined by the sign of the input voltage vsprr. A positive input voltage
corresponds with S;,5 being turned ON and S, turned OFF and vise versa. Another output of this block is the
signal enabley to disable all the switches when the rectified input voltage is smaller than a certain threshold
voltage. Any mismatch in the reconstructed voltage v, pr; with the original voltage v, result in current spikes.
The disabling of the switches is used to prevent these current spikes.

sw
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Control Duty Cycle
enableg
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- i
i ;j“lm
m i_i I:I i

Smﬂ
— S'm

Calculate 0
Switch State
Vs, PLL + enableg

8

.| Calculate
.fv\'(l,'

Enable

Figure 5.1: Proposed control scheme of the Belgian PFC rectifier. It is assumed that the load will be connected to a voltage supply,
therefore no voltage control loop is visible in this figure.

The single-phase BePFC rectifier is controlled using a variable switching frequency, which is difficult to
implement for an interleaved converter. This switching frequency is limited as explained in section 3.4. A
variable switching frequency in combination with interleaved control results in the need for a correct timing
when to update signals in order to keep the interleaved boost circuit synchronized. As explained in [46]
and [47] it is important to update the phase shift of the interleaved branches together with the switching
frequency. The per unit phase shift between the interleaved branches is calculated as:

1
(Pp.u. = E (5.2)

where 7 is the number of interleaved branches.
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Figure 5.2: Interleaving control block of the proposed Belgian PFC rectifier control scheme as shown in Figure 5.1.

The interleaved control block is further explained using Figure 5.2. This figure consists of three blocks,
of which the first one is the 'Variable Frequency Sawtooth Generator’ block. The counter counts with every
controller clock cycle trpga until it gets a reset from rst.,;. The maximum value of the counter max.,;
depends on the set-value of the switching frequency f;:,. The delay Z™! on the reset signal is to not make
the input directly dependent on the output. It is important that the set-value of the switching frequency is
processed via a sample and hold block.

The second block is the 'PWM Trip Levels’ block. In this block the trip levels for the PWM generation
are calculated using the max,,;, phase shift vector ¢ and duty cycles. If the trip;,, level is higher than
the tripp;gn level, an overflow will be detected and the low and high value are interchanged. Again it is
important to process the scaled duty cycles using a sample and hold block. The switching frequency, phase
shift and duty cycles are now updated simultaneously using 7 st.,;.

The third block is the 'PWM Generatior’, in this block the PWM generation for three switches S;, S» and
Ss is visually explained using the solid and dashed line trip levels. The rst.;; is triggered together when the
maxcp; is reached, corresponding to the period of S;, making the PWM generation of S; the master. The
slave synchronisation of the slaves S, and S3 goes together with the update of the counter, possibly resulting
in a slight change of the ON time, especially for the last slave. However, this mismatch is controlled with the
current controller loop.

5.3. Simulation Results

The simulation of the BePFC rectifier is done using Simulink/PLECS. It is assumed that the output of the
rectifier is connected to a voltage source with load, therefore no voltage control is performed. Figure 5.3 show
the simulation results for the rectifier using the control scheme from Figure 5.1. The simulation parameters
are listed in table 5.1. The average inductor current amplitude i;mp ; is an input for the current controller
which can be changed during the simulation. For the simulation results in Figure 5.3, i;mp ; is switched at
50 ms from 10.80 A to 18.86 A corresponding to a jump from 11 kW to 19.2kW considering an ideal converter
where P;, = P,. In Figure 5.3a a single enabley signal is considered to disable and enable all the switches
around the zero-crossing of the AC grid voltage. It can be seen in the zoomed version of the inductor current
that the switches are turned OFF prior to the simultaneous turn ON of all switches. This results in distorted
out of sync inductor currents. This current distortion is solved by implementing a start-up sequence of the
switches based on the enable, signal as visible in Figure 5.3b. The inductor currents start now in sync
resulting in an improved THD at the AC input.
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Figure 5.3: Simulation results of the Belgian PFC rectifier in simulink/PLECS using the proposed control scheme of Figure 5.1 and
parameters as listed in Table 5.1. (a) shows the simulations where a single enableq signal is used based on the zero-crossings of the
source voltage and (b) shows the improved simulation results where a start-up sequence for the interleaving boost control is used based
on the enabley.
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The effect of limiting the switching frequency is visible in the simulation results corresponding to the
19.2kW simulation t = 50ms - 75ms. The switching frequency for this simulation is limited to [40kHz -
250kHz]. It is visible that the reverse current of the inductor current iy is limited resulting in a different
current waveform than for the 11 kW simulation.

The fundamental of the current waveform of i; and voltage waveform v are used when determining
the displacement factor of the converter. The displacement factor for the simulations is ® > 0.99 with an
output power of 19.2kW. The THD is estimated based on the current waveform i; and equals < 8% in both
simulations. However the simulation with the ’start-up sequence’ shows a 0.3 % lower THD. The THD in
combination with the displacement factor ® contribute to a power factor A > 0.99 for the simulations.

5.4. Summary

This chapter proposed the control structure of the single-phase BePFC rectifier. The calculation of the
switching frequency were explained including the interleaved control with a variable switching frequency.
The control scheme contains only a fast current controller loop as it was assumed that the proof-of-concept
hardware prototype is connected to a stable voltage supply and load at the output. Simulation results were
provided in which the disabling of the switches, with every zero-crossing of the supply voltage, is showed
together with switching frequency limiting and the enabling pattern of the switches. The improved switch
enabling pattern showed better THD performance.



Design Optimization

6.1. Introduction

The proposed modelling techniques of chapter 4 and proposed modelling routine of Figure 4.1 are used to
estimate the losses and volumes of multiple virtual BePFC rectifier designs in order to find an optimal design
with respect to the converter efficiency and power density. The global and component design space, specified
in this chapter, are chosen such that the the most optimal designs are expected to follow. Furthermore, the
relevant parameters are discussed to explain the influence on the simulation results.

Each design iteration calculates the converter performance in order to come with a design that is valid
for the full required operating range. A simulation optimization is implemented to not further simulate
designs that already show a design failure during simulation, thereby improving the simulation time. The
final design space is then mapped onto the performance space which visualizes the dependency on the global
and component design spaces. The performance space results in a set of Pareto-optimal designs of which a
Pareto-trajectory can be extracted. The most optimal design can be selected from the performance space
based on the desired weighting factors of the efficiency and power density.

6.2. Methodology

The design optimization of the 22 kW Belgian PFC rectifier is done according to the proposed modelling
routine of Figure 4.1 using the modelling techniques that are further explained in chapter 4. For the design
optimization it is assumed that the converter is connected to a three-wire split-phase USA grid with a
frequency of 60 Hz and a maximum rms current of 80 A resulting is a maximum output power of 19.2 kW.
Furthermore, it is assumed that the nominal output voltage is 380V or 750 V. The global design space, based
on the requirement of table 1.1, is given in Table 6.1. Four design parameters that have a large influence on
the performance space are left variable. The first parameter is the output voltage range which can either
be 350 - 420V with a nominal output voltage of 380V, or 450 - 800V with a nominal output voltage of
750V. The voltage range defines the component selection based on its voltage levels and influences the
switching frequency when TCM modulation is considered. The second parameter of influence is the switching
frequency. The switching frequency can either be variable, using TCM modulation as explained in section 3.4,
or it can have a constant switching frequency resulting in (possible) hard switching for higher frequencies
but a smaller inductor current ripple. The third parameter of influence is the boost inductance value, which
defines the peak-to-peak inductor current ripple. The fourth parameter is the number of interleaved BePFC
rectifiers. All these four parameters have an influence on the EMI filter volume. The last three design
parameter vectors are chosen as:

fswe{variable, 24,30,36,42,48,54,60,66,72,78,84,90,96,102,114, 126, 144, 160, 180} [kHz]

Lioost € 15,10,15,20,25,30,35,...120, 125, 130, 135, 140, 145, 150} [tH]
n; €11,2,3}
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The indicator variable in the switching frequency vector refers to the variable switching frequency which
follows from using TCM modulation as shown in Figure 3.7. This variable frequency is limited with a lower
and higher limit as fs,,min, fsw,max- In the global design the number of transistors in parallel is also specified
and seems to be variable. However, this value is fixed at the start of the simulation based on output voltage
and number of interleaved rectifiers. It can be selected to place transistors in parallel for all HF bridge legs,
and/or the combination of the LF with the constant ON switches.

Table 6.1: Global requirements and design space for the optimization routine of a 22 kW BePFC rectifier.

