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Abstract

In this thesis, two soft switching inverter topologies the Active Clamped Reso-
nant DC Link Inverter (ACRDCLI) and theAuxiliary Resonant Commutated Pole
Inverter (ARCPI) are designed. Their performance is compared with the Hard
Switched Inverter (HSI) in simulations. In order to ensure the balance of the soft
switching resonant circuit and to achieve a certain reference current, the parame-
ters of the circuit components are selected according to the references and modified
appropriately. The load is modelled as a Permanent Magnet Synchronous Machine
(PMSM) equivalent circuit and the parameters are taken from the Finite Element
Method (FEM) data based on a fixed operating point. The total power losses in
the switches are calculated based on the loss profile in Piecewise Linear Electrical
Circuit Simulation (PLECS).

Hysteresis current control and Space Vector Pulse Width Modulation (SVPWM)
are used to control the current of the ACRDCLI and the ARCPI respectively. Two
different state machines have also been designed to ensure the proper operation of
the two soft switching topologies. The same control method is used for two HSIs as
a control group to have a fair comparison. By simulating each topology under the
similar conditions it can be concluded that each topology can output similar power
and the total losses in two soft switching topologies are reduced by 18% compared
to HSI, especially in switching losses by 98% at 33 kHz switching frequency.

Due to the circuit complexity and poor Total Harmonic Distortion (THD) perfor-
mance of the ACRDCLI only the ARCPI is further analysed for different switching
frequencies and current operating points. At high switching frequency of 80 kHz
the THD value for the ARCPI is 0.286 % and for the HSI the THD is 0.366 %.
With increasing switching frequency the THD for the ARCPI is smaller than the
HST and the ACRDCLI. The ARCPI gives the maximum efficiency of 97.57 % at 25
kHz switching frequency. Compared to the HSI there is an efficiency improvement
of 1.71 % with the ARCPI at high switching frequency.

Keywords: Soft Switching, ACRDCLI, ARCPI, HSI, Switching Losses, THD
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1

Introduction

1.1 Background

Growing environmental concerns and compulsory legislation leads to that the au-
tomotive industry are investing significant resources in the development of hybrid
and fully Electric Vehicles (EVs). Battery and power electronics are acknowledged
as the two leading technologies for the development of today’s EV [1]. The voltage
source Hard Switched Inverter (HSI) are widely used in modern traction drives to
convert Direct Current (DC) from the battery to Alternating Current (AC) to drive
the traction electric machines. HSI with Pulse Width Modulation (PWM) has been
a great choice in EV applications because of its simple circuit design and robust
control scheme [2]. The significant requirements for traction inverters are expressed
in terms of overall reliability, performance and cost [3].

In HSI, both voltage and current are applied to the switch during turn on and off
transitions. This results in switching losses, that can be significant at high switching
frequencies, which in turn results in switching stresses on the devices and Electro-
magnetic Interference (EMI) generation due to high voltage slew rates (dv/dt) [4].
To resolve these problems, various soft switching topologies have been investigated
for the traction inverters to improve efficiency and reduce the EMI by turning the
devices on and off at nearly zero voltage or current. Recent achievements suggest
that soft switching inverters may be more reliable and efficient compared to HSI [5].
Various soft switching topologies have different advantages and disadvantages, so
the different topologies need to be investigated to understand which ones that are
most suitable for EV applications.

Over a decade ago the Active Clamped Resonant DC Link Inverter (ACRDCLI) was
introduced and it was one of the first type of DC link soft switching topology [6].
A resonant inductor-capacitor circuit and active clamp circuit are added between
the DC link and the inverter bridge switches to provide a resonant voltage and to
clamp the bus voltage from overshooting [7]. In [2], a performance comparison with
an HSI shows that the ACRDCLI is more efficient at switching frequencies above 10
kHz and promising for EV applications. Some fundamental issues with this circuit
include the resonant voltage overshoot and the large inductor. Furthermore, the
ACRDCLI requires the main switches to operate simultaneously, which requires a
more complicated PWM scheme [§].