Description Parameter Value
Single-phase mains voltage Vs rms 240V
Mains frequency fs 60Hz
Output power p, 19.2kwW
Power factor at full load A100% 0.99
Power factor at 20 % load A20% 0.95
Earth leakage current iPE leak 3.5mA
EMI compliance - Class A
Output voltage Upn 350-420V
Vpn 450 - 800V
Nominal output voltage Upn,nom 380V, 750V
Switching frequency fsw 20 - 180kHz
Switching frequency limits fswmin fsw,max 20 kHz, 300 kHz
Boost inductance Lpoost 5-150uH
Interleaved BePFC stages n; 1-3
Transistor parallel Trpar,gF, Trpar,LF 1-3

Component specific design parameter such as the semiconductor selection, inductor core material,
cooling design etc. are specified in the component design space. The component design space for the Belgian
rectifier is listed in Table 6.2. The voltage rating of the semiconductors is dependent on the three-phase
BePFC rectifier. It is required for the HF semiconductors to be implemented with 1200V SiC MOSFET. The LF
and constant ON semiconductors show the possibility of implementing with either 1200V or 650 VMOSFETs
depending on the single-phase nominal output voltage. SiC MOSFETs with lower voltage rating show in
general a better results with respect to conduction and switching losses.

The inductor core dimensions contribute to a large portion of the total converter volume. The inductor
can either be designed based on optimizing for power dissipation, usually resulting in the largest core size, or
optimizing for volume. The inductor design optimized for volume results in a good compromise between the
inductor volume and losses. The core geometry is chosen to be the PQ range because of the availability
and to limit the design space. The wire type of the boost inductor ia s fixed to Litz wire because of the
expected reduction in skin effect losses at the defined switching frequencies. The strand diameter for the
boost inductor design is chosen based on the switching frequency of the global design loop.

Both the boost inductors and MOSFET board are cooled via the coldplate. The difference in height
between both components is bridged with an aluminium block to thermally couple the MOSFET board
with the coldplate. The cooling design for the power converter is defined to be scalable as explained in
section 4.5.1. The size of the heatsink is iteratively increased until all semiconductor steady-state average
junction temperature are below the specified 80 °C.

The DM input filter is designed based on an automated design as explained in section 4.5.3. This CLC
filter design is an optimization based on volume of the filter components. The automated design of the CM
filter is explained in section 4.5.3. The CM filter component values are calculated based on the required CM
attenuation to meet the CISPR limits, starting from the limited capacitance to PE due to the leakage current
constraint. The output DM filter is a fixed design. The output bulk capacitor is designed based on the voltage
ripple requirements of the converter in combination with the current ripple and operation voltage rating.
Capacitors rated for 450V are considered, and placed in series when required.
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Table 6.2: Component design space for the optimization routine of a 22 kW BePFC rectifier.

Component Selections Note
HF Semiconductors SCTH100N120G2AG 1200V SiC MOSFET
LF Semiconductors SCTH90N65G2V-7 650V SiC MOSFET
SCTH100N120G2AG 1200V SiC MOSFET
Constant ON Semiconductors | SCTH90N65G2V-7 650V SiC MOSFET
SCTH100N120G2AG 1200V SiC MOSFET
Magnetics €{PQ50/50, PQ60/42, PQ60/52, Core sizes
PQ65/44, PQ65/54}
€{N87, N92, N97, N95} Core material
Litz Wire Wire type
€{0.05, 0.071, 0.1, 0.2, 0.355} [mm)] Strand diameter
Optimize for Power(P)/Volume(V) Optimization
Heatsink Aluminium thickness + Coldplate (50 °C) | Scalable design
Input EMI filter DM: CLC filter Automated design (sec. 4.5.3)
CM: LCLC filter Automated design (sec. 4.5.3)
Output EMI filter DM: LC filter Fixed design
Bulk Capacitors Scale with output voltage

The size of the global and component design space have influence on the simulation time of the virtual
prototyping routine. Enlarging the global design space results in more virtual designs of the power converter.
However, enlarging the component design space results only more design options for the component but
only a single optimal design is chosen per global design iteration. The component design space is limited to
be able to generate a good amount of power converter design within a reasonable simulation time.

Each virtual power converter design should be able to work for the full required operation range.
Therefore, the modelling of each virtual prototype is done in three steps:

1. Simulate lowest output voltage
2. Simulate highest output voltage
3. Simulate nominal output voltage

The two extremes of the output voltage range are simulated in the first and second step order to obtain the
scaling factors and component values for the output voltage range. At last the power converter is simulated
for the nominal output voltage using the maximum of each scaling factor and component value of the first
two simulations. The estimation of the converter efficiency and volume is calculated based on the final design
at nominal output voltage and mapped onto the performance space.

The modelling of the three output voltage set points is optimized to limit the total simulation time.
When in the first or second step of the simulation shows a thermal limit or invalid (component) design, the
simulation loop is interrupted and moved to the next iteration starting again with step 1. This simulation
optimization results in a lower total simulation.

The number of grid points, switching cycle points and number of Fourier harmonics have a large
influence on the calculation time of a single design iteration, similar to size of the global and component
design space. By using the following settings an average execution time per three simulations (for the voltage
range) of 40 s is obtained. With a relative tolerance in total efficiency of 0.03 % compared to a simulation with
high accuracy.

- Grid cycle points = 100
— Switch cycle point = 150
— Number of Fourier harmonics = 75

With an average of 90 iteration (30 virtual nominal designs) per hour a reasonable performance space
can be generated within 8 hours. The design space then contains different design extremes ranging from
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low switching frequency with high boost inductance value, to high switching frequency with low boost
inductance value and every other possible design in between. Each performance space also contains a series
of simulations where a variable switching frequency can be obtained using TCM modulation for different
boost inductor values. The performance space should be able to show a good comparison based on the
global and component design space to draw conclusions for more detailed design optimization with a limited
design space. A more detailed simulation with higher accuracy can be done on this limited design space.

6.3. Optimization Results

The design optimization is done using the virtual prototyping routine of Figure 4.1 and the global and
component design spaces specified in this chapter. In Figure 6.1 the performance space, with Pareto-
trajectory line, is shown for different design iteration in the design space. The sub-figures show each the
power density vs. efficiency for three different interleaved variants, n; = 1,2,3, with two nominal output
voltages. A Pareto-trajectory line is indicated for a group of designs with the same colour, which corresponds
to the nominal output voltage. This is a line from the low power density - high efficiency towards high power
density - lower efficiency designs. The Pareto-optimal design with a high efficiency and high power density
could be found in the ’knee-point’ of the Pareto-trajectory after which the trajectory goes to lower power
density - lower efficiency designs. The trajectory follows this path because a lower efficiency usually requires
more cooling and therefore the power density decreases. There are no design possible below this part of the
Pareto-trajectory line because of the thermal limit.
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Figure 6.1: Power density vs. efficiency Pareto front for the single-phase BePFC rectifier with global design parameters as listed in
Table 6.1. The Pareto-trajectory is shown for two different nominal output voltages, namely 380V and 750 V. (a) Single parallel n; =1
BePFC rectifier implementation (3x interleaved), (b) double parallel n; = 2 BePFC rectifier implementation (6x interleaved), (c) three

parallel BePFC rectifier n; = 3 implementation (9x interleaved).

When investigating the Pareto-trajectories for the three interleaved variants, one can observe that the
designs with vy nom = 380V (in red) show an overall higher efficiency compared to the vy, nom = 750V
designs (in blue). This is mainly due to the fact that the lower voltage designs are implemented with lower
voltage rated SiC MOSFETs (650V SiC MOSFETs (SCTH90N65G2V-7 [35]). This semiconductor has a lower
Rps,on, as well as turn-on and -off losses, compared to the 1200 V MOSFET. Therefore, the power converters
with a nominal output voltage of 380V are selected as the preferred design.

The interleaved variant with n; = 1 (Figure 6.1a) allows for the highest power density as there are only
three boost inductors in the design. These designs show the highest power density when implemented with
only a single transistor in parallel for the HF bridge legs. The efficiency is a little improved when implemented
with 2 transistors in parallel for the HF bridge legs. The higher efficiency can be obtained because the load is
shared over more semiconductor switches, resulting in lower losses.

The interleaved variant with n; = 2 (Figure 6.1b) performs well in both power density and efficiency. There
are six boost inductors in these designs. Compared to the single interleaved variants, these boost inductors
are designed to be smaller, therefore the power density is just slightly decreased. The higher efficiency is
achieved because of the ripple cancellation of boost inductor currents resulting in lower losses.
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The interleaved variant with n; = 3 (Figure 6.1¢) performs worst in terms of power density as there are nine
boostinductors in the design. It can be observed that the power density range is limited, this can be attributed
to the limited component design space, in particular for the boost inductor cores. The boost inductors could
be designed with smaller cores resulting in a higher power density. The current designs shown in Figure 6.1¢
would allow for a higher output power increasing the power density. However, all the designs are tested the
same output power.

The preferred number of BePFC rectifiers in parallel is selected to be the interleaved variant with n; = 2
showing also the best result for the three-phase BePFC rectifier detailed in [11].

When investigating the Pareto-front of the interleaved variant with n; = 2 ((Figure 6.1b) one can observe
two dashed black lines (I) and (II). The line corresponding to (I) are designs with a single transistor in
parallel for the LF and constant ON switches. It is expected that these designs show a higher power density
because there are only 4 LF semiconductor switches (Szm, Smy, Spz, Syn) required in the design. The line
corresponding to (II) are design with a double transistor in parallel for the LF and constant ON switches,
resulting in a higher efficiency due to the lower equivalent Rps,,,, however, also a lower power density
because the design consists of 8 LF semiconductor switches. The requirements listed in Table 1.1 require
an efficiency >98 % and a power density >5kW/L, therefore it is preferred to design the BePFC rectifier with
n; = 2 with a double transistor in parallel for the LF and constant ON switches.

6.4. Pareto-Optimum Design

In Figure 6.2a the Pareto front of interest is shown. As mentioned in section 6.3 the Pareto-front of interest of
the single-phase Belgian PFC rectifier has:

— Anominal output voltage vy, nom =380V
— A design with n; = 2 BePFC rectifiers in parallel (6x interleaving)
— Two transistors in parallel for the LF and constant ON switches

The designs around (II.a) are high efficiency - low power density designs with a low variable switching
frequency and a high boost inductance value (100 - 150puH). The results around (II.b) show a high
power density - lower efficiency with a high constant switching frequency (126 — 180 kHz) and small boost
inductance value (10 - 25uH). The designs around (II.c) are designs with both a high efficiency and
power density, these designs either have a variable switching frequency (TCM modulation) with low boost
inductance value (20 - 40 uH), corresponding with the bright red dots, or a constant switching frequency
with high boost value (100 - 150 uH). In particular 24 kHz because the effective frequency fserr = 6 % fow
obtained in the EMI filter is just below the 150 kHz frequency of the CISPR limits resulting in little attenuation
required and thus a smaller EMI filter. To understand the differences in the designs a detailed losses and
volume breakdown is done and shown in Figure 6.2b and d.

The four stars in Figure 6.2a correspond to the selected designs for the detailed volume and losses
breakdown. When observing the switching frequencies and boost inductor in Figure 6.2¢ one can observe
that the green and blue designs both have a variable switching frequency which originates from the TCM
modulation as explained in section 3.4. The switching frequency range of the green design is small because
of the high inductance value, and is limited because of the lower switching frequency limit as explained in
section 3.4.

With Figure 6.2b the origin of the losses for the chosen designs can be observed. Evident is that the switch
on losses sw,, of the blue design are extremely low, this is because of the TCM modulation resulting in almost
all ZVS transitions for the HF interleaved boost legs. However, an increase in the conduction losses can be
observed because the TCM modulation results in a high peak-to-peak current waveform with increased rms
currents. The switching losses of the grey design are high compared to the other designs, this is because
the switching losses increase proportional to the switching frequency. The HF current ripple seen by the LF
and constant ON switches is low because of the interleaved control, therefore the conduction losses in these
switches are almost equal in all designs. The losses in the boost inductor are the highest for the red design,
this originates from the boost inductor design with core and wire combination. The large boost inductance
requires more number of turns to fit in the same core as the blue design, a thinner wire is used resulting in
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Figure 6.2: (a) Pareto front of interest for the 1-phase BePFC rectifier with a double parallel n; = 2 BePFC rectifier implementation (6x
interleaved) and two transistors in parallel for the LF and constant ON switches. (b) the losses breakdown of four selected designs. (c)
the switching frequency and switching frequency range with the boost inductance values. (d) the volume breakdown of th four selected
designs.

higher winding losses. The losses from the EMI filter are the lowest for the grey design as the high switching
frequency results in smaller filter components and high frequency losses are obtained. The auxiliary losses
are equal for all designs, these are the losses of balancing resistors, control supply circuits and the MPSoC.

With Figure 6.2d the volume distribution for the chosen design can be observed. The green design
requires the largest inductance and therefore result in a design with a PQ60/52 core. The other boost inductor
designs are generated with the smallest PQ50/50 core of the component design space. It is expected that
the grey design could have been implemented with a smaller inductor core because the losses are low
and only a small boost inductance value is required. A larger boost inductor core size results in a larger
cooling volume because the inductor area to be cooling is larger. The filter volume is the lowest for the grey
design, the required attenuation is lower because of the high switching frequency. Therefore, the filter can be
implemented with smaller components. The volume required for the bulk capacitors is more than 25 % of the
total volume, this is the main disadvantage of a high power single phase converter. The required capacitance
is such large because of the current ripple limits of these capacitors as explained in section 3.5.

The designs with TCM modulation around the blue star in 6.2a are selected as the optimal choice.
These designs give both a high efficiency and high power density. Although the current ripple is higher
when using TCM, leading to an increase of the conduction losses, the total switching losses are still limited
because there are no switch-on losses because of the soft switching transitions. Additionally, the losses
in the boost inductors are kept low, the combination of the number of turns and wire thickness result in
lower losses compared to the designs with low frequency and high boost inductance (corresponding to the
red star). Shifting between hard and soft-switching during normal operation is undesired for the control
stability as it is difficult to estimate the type of switching transition for the controller to be able to use
deadtime compensation. The optimal boost inductance is selected as 30puH as a result of the resulting
switching frequency range (cf. eq. (3.10)). This range is not limited and therefore results in only soft switching
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transitions. The Pareto-optimal design specification are listed in Table 6.3 with the corresponding losses and
volume distribution in Figure 6.3 and schematics in Figure 6.4. The optimal design results in an efficiency
of 98.42 % with a power density of 5.34 kW/dm?3. Evident is that the HF semiconductor contribute the most
to the total converter losses and that the output bulk capacitors contribute the most to the total volume of
the power converter. This volume of the output bulk could be reduced by utilizing an active pulsating power
buffer which could be relevant for further research.
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Figure 6.3: (a) Pie chart of the loss breakdown of the Pareto optimum design with Lj,,,; = 30uH and (b) the volume breakdown. The
HF semiconductors contribute the most to the losses and the output bulk capacitors take up the most of the volume.
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Table 6.3: Single-phase Belgian PFC rectifier Pareto-optimal design specifications.

capacitor

Component Designator Value Selection Note
Mains AC input Vs,rms 240V - -
Nominal DC
output UDC,nom 380V - -
~ | Nominal output
S - -
E power Po nom 19.2kW
Q 1 1 .
% fSrvcjntchmg Fow 20 —250 Kz i fVarlable
quency requency
Interleaved .
BePFC stages n; 2 - 6x interl.
w HF boost
§ switches Szabe) Sab,e 7 - SCTH100N120G2-AG -
= LF selector
N - - - ~
B switches Szm> Smy SCTH90N65G2V-7 2 parallel
£ Constant ON
S switches Spxr Syn - SCTH90N65G2V-7 2 parallel
PQ50/50, N97, 16 turns,
Boost -
. Lape 30puH 1.6 mm airgap, 986 x -
inductors " . .
0.071 mm Litz wire
Cpm,1,Cdpm,1 832nF B -
1%t stage input LpM,ph 1.7uH - -
DM filter Lpm,n,1 576 nH - -
Rdpm, 2Q - .
Cpm,2,Cdpm, 832nF B N
27 stage input Lpm,ph,2 1.7uH - -
DM filter Lpm,n,2 576 nH - -
. Rdpm,2 0.7Q - -
Y
= - -
‘% | 1% stage input Cempna 1.7nF
g CM filter Cemn >-1nF - -
Lemn 234uH - -
C 1.7nF - -
27 stage input CM,ph,2 n
CM filter Cemnz >-1nF ) ;
Lewy2 234uH - -
DM output CpM,0,Cdpm,o 72uF - -
filter Lomo 2.2pH ) i
RdDM,() 0.2Q - -
Electrolytic bulk c 9.87 mF i ]
capacitors pn )
Mi i M
idpoint C Corim 470 i ]
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Figure 6.4: Schematic of the Pareto-optimal design with a CLC DM filter and a LCLC CM filter at the input and two BePFC rectifiers placed in parallel to achieve 6x interleaving for the HF bridge legs.
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6.5. Summary

In this chapter the design optimization of the single-phase BePFC rectifier is described. The modelling
routine of Figure 4.1 is used which sequentially uses the modelling techniques presented in Chapter 4
to generate different converter designs from the defined global and component design spaces, which are
mapped onto the performance space. The global design space is explained consisting of a set of design
variables such as the switching frequency, boost inductance value, number of BePFCs in parallel Together
with a set of fixed parameters such as the the grid voltage, grid frequency output power, EMI compliance, and
output voltage range for which each converter is designed. Also the component design space is explained that
contains variables such as inductor core dimensions, Litz wires, core material, and different semiconductor
devices.