1. Introduction

To overcome the problems caused by the ACRDCLI, a new concept of Resonant
Transition Inverter (RTIT) was proposed, which includes the Auxiliary Resonant
Commutated Pole Inverter ARCPI [9]. The ARCPI topology receives the DC link
voltage through the center-tapped DC link capacitor and uses three sets of inde-
pendently controlled auxiliary switches to create zero voltage switching [10]. A
comparative study of different RTI results shows that the ARCPI has the best ef-
ficiency improvement at higher switching frequencies and is more suitable for EV
applications [11].

1.2 Aim

The aim of this thesis is to model and simulate two soft switching topologies, the
ACRDCLI and ARCPI. The two soft switching topologies are compared with a HSI
to evaluate their performance based on different criteria, such as switching losses
and harmonics.

1.3 Scope and limitation

This project will focus on a simulation study of soft switching inverters and their
comparison with HSI. There are different soft switching topologies, but only two
types of topologies will be evaluated in this project.

Based on the literature study, the ACRDCLI was selected as it is one of the first
DC link soft switching topologies. This topology requires a minimum number of
extra switches and resonant components and is simple to implement [12]. Initially
a simplified ACRDCLI under load simulation will be simulated to understand the
behavior of soft switching in this topology. Later a three-phase ACRDCLI will be
simulated and compared with the three-phase HSI. Hysteresis current control will be
implemented for this topology. To implement the Space Vector Pulse Width Mod-
ulation (SVPWM) control method, an improved topology Quasi Resonant DC Link
Inverter (QRDCLI) was introduced in recent times [13]. However, this topology
will not be investigated. Instead, another concept of the soft switching technique,
the ARCPI will be evaluated. The advantage of this topology is that the SVPWM
control technique can be implemented [14]. The ARCPI topology with artificial
intelligence control was recently introduced by the company Pre-Switch Inc. In
comparison to HSI their results show a reduction of switching losses by 99 % and
efficiency of 99 % with 100 kHz switching frequency [15] [16]. The simulation results
of the ARCPI will be compared to the ACRDCLI and the HSI. However, the draw-
backs with the ARCPI are additional components and complexity of the control
system.

As this project is focused on the inverter power losses, the complete battery model
and DC link capacitor are not considered. Instead, the battery is simplified as a DC
voltage source and its losses are ignored. The losses of the electrical machine are
also not considered.



2

Electric Drive System

This chapter describes the main components in the electric drive system of an EV,
except for the battery that is, as mention before, only modeled as a voltage source.
In the first section the theory for the Permanent Magnet Synchronous Machine
(PMSM) is described. After this the three-phase Hard Switched Inverter (HSI),
which is used as the reference inverter in this thesis project, is introduced together
with a description of different modulation techniques for the inverter. Finally, the
equations for calculating the inverter power losses and the Total Harmonic Distortion
(THD), that are used to evaluate the performance of the investigated inverters, are
introduced.

2.1 PMSM model

The PMSM is an AC synchronous motor where the field excitation is provided by
permanent magnets in the rotor. The machine is magnetised by permanent magnets
that are attached to the rotor.

Figure 2.1.1: Simplified equivalent circuit for phase a of the PMSM. The circuit
is similar for the other two phases b and c.