The Pareto-front for a single, double and triple BePFC in parallel were shown after which a selection
followed for the optimal nominal output voltage, number of BePFCs in parallel, and transistors in parallel.
A detailed volume and losses breakdown on four different designs is presented to finally select the optimal
design according to the multi-objective design requirements presented in 1.1. The optimal design featured a
boost inductance of 30 uH and used TCM modulation with complete soft-switching transitions because the
non-limited variable switching frequency. The power converter was estimated to have a 98.42 % efficiency
with a 5.34 kW/dm® power density. The output bulk capacitors occupied 32 % of the total volume because
of the high power variation resulting in large currents in the capacitors as explained in 3.5. Research into
the implementation of an active pulsating power buffer could be relevant for this high power single-phase
converter.



Comparative Evaluation

This chapter presents a comparison to see if the single-phase operation of the Belgian PFC rectifier is,
potentially, a better alternative than the six-switch boost PFC rectifier which supports full-power delivery in
single-phase operation. Both the converters are designed to also work in three-phase operation that specifies
the boost inductance value. The topology comparison is done by using different performance indicator such
as component stresses, semiconductor losses and required (normalized) attenuation for both the CM and
DM filter. The performance indicators are calculated using the modelling techniques explained in chapter 4
and displayed to observe the influence of the boost inductance value in combination with the switching
frequency.

7.1. Methodology

The single-phase Belgian PFC rectifier is compared in detail to the six-switch boost rectifier with modification
to be able to operate at full power in single-phase operation (cf. Figure 2.5). The passive diode bridge of the
modified six-switch PFC rectifier is replaced with active SiC MOSFET switches in order to create an equal
basis of comparison. The converters are designed according to have a design space as specified in Table 7.1.

Table 7.1: Requirements and design space for the comparison of the Belgian PFC rectifier with the six-switch boost PFC rectifier.

Description | Parameter | Value
Single phase rms voltage Vs, rms 240V
Source frequency fs 60 Hz
Output voltage Vpn,nom 380V
Output power P, 19.2kW
Input power factor 100 >0.99
EMI compliance - Class A
Boost inductance Lpoost 5-150uH
Switching frequency fsw 20 — 250kHz
PFC rectifiers in parallel n; 2
Interleaving Ninterl 6
Transistor parallel Trpar,LF 2

The boost inductance value and switching frequency of the HF bridge legs are the two parameters that
are kept variable for the comparison of the two topologies which are designed to have the semiconductors as
listed in Table 7.2. Both converters are designed to be switching with either a constant switching frequency
or a variable switching frequency (TCM modulation).
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Table 7.2: Selected semiconductors for the comparison of the Belgian PFC rectifier with the six-switch boost PFC rectifier.

Semiconductor BePFC rectifier Six-switch rectifier
Interleaved boost S Hab,0) SCTH100N120G2AG | SCTH100N120G2AG
circuit S@ahb.o 7 SCTH100N120G2AG | SCTH100N120G2AG
LF switch leg Szm SCTH90N65G2V-7 SCTH90N65G2V-7
Smy SCTH90N65G2V-7 SCTH90N65G2V-7
Constant ON Spx SCTH90N65G2V-7 -
switches Syn SCTH90N65G2V-7 -

The comparison is done with the assumption that both PFC rectifiers are designed for the three-phase
operation. The result is that for the same inductor ripple a smaller boost inductor can be chosen for the BePFC
rectifier as explained in Section 3.2. Therefore, the converters will be designed with the rough assumption
that the boost inductance has a relation as Lpost,6switch = 1.4 Lboost,sprc. The parameters of interest for the
comparison are:

— Semiconductor stresses
— Semiconductor losses
- Required (normalized) attenuation

The semiconductor stresses are the voltage blocking capabilities of the semiconductor switches, this gives
an indication of the required minimum breakdown voltage of the switch. Switches with a higher breakdown
voltage usually result in having a larger Rps,,, and higher switching losses. Both these consequences have a
negative effect on the converter efficiency.

The semiconductor losses contribute for >40 % to the total losses in case of the BePFC rectifier making
the semiconductor losses the second parameter of interest. The modelling of the semiconductor losses is
done with a fixed transistor scaling factor (cf. 4.8b), so that the cooling design of both converter is the same,
creating an equal basis of comparison.

The required attenuation gives an indication of the size of the EMI filters. A higher required normalized
attenuation results is an EMI filter design with larger components. The required attenuation, as explained in
4.5.3, is specified at the design frequency fp. For the comparison the attenuation is normalized to 150 kHz by
using a high frequency asymptote of 60 dB/decade in case of the DM CLC filter and 80 dB/decade for the CM
LCLC filter. The normalization is done because it could happen that the output of the EMI model results in
similar attenuation, however a higher design frequency would result in a smaller EMI filter. The normalized
attenuation will show a lower normalized attenuation for the design with a higher design frequency.

The volume of the boost inductor is assumed to be directly related to the peak stored energy as vy =
kr - L- I?, where the peak stored energy in the inductor is E = 1/2- L- [?>. However, this is of less relevance
for the comparison regarding the single-phase operation of both converters since the peak current scales
linearly with the inductor value with the relationship v = L-di/dt, so it is evident that the larger boost
inductor of the six-switch rectifier, results in a lower peak stored energy when the same switching frequency
is used. The peak stored energy becomes relevant for the comparison of the three-phase BePFC rectifier with
the six-switch boost rectifier, as the three-level voltage obtained between the rectifier output nodes of the
BePFC rectifier results in a smaller inductor ripple than for the six-switch boost rectifier with the same boost
inductance. However, the comparison of the three-phase operation of the BePFC rectifier is out of the scope
of this work.

7.2. Component Comparison

The basic operation principle is equal for both single-phase operated converters. The two main difference
between both converters are that the BePFC rectifier is designed with a smaller boost inductor and that this
converter is designed with the additional constant ON switches S,z and Sj,. The influence of both these
differences is discussed in the following sections.
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7.2.1. Semiconductor Stresses

The semiconductor voltage stresses for the BePFC rectifier are listed in Table 3.1 where the blocking voltages
are dominated by the three-phase operation. The blocking voltages for the modified six-switch boost PFC
rectifier are equal to the BePFC blocking voltages in single-phase as well as three-phase operation. With
respect to the semiconductor stresses, there is no advantage of the single-phase operated BePFC rectifier
over the modified six-switch boost PFC rectifier.

7.2.2. Semiconductor Losses

The semiconductor losses contribute to a large portion of the total losses for both topologies, therefore the
high frequency semiconductor losses of the interleaved boost circuit and the conduction losses of the low
frequency switch leg, (including the constant ON for the BePFC rectifier) are used for the semiconductor
losses comparison of the two converter topologies. The only advantage is that the six-switch rectifier is
implemented without the use of the constant ON switches.

High Frequency Switches The HF semiconductor losses imposed in the interleaved boost circuit are
divided into the switching losses and conduction losses. The interleaved boost circuits in both converter
topologies are similar but operate with a different size of boost inductance. The semiconductor loss model
output the same results for both converter topologies, however for the comparison the two should thus
be compared with a different size of boost inductance. In Figure 7.1 the constant switching frequency HF
semiconductor losses are shown, where the white segments in the figure are the impossible designs due to
thermal runaways in the semiconductors. Figure 7.1a show the switch-on losses of switches S;; ;, - and
S(a,b,e) - Zero switch-on losses are obtained below the ZVS-line, depicted with a dashed line. Above the ZVS-
line partial, and further away full hard-switching occurs, this results in higher switch-on losses. In fig. 7.1b
the total switching losses, a combination of the switch-on and -off losses, are shown. Higher switching losses
occur when using a larger boost inductor with the same switching frequency as a result of hard-switching. It
should be noted that the effect becomes noticeable when a small boost inductance (20 — 40 uH) and a mid-
range switching frequency (80 — 160 kHz) is chosen for the BePFC rectifier.
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Figure 7.1: High frequency semiconductor (a) switch-on losses, (b) conduction losses, (c) switching losses and (d) total losses for
different sizes of boost inductance with different constant switching frequencies at a nominal output voltage of vpp,nom = 380V. These
figures apply to both the single-phase Belgian PFC rectifier and six-switch boost rectifier.
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The total conduction losses in the interleaved boost circuit (Figure 7.1¢) shows a large increase when the
boost inductance gets too low. The low boost inductance imposes in a high inductor current ripple with high
rms currents that are the source of the higher conduction losses. A higher boost inductor results only in a
slight decrease of the conduction losses. In fig. 7.1d the total losses in the interleaved boost circuit is shown.
Two regions are visible that have high losses >400 W, the first one is the region when a low boost inductance is
used, these losses mainly originate from the conduction losses. The second region is when a high switching
frequency (>140kHz) is used with a mid to high boost inductance (40 — 150 pH), these high losses originate
mostly from the switching losses which scale proportional to the switching frequency.

The outcome of the design optimization in Chapter 6 was a design with a variable switching frequency
as a result of the TCM modulation. The HF semiconductor losses for designs with different sizes of boost
inductance using TCM modulation are depicted in Figure 7.2. The switch-on losses (fig. 7.2a) with this type
of modulation should result in zero losses. However, the switching frequency limits [20 — 250 kHz] result in
minor switch-on losses for designs with a boost inductance >32.5uH. The total switching losses (fig. 7.2b)
are high for designs with a small boost inductance, because the switching losses increase proportional to the
increasing switching frequency with smaller boost inductor designs.

The conduction losses (fig. 7.2¢) shows a large increase for designs with small boost inductance due to
the increased rms current as a result of the the upper switching frequency limit. The conduction losses
remain almost constant when the switching frequency is not limited (designs with Lj,,s; = [10 - 32.5uH]).
The conduction losses decrease for designs with larger boost inductances due to the lower inductor current
ripple as a result of the lower switching frequency limit. The total semiconductor losses of the interleaved
boost interleaved boost circuit (fig. 7.2d) shows almost similar losses for designs with a boost inductance
>75pH.
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Figure 7.2: High frequency semiconductor (a) switch-on losses, (b) conduction losses, (c) switching losses and (d) total losses for

different sizes of boost inductance with a variable frequency due to TCM modulation at a nominal output voltage of vpp,nom = 380V.
These figures apply to both the single-phase Belgian PFC rectifier and six-switch boost rectifier.
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Solely on the HF semiconductor losses there is no advantage or disadvantage of using the single-phase
BePFC rectifier (with a smaller boost inductance), compared to the six-switch rectifier (with a larger boost
inductance). With constant switching frequency the six-switch rectifier can be operated with a lower
switching frequency resulting in similar HF semiconductor losses. With TCM modulation the six-switch
rectifier has only a slight advantage when the BePFC rectifier is implemented with a boost inductance <75 pH.

Low Frequency Switches The LF semiconductor losses are generated in the LF switch leg, in combination
with the constant ON switches in case of the BePFC rectifier. These losses consist only of the conduction
losses as the switching frequency is low. The total LF semiconductor losses for both converter topologies
for constant switching frequency as well as variable frequency as a result of TCM modulation are shown in
Figure 7.3.
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Figure 7.3: Low frequency semiconductor losses with (a) constant switching frequencies and (b) variable switching frequency with
different sizes of boost inductance for the single-phase Belgian PFC rectifier and six-switch boost rectifier at a nominal output voltage
of vpn,nom = 380V.

The losses for the BePFC rectifier are higher because of the implementation with the additional constant
ON switches. The boost inductance value and switching frequency have only a minor influence on these LF
semiconductor losses because the boost circuit is operated using an interleaved pattern thereby cancelling
the ripple. The single-phase BePFC rectifier is less favourable with respect to the total LF losses. The constant
ON switching in the BePFC rectifier are useless in single-phase operation and only generate undesired
conduction losses.

Total Semiconductor Losses The total semiconductor losses is, a combination of the HF and LF
semiconductor losses, is shown in Figure 7.4 for both converter topologies. An advantage is evident to
the single-phase six-switch rectifier in terms of the total semiconductor losses for designs with a constant
switching frequency as well as with variable frequency. This advantage comes from the lower conduction
losses due to the lower number of semiconductors. The lower number of switches also requires less
boxed volume which is a additional advantage for the six-switch rectfier. There is no semiconductor losses
advantage in the single-phase BePFC rectifier with smaller boost inductors. The only advantage that could
arise is that the smaller boost inductance result in only ZVS switching transitions which is better for control
stability as explained in Section 6.4.
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Figure 7.4: Total semiconductor losses with (a) constant switching frequencies and (b) variable frequency with different sizes of boost
inductance for the single-phase Belgian PFC rectifier and six-switch boost rectifier at a nominal output voltage of vpn,nom = 380V.

7.2.3. Required Attenuation

Figure 7.5 depicts the normalized required attenuation for both the single-phase BePFC rectifier and six-
switch rectifier. The DM and CM sources originate from the HF interleaved boost circuit which is equal for
both converters, therefore the same figures can be used for the comparison. Figure 7.5a refers to the designs
with a constant switching frequency where two important jumps in required attenuation are evident. The
first one is at a switching frequency of 24 kHz and the second one is at 82 kHz. Both these frequencies results
in an effective frequency (fuy,efr = 6 x fsw) just below the CISPR limits at 150 and 500 kHz and therefore
result in lower required normalized attenuation. An almost not noticeable advantage results in the designs
with a larger boost inductance of the six-switch rectifier, therefore this advantage is neglected. The filter

designs will be similar in component values and thus also filter volumes when the same switching frequency
is considered.

Figure 7.5b depicts the normalized required attenuation with variable frequency modulation. There
is a low normalize attenuation required for low boost inductance design as a result of the high switching
frequency. For designs with a boost inductance >115 pH a jump in the required attenuation is evident due to
the resulting effective switching frequency below the CISPR limit.
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Figure 7.5: Normalized required DM and CM attenuation for the (a) constant switching frequency and (b) variable frequency designs
for different sizes boost inductor These figures apply for both the single-phase Belgian PFC rectifier and six-switch boost rectifier.

7.3. Comparison Conclusion

It is difficult to conclude the comparison solely on the single-phase operation of the two converters because
the designs depend on the three-phase operation. The main advantages are found in the three-phase BePFC
rectifier as explained in Section 3.2. However, a slight disadvantage arises for the single-phase operation.
The constant ON switches introduces additional losses independent on the boost inductor size giving the
six-switch rectifier a slight advantage. Besides this, both the single-phase converters show very similar
performance in the parameters of interest. With respect to the occupied volumes, the BePFC rectifier has
the slight advantage of the smaller boost inductances but the advantage is nullified by the increased boxed
volume due to the additional switches S,z and Sj,. The main advantage of the BePFC rectifier is the
combination of the a high efficient three-phase rectifier which can be employed as single-phase converter
without the need of additional switches to achieve full-power in both operations.

In [9], the modified six-switch PFC rectifier is compared to the conventional six-switch PFC rectifier,
which which would be limited to 1/3 of the nominal three-phase power. It is concluded that only a
slight increased converter volume, results in comparable out power levels as the three-phase modified six-
switch rectifier. Because the BePFC rectifier and modified six-switch rectifier show very similar single-phase
performance it can be concluded that there the advantage as specified in [9] also apply for the BePFC rectifier.






Hardware Demonstrator

8.1. Introduction

In this chapter the proof-of-concept hardware demonstrator of the single-phase BePFC rectifier is explained
and measurement results are shown. The prototype converter design is described in detail by explaining the
design of each converter component. The hardware demonstrator is tested with an input mains voltage of
240V AC with a frequency of 60 Hz and a nominal 380V DC output voltage. The hardware demonstrator
is tested for a range of output power levels to obtain the THD, power factor, and efficiency curves. The
interleaving of the six boost inductor current waveforms is verified with experimental results. Finally, a loss
breakdown of the hardware demonstrator operating at 12 kW is presented and discussed.