Figure 2.1.1 shows the simplified equivalent circuit of the PMSM for phase a. The
simplification that is made is that it is assumed that the phase inductance L is
constant and not depending on the rotor position, as it is in a salient machine. The
circuit includes the phase voltage u,, the phase current i,, the phase resistance Ry,
the phase inductance Lg and the back EMF e, which is caused by the rotational
speed of the rotor. Based on this the three phase voltages can be expressed as [17]

3
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dv,
W= Ryig + —2 2.1.1
u o + ” ( a)
AV
w, = Ryiy, + dTb (2.1.1b)
av,
[ Rs 'c . 2.1.1
u tet ( c)

where V¥, is the flux linkage for phase a. The three-phase voltages can be combined
using vectors and matrices as

dqjabc
a c:Rs.a c . 2.1.2
Uab Tabe + o ( )
Three-phase flux can be obtained as
L, 0 0 cos (0)
Ve = | 0 Ly 0 |dape+ Ty | cos (=) |. (2.1.3)
0 0 L cos (0, + 2

W.pe is the three phase flux linkage,
tabe 1S the three phase currents,
v,, is the magnet flux linkage,
0, is the electrical rotor angle.

2.1.1 abc to dq transformation

To simplify the modeling of the PMSM transformations are commonly used. First
the three-phase machine is transformed into a two-phase machine by using Clarke
transformation, the transformation between abc to aff quantities. In matrix form
the Clarke transformation can be written as [18]

U 10
uOé
w | =| -1 L& l ] . (2.1.4)
U, 1 _vs LU
2 2

The transformation in (2.1.4) is for amplitude invariant scaling, meaning that the
amplitude of the phase voltage (the peak value) is equal to the length of the complex
vector u® = u, + jug. The inverse of this transformation gives the transformation
from af to abc quantities, which can be expressed as

u 2 1 _ Ua
[]:[_] u | (2.1.5)

up Vi V3 v

C
To further simplify the modeling the AC a5 quantities are transformed to, in steady-
state, DC dq quantities. The dq coordinate system is a synchronous coordinate

=0 |

o

4
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system rotating at the electrical speed of the rotor. The real and imaginary axis of
these vectors is constant in a steady state. The Park transformation is used to move
from the stationary a/f-system to the rotating dg-system and it can be expressed as

U= ug + ju, = u'e I (2.1.6)

Similarly, the transformation from the rotating to the stationary system can be
defined as:

ut = uel’. (2.1.7)

The transformations can also be expressed in matrix form by splitting up the real
and imaginary parts as

Ug | | cosB, —sind, Ug
[ ug ] a [ sinf, cos®, ] l Uq 1 ' (2.18)
[ud]:[ cos b, sin@rl [uoé} (2.1.9)

Uqg —sinf, cos6, ug

The DC quantities are helpful for the analysis and the implementation of a control
system, as it is easier to design a controller for signals that are constant in steady-
state instead of alternating [19].

2.1.2 The dq model of the PMSM

By using the Clark and Park transformations the three-phase PMSM model can be
transformed to the two phase dg-model as

di
ug = Ryiq + Lsd—: — wy Ly, (2.1.10a)
: dig .
ug = Ryig + LSE + wyLgig + w,V,,. (2.1.10b)
where:
Ug is the voltage in d direction,
Uy is the voltage in q direction,
iq is the current in d direction,
iq is the current in q direction,
Wy is the electrical rotor speed = Wy,exnp,

Wmer 1S the mechanical rotor speed.

Figure 2.1.2 shows the PMSM machine model in the dg-system from (2.1.10) as an
electric circuit where the resistance models the resistive voltage drop in the stator,
the dynamic voltage drop of the stator inductance, jw, L the steady-state voltage
drop of the stator inductance and w,1,, represents the back EMF of the PMSM.
The torque produced by the PMSM in the dg-system can be calculated as

3
T, = % Wi (2.1.11)
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Since the PMSM is modeled as a non-salient machine it is only the g-current that
produces torque. Due to this the d-current is set to zero for low speeds of the
PMSM, since it does not contributes to the torque. The d-current is used to reduce
the effect of the back-emf at high speeds, it is then negative and it is decreasing
with increasing speeds.

Figure 2.1.2: The PMSM equivalent circuit for the d-axis and the g-axis, the
circuits described by (2.1.10).

2.2 Three-phase Hard Switched Inverter

The three-phase HSI is a power electronic converter that converts the input DC volt-
age Vpc, the battery voltage, to a variable three-phase AC voltage that is supplied
to the PMSM, as shown in Figure 2.2.1. As can be seen in the figure the three-phase
inverter is build up from three phase legs, where each phase leg comprises of two
series connected MOSFET switches with their anti-parallel diode. The phase of the
PMSM is connected between the switches, phase a is connected between switch S}
and Sy, phase b between S3 and S4 and phase ¢ between S5 and Sg.

6
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BRIGE MG WG, Wasind)

Vpe C_j —Cpe £:S|JV\’SY\_@b_

B EEEE i imgy

» & » &
< > <4

h Battery - Hard Switched Inverter PMSM

<&

v

Figure 2.2.1: The three phase two level HSI comprizing of the DC link capacitor,
Cpc, and the six MOSFETS, S; to Sg, connected to the battery, the DC voltage
source, and to the PMSM modeled as an RL-circuit and a voltage source.

For the HSI the switches in a phase leg is on (conducting) one at the time, i.e. when
the top switch is on the bottom switch is off and when the top switch is off then
the bottom switch is on. In the transition between changing the switch that is on
both switches are off for a short period of time, the blanking time, to avoid shorting
the DC voltage. Each phase leg can have two different switching states S,. If the
switching state for the phase is 1 then the top switch is on and if it is 0 then the
bottom switch is on (x is a, b or ¢). This gives that there are eight possible switch
combinations (S,,Sp,S.) for the three phase legs. Each switch combination generates
a three-phase voltage to the PMSM and if these voltages are transformed with the
Clarke transformation eight a3 voltage vectors are obtained.

In Figure 2.2.2 these eight voltage vectors are shown, Vj to V7, together with the
corresponding switch combination (S,,5,,5.). The vectors Vj to Vg are the active
vectors and V) and V7 are the zero vectors. The active vectors have the same length,
equal to 2/3Vpe. To generate the required voltage to the PMSM, for example the
voltage reference vector, V,..r, in Figure 2.2.2 the two closest active vectors, V; and
V4 in this example, together with the zero vectors are used to produce the reference
vector as the average voltage over the switching period. The switching period tg,
is much smaller than the fundamental frequency of the PMSM, f;. How the active
and the zero vectors are used to generate the wanted voltage depends on which
modulation technique that is used.

In the following two sections the Space Vector Pulse Width Modulation (SVPWM)
modulation technique and the Hysteresis Current Control are explained. After these
sections the losses generated in the switches will be explained and it is shown how
the THD that is generated by the switching is calculated.
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2.2.1 Space Vector Pulse Width Modulation (SVPWM)

When using SVPWM, the reference voltage vector, i.e. the voltage that should be
delivered to the PMSM, is expressed as the time average of the three voltage vectors
that define the hexagonal sector in which the reference voltage vector lies. The six
hexagonal sectors, the voltage vectors and the switching states are shown in Figure
2.2.2. In the figure a example voltage reference vector, V¢, is shown and this vector
is in the I sector. The first sector is defined by the active voltage vector Vi that
is generated by the switch combination (100), the active voltage vector V5 that is
generated by the switch combination (110) and the zero voltage vectors Vy and V5.
The reference voltage vector is generated as a time average of these vectors as [20]

Vo, V7
(000),(111)3

Figure 2.2.2: The eight possible voltage vectors that can be created with a three-
phase inverter. The vectors V; to Vi are the active vectors and Vy and V7 are the
zero vectors. In the figure the six switching sectors are also defined, I to V1.

t t t
Vref:tl'vl‘i‘i"/?_kio'vo' (2.2.1)

sSw tsw tsw

where:

Vres 1s the reference voltage in the o8 frame,

tq is the on time of V7,
ty is the on time of V5,
to is the on time of 1} or V7,

tsw is the switching time.
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The voltage vectors can be defined using the sine rule

2 2 -
% = O, ‘/1 = gVDC, ‘/2 = gVDC@JS. (222)
The relative on time duration for the active vectors and zero vectors can be derived
using the above relations and by separating the reference voltage into real and
imaginary parts which gives

t = tsw\/w sin (g - 9) (2.2.3a)

ty = tst sin(6) (2.2.3b)
Vbe

t(] = tsw — tl - tQ. (223C)

where 6 is the angle between the reference voltage vector and the beginning vector
of the sector, the angle between V,.y and V; in the example used here..