8.2. Prototype Converter Design

The hardware prototype is designed to function as a proof-of-concept of the BePFC rectifier and is capable
of supporting both the three- and single-phase operation. The 22 kW hardware demonstrator is designed
as a twice interleaved three-phase BePFC rectifier, resulting in a 6 times interleaved single-phase BePFC
rectifier similar to the Pareto optimal design explained in Section 6.4. The single-phase BePFC rectifier is
controlled using the closed-loop control explained in Chapter 5. The TCM modulation in combination with
a boost inductance of 25.01 pH results in a variable switching frequency and complete ZVS transitions in the
bridge legs of the interleaved boost circuit. To limit the design effort, reduce design mistakes, and speed
up the prototype design phase, most system peripherals and certain converter segments are reused from
existing products within Prodrive Technologies. Figure 8.1 shows the single-phase BePFC rectifier hardware
demonstrator and table 8.1 lists the relevant electrical parameters and component values.

EMI filter

The input EMI filter is a two-stage CM and DM filter adapted from an existing three-phase EMI filter within
Prodrive Technologies, which is then tailored to a four-phase input EMI filter to be functional in case of
single-phase operation. The modifications are the addition of a 4th phase winding in the CM-chokes and the
additional DM inductor in the single-phase return path via the Neutral. The core and size of the 4-phase CM-
choke is chosen to be able to easily hand-wind the inductor phases with 4 mm? solid copper wire. The reuse
of the EMI filter and design of the CM-choke result in unnecessarily high attenuation and a non-optimized
filter volume.

The output EMI filter is a single-stage DM filter formed by DM capacitors between p and n in combination

with a filter inductor. An electrolytic bulk capacitor is placed parallel to the DC output with a value of 9.4 mF
to cover the single-phase power pulsation as explained in Section 3.4.
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Boost Inductors

The boost inductors are designed using a N87 PQ65/54 core with an airgap of 1.8 mm. The inductor is
wound with 13 turns of Litz wire with a bundle diameter of 4.65 mm (1990 strands with a strand diameter of
0.071 mm) resulting in a boost inductance of 25.01 uH. The boost inductor design is reused from an existing
product within Prodrive Technologies resulting in a larger inductor volume inductor than required. The
Pareto optimum design, detailed in Section 6.4, makes use of a PQ50/50 core.

Semiconductors

The interleaved boost circuit is implemented with 1200V SiC MOSFETs because the three-phase BePFC
rectifier is operated with an output voltage of 750V. The LF selector switch leg and constant ON switches
are implemented with 650V SiC MOSFETs. A capacitance of 0.5 nF and 0.75 nF is placed in parallel to each of
1200V and 650 V MOSFET respectively in order to reduce the turn-on losses.

Prototype Mechanics

Figure 8.1 shows the BePFC rectifier hardware demonstrator. The prototype consists of a large PCB, also
known as the ’Control & Power Board’, with the input EMI filter, isolated gate supplies and MOSFET gate
drivers. The boost inductors and metal core PCB, also know as '"MOSFET Board’, are mounted and connected
underneath the Control & Power Board with screw terminals. The metal core PCB is interfaced with the
coldplate through the aluminium cooling block. An image of the hardware demonstrator without the
coldplate is shown in Appendix A.3, Figure A.3. In the appendix Figure, the input EMI filter with DM inductors
and CM chokes is better visible together with the boost inductors and FPGA board. The prototype mechanics
is not optimized for volume, but explicitly to reach a (fast designed) operational proof-of-concept of the
BePFC rectifier.
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Figure 8.1: The single-phase BePFC hardware demonstrator with dimensions 400 x 400 x 73 (mm3). The hardware demonstrator is
tested up to an input power of 12 kW with a converter efficiency of >98 % and a power density of 1.5 kW/L.
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Table 8.1: Single-phase Belgian PFC rectifier hardware demonstrator electrical parameters and component values.

Capacitors

Component Designator Value Selection Note
Mains AC Vs,rms 240V - -
Voltage
Mains fs 60 Hz - -
| Nominalbe
= omina
§ Output YDC,nom 380V i i
25
Output Power Po,nom 19.2kW - -
Switching Variable
Fre fsw 20-250kHz - f
quency requency
Interleaved ;
BePFC stages n; 2 - 6x interl.
K HF Boost
g Switches SxaboSaboy - SCTH100N120G2-AG 1 parallel
3
= LF Selector
§ Switches Szm»Smy - SCTH90N65G2V-7 1 parallel
5 COSI;::;EZSN Sps» Sy - SCTH90NG5G2V-7 1 parallel
Boost PQ65/54, N87, 1990 x 13 Turns,
Inductors Lyp,c 30puH 0.071 mm Litz wire 1.8 mm
@ airgap
§ DM Output CpM,0,Cdpm,o 72pF - -
g Filter Louo 2.2pH - -
Rdpuro 0.2Q - -
Electrolytic Bulk Cpn 9.4 mF i i
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8.3. Volume Breakdown

Table 8.2 summarizes the estimated and actual occupied boxed volume of each individual converter
component. The delta column in the table shows the difference between the estimated boxed volumes and
the actual boxed volumes. The total column shows how much percent the converter component contributes
to the total converter volume.

Table 8.2: Volume breakdown of the BePFC rectifier hardware demonstrator.

Component Designator | Estimated[cm’] | Actual [cm®] | Delta [%] | Total [%]
Semiconductors - 19.79 19.79 - -
& | Gate Drivers - - 24 - -
é Snubbers - - 33 - -
S | Other - - 355 - -
Total VmcrcB 258 432 —-40% 4%
5 | DM;+CM; - 3004 3552 -15% -
= | DM, - 53 100 —47% -
S
0 | Total VeEmr 3276 3652 -30% 28%
Boost Inductors Viboost 1127 1254 -10% 10%
Cooling Interface Vaiblock 703 1332 —-47% 10%
E Cooling Plate Vplate 670 3200 -81% 25%
& | Auxiliary Vaux 376 843 —44 % 7%
Bulk Capacitors Vbulk 1029 1029 - 8%
Surplus Vsurplus 1531 968 - 8%
Total volume Viotal 7941 12710 -38% -

The MCPCBs take up 4 % of the total converter boxed volume. A difference of —40% can be obtained
with the estimated boxed volume. The increased actual MCPCB volume comes mainly from the additional
mounting points to connect a copper bus-bar that functions as the relay switch to switch between the single-
phase and three-phase operation. The connection points are kept large to be able to conduct a large current
which in turn increases the required area of the MCPCBs.

The EMI filter takes approximately 28 % of the total converter boxed volume, of which the largest portion
is taken by the input EMI filter. The estimated input EMI filter volume shows a delta of —15% which is
attributed to the height of the CM-chokes that make the total boxed volume of the input filter larger than
has been accounted for with the margin factors. The large delta of —47 % from the output EMI filter is due to
the routing area that turned out larger than expected with the margin factors, therefore the filter volume is
underestimated.

Other large contributors to the total converter volume are the boost inductors, cooling interface and the
cooling plate. The estimated boost inductors volume is close to the actual value, a slightly larger margin
factor could have been taken to come closer to the actual boost inductor volume. The volume of the cooling
interface is underestimated with a delta —47 % of as a result of the underestimation of the MCPCB area. The
actual cooling plate turned out to have significantly larger volume than estimated. In the estimation is was
assumed that the cold plate was only located underneath the boost inductors and MCPCBs. However, the
cold plate spanned the complete Control & Power Board area to make a rigid hardware demonstrator.

The bulk capacitor volume is estimated to be equal to the actual volume. The bulk capacitors are placed
between the output of the BePFC rectifier and load. If this capacitor bank was placed on the PCB, margins
had to be included for routing and bus clearances.

The actual auxiliary volume takes up 7 % of the total volume, the delta of —44 % can be attributed to the
short design phase of the project. It has been decided to go for a larger size of PCB to make the routing-
process of the Control & Power Board easier. The final volume contributor is named surplus, which is taken
as a margin on the total estimated converter volume to take regions of air into account.
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The final hardware demonstrator dimensions are 400 x 400 x 73 (mm?) with an additional capacitor bank
of 350 x 70 x 40 (mm?), resulting in 12.7 L of boxed volume. The prototype power density is 1.5 kW/L when a
nominal output power of 19.2kW is considered. The prototype is designed with the purpose to function as a
proof-of-concept. During the prototype design phase there has been chosen to not optimize the volume but
deliver a working prototype before the end of this research project. Therefore, the occupied volume turned
out to be larger than the results of the Pareto optimization, explained in chapter 6.