2.2.2 Hysteresis Current Control

With hysteresis current control the system does not generate a specific voltage vec-
tor, a reference voltage, it instead puts out the voltage vector, one of the possible
eight vectors, that "keeps" the phase currents within the hysteresis band. The hys-
teresis current control is one of the simplest current control methods because of the
ease of implementation and quick response [21].

In the hysteresis current control, the switching combinations (.S,,S,S.) for the three-
phase HSI are generated by comparing the three-phase output currents to the ref-
erence currents and the difference between them, the control error is send to the
hysteresis function. The hysteresis function outputs 0 or 1 and the required output
voltage is produced to the PMSM. Figure 2.2.3 shows the working principle of the
hysteresis current control. This theoretical waveform will be used to explain the
hysteresis current control to generate the switching states to one of the phase leg in
the three-phase HSI. In the figure the actual load current i(t) is compared with the
reference current 4,.¢(t) by the hysteresis function which has a dead band Ai. When
the difference between the actual current and the reference current is greater than
the hysteresis dead band the positive voltage is applied across the load and the i(t)
increases i.e the top switch is turned on. Similarly, when the difference between the
actual current and the reference current is lower than the hysteresis dead band the
negative voltage is put across the load and the i(t) decreases, switching is reversed
i.e bottom switch is turned on. The switching states for a phase leg can be defined
as

i(t) — ires(t) > Ai then Sy = on and, Sy = off (2.2.4a)

i(t) — dref(t) < Ai then Sy = off and, Sy = on. (2.2.4Db)

9
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Figure 2.2.3: Theoretical waveform showing hysteresis band current control where
actual current i(t) is compared with the reference current i,.r(t) and 2Ai is the
hysteresis bandwidth.

It can be observed that the switching frequency f, in hysteresis current control is
determined by how quickly the current changes from +Ai to —Ai and vice-versa.
This is influenced by the input DC link voltage, back emf and the phase inductance
[22]. In hysteresis control, switching frequency changes with the current rather than
remaining constant and can be calculated as

1
ot + iy

fsw (2.2.5)

where:

t; s the turn-on period of the top switch,
to is the turn-off period of the top switch.

2.3 Losses in HSI

The main losses in the inverter are due to power losses in the switches and the
free-wheeling diodes. The total power losses consists of switching losses and the
conduction losses. Switching characteristics of the MOSFET is required to under-
stand how to calculate these losses.

Figure 2.3.1 shows the simplified turn on-off characteristics in the phase leg for
phase a in the three-phase HSI. The figure is valid for the positive output current
and for the negative current it is instead the top diode D; that will be conducting
for a short period of time. Initially the top switch S; is conducting and at ¢; it is
turned off. The bottom diode D, will not start to conduct until it is forward biased.
This means that the the voltage Vg, starts increasing and the voltage Vgo decreases.

10
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When the voltage Vss reaches zero the diode D, starts to conduct and the current
through it increases. During the transition there is both a voltage across and current
flows through the switch S; which generates turn-off switching losses. Conduction
losses occurs during the current conduction of the switches and the diodes. At tg
after the blanking time the switch S; starts to conduct but the diode Dy will not
stop to conduct until the current reaches zero. This means the current ig; increases
and the the current igo decreases. At t; when the current flowing through the diode
D, reaches negative value, due to the reverse recovery, the diode Dy starts to block
and the voltage Vg, decreases. When Vi, is zero the transition is over and the switch
S1 gets turned on. During this transition there will be turn-on switching losses in
the switch S; and reverse recovery losses in the diode Ds.

Vbe

Voltage [V]

A it %] 3

“v

t4 t5

—
()

Current [A]

v

Losses [W]

d\

»
»

t

Figure 2.3.1: Theoretical waveform showing simplified turn on-off characteristics
in the phase leg for phase a in the three-phase HSI. The highlighted area in the
bottom plot represents the switching energies.

The average total losses in the HSI can be expressed as

Ptot -HSI — 6(]DMOSFET—sw + PMOSFET—con + PDiode—sw + PDiode—con)- (231)

where

11
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Poo_nvosrer i the average value of switching losses in one of the six MOSFETS,
P.ona—nmosrer 18 the average value of conduction losses in one of the six MOSFETS,
Pov—_Diode is the average value of switching losses in one of the six Diodes,
P.ond—Diode is the average value of conduction losses in one of the six Diodes.

2.3.1 Switching losses

Switching losses occurs during the transition from on state into off state and vice-
versa due to presence of voltage across and current through the switch, as can be
seen in the Figure 2.3.1. The average switching losses are calculated as [23]

S (Bgns VoesiaTh) + Eows (VoesiaT3) + B (Voesie T)))
ly

PMOSFET—SW =

(2.3.2)
where:

Vpe  is the DC link voltage,

- is the phase current for the switch,

T; is the MOSFET junction temperature,

E,, is the energy losses during turn-on of the MOSFET,

E,¢; is the energy losses during turn-off of the MOSFET,

E,. is the reverse recovery energy losses of the free-wheeling diode,
ly is the fundamental period,

fsw  is the switching frequency.

The switching energies are depending on the voltage across the switch, current
through it and the temperature of the junction. The values and these variations can
be taken from the data sheet of the switch. The switching losses in the MOSFET
and the diode can be modeled as [24]

B, =E Voc\ ™ (1 i Kw" 1+ TCo (Tj — T res)) (2.3.3)
on — Lron,ref V;ef T [ref on \1j Jref 2.
Voo Kuoff 1, Kioff
Eors = Eoffref L+ TCops (Ty — Tiaer))  (234)
V;”ef m Iref
K K;
VDC v,rT 1 Z:L’ ,TT
E.. =E.,, . TC. (T; —T;rer)) . 2.3.5
w(P9) () T - 239)
where
Viefs Irey are the values from the datasheet at which switching energy is calculated,
Ki.onof frr are the exponents for the current, can be obtained in the datasheet,
Ey.onof frr are the exponents for the voltage, can be obtained in the datasheet,

TCgonoff, T'Cgyr are the temperature coefficients.

12
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2.3.2 Conduction losses

The losses that occur during the static operation of switches are classified as con-
duction losses. The conduction of current through the switch and the free wheeling-
diode causes these losses. The average value of the conduction losses over one
switching period in the MOSFET can be obtained by integrating the instantaneous
power losses over the switching cycle [25][26]

1 tsw .
PeonMoSFET = T /0 v(t)i(t)dt
?I_w tSw
= — Roni® (t)dt.

tew JO

(2.3.6)

where:

v(t) is the instantaneous voltage across the MOSFET when it is conducting ,
i(t) is the instantaneous current flowing through the MOSFET,
R,, 1is the drain-source on state resistance of the MOSFET.

The average conduction losses during one fundamental period can be calculated as

1 ,
Paosriren = 5 [ v(i(t)dt. (2.3.7)
t f /0
The free-wheeling diode conduction losses can be calculated using a diode approx-
imation with a series DC voltage source and on-state resistance. The average con-

duction losses of the diode over one switching period can be obtained as

1 tsw .
Pcon—Diode - T/ Ud(t)ld(t)dt
w0 (2.3.8)

1 tsw
= - / (Vai(t) + Rgi®(t))dt.
sw 0
where:
Vi is the on-state voltage of the diode at zero current,

va(t) is the instantaneous voltage across the diode when it is conducting,
ip(t) is the instantaneous current flowing through the diode,
Ry is the on-state resistance of the diode.