8.4. Measurement Results

The prototype measurements are done in order to prove the operation principle and proposed closed-
loop control of the single-phase BePFC rectifier. A picture of the measurement set-up can be found in
Appendix A.3, Figure A.4. Two Chroma 61509 AC sources can be used in parallel to simulate the 240V 60 Hz
single-phase mains that can reach a maximum source power of 12kVA. Two EA-PSB-91500-30 bi-directional
supplies are used as electric load to keep the output voltage at 380 V and sink the output current of the BePFC
rectifier. The current, voltage, and power measurements are done with a Tektronix MSO58 oscilloscope and
Yokogawa WT3000 power analyser. The measurements are done in the following two ways. The first way is
with a single AC source connected and the power analyser measuring the in and output currents with the
internal current sensor, where the input of the Yokogawa is limited to 30 A. The second way is with two
AC sources parallel and the power analyser measuring the in and output currents with the use an external
current sensor (current transformer) that is capable of measuring 600 A. The first test tests are done with a
maximum power of 6 kW and the second tests allow maximum input power levels up to 12 kW. The presented
measurement set-up does not allow to test with higher power levels.

Input AC Current THD and Power Factor To verify the power factor correction principle of the single-phase
BePFC rectifier, the THD and power factor are measured. The THD, as explained in Section 2.1, is a measure
of harmonic distortion present in a signal in relation to the fundamental component, and the power factor 1
is defined by the displacement angle between the fundamental component of the voltage and current, and
THD of the AC input current.

Figure 8.2a shows the THD and power factor measurement results of the single-phase BePFC rectifier. The
measurements with the internal current sensor and external current transformer correspond to the results in
red and blue respectively. Both measurements show a decreasing (improving) THD with increasing input
power. The internal current sensor results show a better THD performance than the external current sensor
results. This can be attributed to the single versus two Chroma AC sources in parallel, which lowers the
source impedance resulting in higher current peaks with every zero crossing of the source voltage. The THD
measured with the external current sensor shows a minimal THD of 6.3 % that increases at 10 kW input power.
The THD jump is a result of the FPGA firmware that shows non-perfect interleaving of the six boost inductor
currents resulting in higher inductor current peaks with a lower converter efficiency as a result. To improve
the efficiency for input powers >9kW, the current controller gain is lowered to keep the inductor current
peaks within reasonable limits and achieve a higher efficiency, but a worse THD. When a dedicated single
(higher power) source is used and the control is programmed without any issues, it is expected for the THD
to reach below 5 %.

The BePFC rectifier shows a power factor <0.95 when operated at power levels <2.2kW. This is due to
DM capacitors drawing reactive power as explained with eq. (4.25). The measurement results show a power
factor reaching >0.95 that keeps increasing until reaching close to 1 for input power levels >2.2 kW. Power
factor limits typically require to have a power factor >0.95.

The combination of measurement results of the THD and power factor verify the power factor correction
principle of the single-phase BePFC rectifier. The THD could be improved by further inspection of the control
as it is not yet optimally implemented. Inductor current measurement are triggered with a constant instead
of variable frequency. Wrong current measurements are then input to the current controller which results in
an unstable controller. The required software changes have been noted but could not be implemented before
the end of the project.
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Figure 8.2: Measurement results of the single-phase BePFC hardware demonstrator with a boost inductance of 25.01 uH, 240V
single-phase input and 380 V DC output. The measurements in blue and red are done with the internal current sensor and external
current sensor respectively. (a) The measured total harmonic distortion (THD) and power factor A versus input power. (b) Estimated
and measured converter efficiencies versus input power. Tests are performed with a maximum input power of 12 kW because of input
AC source limitations.

Converter Efficiency Figure 8.2b shows the estimated and measured converter efficiencies of the single-
phase BePFC rectifier. The blue and red diamonds correspond to the internal current sensor and external
current transformer measurements respectively. The measured efficiency reaches >98 % for input power
levels >3kW, a peak efficiency of 98.53 % at 5.5kW, and an efficiency of 98.24 % at 12kW (the maximum
test set-up power level). A delta of —0.11% can be observed when comparing the measured with the
estimated efficiencies at 12 kW, which amounts to a mismatch of 13W. The mismatch can be attributed
to the current status of the software implemented control that does not allow for perfect interleaving with
higher current peaks in six boost inductor currents as a result. These higher current peaks lead to higher
losses which is not accounted for in the model. Further mismatch can be attributed to the error margins in
the implemented mathematical converter model and obtained datasheet information. In particular with
datasheet information obtained from the HF 1200V SiC MOSFET switch. The switching energy graphs,
provided by the switch manufacturer, correspond to the E,, and E, s graphs of a totally different switch.
Updated Eon/E,fr graphs are provided by the manufacturer, however, have not yet been implemented in the
converter model.

Interleaved Boost Inductor Currents Figure 8.3 shows the measured waveforms of the source voltage vy,
source current i; and six boost inductor currents i;. When investigating the input current i (cf. fig. 8.3a),
current peaks can be observed with every zero crossing of the source voltage. This occurs due to the charging
and discharging of the DM capacitors of the input EMI filter when the switches are disabled. These current
spikes have a constant peak amplitude, which become less noticeable when the power converter is operated
at higher power levels.

Figure 8.3b and c shows a closer look at the six boost inductor currents iy similar to Figure 5.3 in Chapter 5.
Although the interleaving control is not yet optimal over the entire mains period, Figure 8.3b identifies
the switch-specific start sequence after the zero-crossing of the source voltage. There are regions where
interleaving works perfect, as visible in Figure 8.3c. This happens to occur within regions where twice the
switching frequency falls together with the (constant) trigger frequency of the current measurements which
should have been programmed to be variable to show good control behaviour over the entire mains period.
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Figure 8.3: (a) Measurement waveforms of the hardware demonstrator with a 240V 60 Hz AC input voltage and nominal 380 V DC
output at 2.6 kW input power. Depicted are the input voltage vs, input current i; and boost inductor currents iy. (b) The start-up
sequence of the six interleaved boost inductor currents after the zero-crossing of the source voltage. (c) The perfect interleaving
principle of the single-phase BePFC rectifier at regions where twice the switching frequency falls together with the inductor current
sampling frequency.

8.5. Loss Breakdown

Figure 8.4 shows the estimated loss breakdown and pie-chart of the single-phase BePFC rectifier hardware
demonstrator with Lp,,s; = 25.01 uH, nominal 380V DC output voltage at an input power level of 12kW. The
hardware demonstrator is operated with complete ZVS transitions of the HF semiconductor, as can be seen

with the absence of sw,, in Figure 8.4a. The HF semiconductor losses, which amount to 34 %, contribute the
most to the total converter losses.

Other large loss contributor are the EMI filter, Sir and Son switches. The total EMI filter losses amount
to 25 % of the total converter losses. The EMI filter losses mainly consist of conduction losses in the filter
components. The losses of Sir and Son contribute for 14 % and 19 % respectively. These losses only consists
of the conduction losses as the switching losses are negligible. The remaining losses originate from the
conduction and core losses in the boost inductor Ly, that 8 % of the total converter losses.

Lboost

Shr

EMI

Ploss [W]

Son

(b)

Figure 8.4: Estimated loss breakdown of the single-phase hardware demonstrator with a boost inductance of 25.01 uH, 240V 60 Hz AC
input voltage and 380 V nominal DC output voltage at an input power of 12kW. (a) The loss bar chart with the HF switch losses divided
into conduction and switch-off losses. The EMI filter is divided into in- and output EMI filter losses. (b) The corresponding loss
distribution pie-chart.
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8.6. Summary

This chapter served as the explanation of the BePFC rectifier hardware demonstrator design and
experimental result verification. The design of the BePFC rectifier was discussed in detail with the hardware
demonstrator shown in Figure 8.1. The decision to go for a working prototype instead of an optimally
designed mechanical prototype has let to a power density of 1.5kW when an output power of 19.2kW is
considered. A volume breakdown of the hardware demonstrator was provided and compared to the estimated
component volumes.

THD and power factor measurements were performed on the hardware demonstrator. The hardware
demonstrator already showed a THD below 7.5 % and is expected to show a THD below 5 % when operated
at higher powers with a single AC source in combination with the improves firmware of the FPGA. The power
factor of the hardware demonstrator reached >0.95 for input power levels >2.2kW. The results of both the
THD and power factor have proven the power factor correction principle of the single-phase BePFC rectifier.

Efficiency measurements on the hardware prototype were performed that show efficiencies >98 % when
operated at input powers >3 kW, a peak efficiency of 98.53 % at 5.5kW, and an efficiency of 98.24 % at the
maximum test power level of 12kW. The modelling techniques of Chapter 4, used to estimate the hardware
demonstrate efficiency, showed a mismatch of 0.11% at 12kW compared to the measured efficiency.
The main sources of model inaccuracy were discussed in detail and the six interleaved boost inductor
currents were shown to prove interleaving principle together with the start-up sequence explained in 5. An
explanation was given for the correct and incorrect interleaving of the boost inductor currents. Finally, a loss
breakdown of the hardware demonstrator at 12 kW was discussed in detail.