The average conduction losses of the diode over one fundamental period can be
obtained as

1 t
Pbiode-con = 4 / Cva()ia(t)dt. (2.3.9)
f /0

13
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2.4 Thermal model of the Switch

The switching losses and conduction losses generate heat and as a result temper-
ature of the switch increases. To evaluate the thermal behaviour of the switch,
the equivalent Cauer model of one of the MOSFET modules used in this project is
presented in Figure 2.4.1.[27]

Cai  _—_Cm2 " Cyz  __ Cua -

Figure 2.4.1: Equivalent circuit showing the thermal description of one of the
MOSFET modules.

The MOSFET module junction temperature 7} can be estimated as
T] - Zth1—4Pt0t + Ta (241)
where:

Zini—a are the 4 RC thermal impedance elements of one MOSFET module,
P is the total losses in one MOSFET module,
T, is the ambient temperature.

2.5 Total Harmonic Distortion (THD)

THD is defined as the ratio of the equivalent rms voltage or current of all the
harmonic frequencies (from the 2°¢ harmonic on) over the rms voltage or current
of the fundamental frequency f;. In this project, the THD of the load current is
calculated using

Zv>2 Ig ]erS B Ig - Il2
THD =[S0 = | et (2.5.1)

where I, is the rms current of the v** harmonic, and I, is its overall rms current.

14
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Active Clamped Resonant DC
Link Inverter

This chapter introduces the first soft switching topology the ACRDCLI. In the
first section, detailed description of the three-phase ACRDCLI is introduced. To
understand the working principle of this topology different modes of operation under
no load condition is explained using it’s voltage and current waveforms. Finally, the
total loss equations are presented and the additional component losses are calculated.

3.1 Three-phase ACRDCLI

The circuit schematic for the three-phase ACRDCLI is shown in Figure 3.1.1. The
theory explained in this chapter is referred from the thesis [28] [29]. An auxiliary
circuit is added to the DC link of the three-phase HSI. The auxiliary circuit consists
of a resonant circuit and a clamp circuit. The inductor L, and capacitor C, forms
the resonant circuit which creates the resonant operation in the DC link and the
resonant frequency is calculated as

1

= 3.1.1
27/ L,.C, ( )

r

The voltage across the resonant capacitor C. is referred to as the resonant DC
link voltage V. To achieve low switching losses, the inverter main switches are
synchronized to the zero crossings of the V.. The clamp circuit utilises a clamp
capacitor C, and a clamp switch S, with a free-wheeling diode D.. The resonant
DC link voltage V¢, is limited to the clamping voltage and is expressed as Vpc + V.

15
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Figure 3.1.1: The three-phase ACRDCLI comprizing of the auxiliary circuit con-
nected to the battery, the DC voltage source and the six MOSFETSs, S; to Sg, and
to the PMSM modeled as an RL-circuit and a voltage source.

3.2 ACRDCLI equivalent circuit

To understand the working principle of the three-phase ACRDCLI, Figure 3.1.1 is
simplified into an equivalent circuit for load operation as shown in Figure 3.2.1. The
main switch S, represents the six main switches of the three-phase ACRDCLI and
a constant current source I, used to represent the DC link current i,. When the
switch S, in Figure 3.2.1 is 1, it represents the six main switches of the three-phase
ACRDCLI are on. When the switch S,, is zero, six main switches of the three-phase
ACRDCLI are turned on or off according to the reference inductor current. The
principle of operation of the ACRDCLI can be divided into four states (State 1 to
State 4) which will be explained in this section using the voltage and current wave-
forms, shown in Figure 3.2.2 of the circuit in Figure 3.2.1

16
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Figure 3.2.1: Equivalent circuit of the ACRDCLI under load operation.
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Figure 3.2.2: Simulated waveforms of the ACRDCLI showing the resonant DC
link voltage Vi, and the resonant inductor current ip, illustrating four operating
states.