Conclusion and Future Work

This work presented the research into the single-phase operation of the Belgian rectifier, a novel boost-type
PFC rectifier which allows for full power operation in both single- and three-phase operation. This converter
can be relevant for EV fast chargers in countries providing three-phase 400V 32 A (22kW), as for example in
Europe, as well as single-phase 240 V80 A (19.2kW) in the USA. The first objective of this research was to proof
that the Belgian PFC rectifier is capable of operating in single-phase at similar nominal power levels with
comparable component stresses as in three-phase operation, thus without the need to over-dimension the
power stage. This research objective included the description of the operating principle, the development of
a closed-loop control, and the modelling and design of a 19.2 kW single-phase Belgian PFC rectifier hardware
demonstrator that was used for the proof-of-concept.

Starting with the literature review, relevant background was provided to understand: (1) the topology
modifications to operate a three-phase power converter at nominal power levels in single-phase operation,
(2) the principle of zero-voltage switching of semiconductors in MOSFET half-bridges, and (3) the
mathematical modelling of power converters.

The topology modifications, that include a 4th-phase winding in the CM chokes and additional relay
contact, have been applied to the Belgian PFC rectifier and a steady-state analysis is performed to form a
mathematical basis for the modelling and design. This section concluded to operate the three-phase rectifier
bridge-legs using an interleaved pattern with a triangular current mode modulation scheme to allow for a
reduced input current ripple and complete zero-voltage switching transitions over the entire mains period.
However, the high current ripple in the output bulk capacitors, as a result of the single-phase power pulsation,
required to over-dimension the output bulk with a negative effect on the total converter volume.

The introduced MATLAB power converter model is formed by: (1) the basic- (steady-state) analysis, (2)
Fourier-analysis to obtain the switch-cycle Fourier coefficients, and (3) multi-physics component specific
models, i.e. semiconductor model, inductor model, and EMI models. The component specific models output
component losses and volume in order to estimate the system level efficiency and power density.

A description of the proposed single-phase closed-loop control scheme was provided containing the
explanation of the current controller, switching frequency calculation, and variable frequency interleaving
control. This section concluded to disable and enable the semiconductor switches using a switch-specific
pattern with every zero-crossing of the mains voltage to prevent current spikes and allow for an improved
THD at the AC input. The proposed closed-loop control is implemented on the hardware demonstrator.

The single-phase operation principle, closed-loop control, and modelling techniques have been verified
with a 19.2kW hardware demonstrator with a power density of 1.5kW/L. Experimental results showed
efficiencies >98 % for input power levels >3kW and a peak efficiency of 98.53 % at 5.5kW. The estimated
system level efficiency, obtained using the proposed converter model, showed a mismatch of 0.11 % or 13 W
at the maximum tested input power level of 12 kW.

71
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The second objective of this research was to identify and quantify the benefits in terms of efficiency and
power density of the Belgian PFC rectifier. This research objective included the optimal design of a 22kW
Belgian PFC rectifier and the comparison with the conventional six-switch boost PFC rectifier operating in
single-phase mode.

A global and component design space were determined for the design optimization of a 22 kW single-
phase Belgian PFC rectifier. Four variable design parameters that have a large influence on the performance
were determined to be the nominal output voltage, switching frequency, boost inductor value, and number
of interleaving boost stages. By execution of the virtual prototyping routine, the different virtual power
converter designs were mapped onto the performance space to obtain the Pareto-fronts. This section
concluded that low boost inductance, variable switching frequency designs ensure a high efficiency with
complete zero-voltage switching in combination with a high power density. The Pareto-optimal design
makes use of 30 uH boost inductance and achieves a full-power efficiency of 98.42 % with a power density
of 5.43 kW/L.

The Belgian PFC rectifier was compared with the six-switch boost PFC rectifier. The starting point was
a three-phase system which is tailored to be operated in single-phase. The comparison was done based
on the semiconductor stresses, semiconductor losses, and required (normalized) EMI filter attenuation.
This section concluded that the main advantages of the Belgian rectifier are to be found in the three-phase
operation with (1) smaller boost inductors, (2) reduced switching losses, and (3) the use of semiconductor
switches with a lower voltage rating. Compared to the single-phase operated conventional six-switch PFC
rectifier, which is limited to 1/3 of the three-phase power, the Belgian rectifier showed a slight volume increase
but can be operated at full three-phase power levels.

The two research objectives with sub-objectives, as specified in Section 1.1, have been completed and the
design requirements of a nominal full load efficiency of >98 % with a power density of >5kW/L, as specified
in table 1.1, have been met by the Pareto-optimal design. The hardware demonstrator proved the operation
principle of the single-phase Belgian rectifier with efficiencies >98 kW for input power levels >3 kW.

9.1. Future Work

The research objectives have been completed and a working hardware demonstrator has been provided.
However, during the modelling and design of the Belgian PFC rectifier of this research, simplifications are
done and non-ideal electrical components have not always been considered. To improve the modelling and
design for future work, topics of interest are summarized below:

- The modelling and optimization of the three- and single-phase Belgian PFC rectifier were done using
two separate power converter models. However, both operation principles are to be used on a single
power converter. Therefore, the optimization algorithm would benefit from combining the modelling
of both the three- and single-phase operation in a single power converter model to quantify the
influence of design changes on both operation principles.

— The hardware demonstrator was implemented with matched boost inductor values. Any mismatch
would lead to the non-perfect cancellation of the interleaved boost inductor currents. Modelling
the single-phase Belgian PFC rectifier with tolerances on the boost inductors values could show the
influence on the Belgian PFC rectifier design.

- The single-phase Belgian PFC rectifier suffers from high currents in the output bulk as a result of the
single-phase power pulsation. The Pareto-optimal design showed that the output bulk capacitors
contribute to approximately 32 % of the total converter volume. To lower this contribution, research
can be done into an active power pulsation buffer.

— The hardware demonstrator showed to have problems with the interleaving control at higher powers.
The required software change is to trigger the inductor current measurements with a variable sampling
frequency corresponding to twice the switching frequency. Implementing these changes would make
the full power testing of the hardware demonstrator possible.
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A.1. Complex Fourier Analysis

The complex Fourier coefficients of a time domain signal s(x) can be calculated with:
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Figure A.1: A two level square wave with voltage levels Uy and U a phase-shift ¢» and duty cycle d

A.2. EMI Filter Design Analysis

For the derivation of eq. (4.24), only the DM part of the filter depicted in Figure 4.13 is considered.

The attenuation provided by the CLC filter stages and Ryjsn is given by:
1

Attic =
@7 fp)®-Lpm-C3,, - Rusn

The volumes of the filter inductor and filter capacitors are given by
Vi=ky-Lpm-I?
Ve =Ke-Cpyr- V2
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where I and V are the peak current and voltage for the corresponding component.

The total DM filter volume is the sum of all the filter component volumes and is calculated as:

VDM:3'VL,ph+VL,N+2'VC

N L A N
:3'kl’LDM'IIZJh+kL'%‘(Iph'3)2+2'kc'3CDM'V2
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The filter volume can be minimized by rewriting (A.4) and (A.6) to

1
LDM =a- o)
DM
and
Vom=b-Lpy+c-Cpym
with
1025120
a=——e——
(27 fp)3 - Ruisn
2 22
b= g'kL'Iph
c=6'kc'f]2

Differentiating of A.8 with respect to Cpys and equating with zero

5VDM_0
8Cpm
b-a--2-Cpi;+c=0

leads to the optimal Cpy filter values as
3 2 a- b
c

Cpm =

Rewriting and filling in leads to the final equation
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A.2.1. Equivalent CM Noise Source

Cpm =y
\j 3 kc,foil,XZ : Vr%mx ‘Rysn - w

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

To get to the equivalent CM noise source corresponding to eq. (4.31), the following steps are taken (cf.

Figure A.2):
1. Lpoost! nin: is replaced by an open circuit;

2. Cpu,1 is replaced by a short circuit;

3. The DM noise source is replaced by the Thevenin equivalent source and the equivalent circuit as

Figure A.2D is generated;

4. The HF impedance of C,, is found negligible compared to the other magnetic components and the

circuit can be further simplified without Ce.
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Figure A.2: CM equivalent noise source circuit.

A.3. Hardware Demonstrator Figures
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Figure A.3: The BePFC rectifier hardware demonstrator where the coldplate is removed to show the HF output capacitors, FPGA board,
DM inductors and CM chokes.
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Figure A.4: Measurement set-up of the hardware demonstrator.
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