State 1:
The start of circuit operation begins by turning on the switch S, when the voltage

Vor is zero and this creates a short circuit of the DC link bus as can be seen in
Figure 3.2.3.
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Figure 3.2.3: Circuit during the boost period before ¢; < 0, where Sy, is on and
S. is off.

The resonant inductor L, charges through the main switch S, and the resonant
inductor current 7y, starts increasing linearly. During this state, the resonant DC
link voltage V¢, is zero and Sy, turns on and turns off under Zero Voltage Switching
(ZVS) conditions. The short circuit is released after enough energy is stored in L,.
State 1 changes to State 2 when ir, reaches the required reference resonant inductor
current ¢, and it is expressed as [30]

i, = I + I (min). (3.2.1)

where:

I, is the inverter DC current,
Ip,(min) is the minimum current required to turn off the S,, and to overcome losses.

For the three-phase ACRDCLI the reference inductor current 7, calculation for the
next switching cycle is explained in Section 5.3.1. This is required to ensure that a
proper reference current is applied to L, at the starting of each resonant cycle.

State 2:
This state starts when the switch .S, is turned off and the L,C; resonant operation
occurs. At the start of State 2, the energy stored in the L, is given as

1
E = g Lri},2. (3.2.2)

In Figure 3.2.4, the current flowing through L, is transferred to C;. The voltage V¢,
starts rising and reaches the clamping voltage Vpc + Vi in the end of State 2.

18
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Figure 3.2.4: Circuit during pre-charge transition between t; to to, where the S,

is off and the S, is off.

State 3:

After reaching the Vpc + Ve, the clamp diode D, starts conducting and clamps
the resonant DC link voltage Vi,. At the same time the switch S, turns on and
the clamp current ic. transfers to the S, as shown in Figure 3.2.5. The i, linearly
decreases as the voltage across the L, is negative. This state ends when the total
charge flowing through the clamp capacitor C. becomes zero and then the S, is

turned off .

Vee—=¢
C

e O

o

(a) Diode conducting

+

Ve —

o

(b) Clamp switch conducting

Figure 3.2.5: Circuits during clamping period between t5 to t3 where the Sy, is off

and the S, is on.

State 4:

State 4 starts when the switch S, is turned off and again resonance operation takes
place. It can be seen from Figure 3.2.2 when the voltage Vi, starts decreasing. This
mode ends when the Vi, approaches zero, it will be clamped by the free-wheeling
diode of the main switch and a new resonating operation will begin (start of State

).
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Vpc -_D C, _VCr Cl) "

Figure 3.2.6: Circuit during the discharge transition period between t3 to t4, where
Sy, is off and S, is off.

3.3 Losses in ACRDCLI

In the ACRDCLI, the total losses include losses in the main switches and losses
in the auxiliary circuit. The additional losses are clamp switch losses, Equivalent
Series Resistance (ESR) losses of the clamp capacitor, the resonant capacitor and
the inductor losses are calculated as

Piot -acrocut = Pioi—msr + Poiamp + Por + Poe + P, (3.3.1)

where:

Pioi—nsr is the average value of total losses in the six main switches,
Pciamp is the average value of total losses in the clamp switch,

P, is the total losses in the resonant capacitor,
Pe. is the total losses in clamp capacitor,
P, is the total losses in the resonant inductor.

The three-phase ACRDCLI operates under the same conditions as the three-phase
HSI. So the total Power losses calculations explained in Section 2.3 will be used for
the six main switches in the ACRDCLI. The main switches are turned on and off
at ZVS condition, switching losses will not be considered. The conduction losses
calculations are similar to the three-phase HSI as the conducting current through
and the voltage across the switch is same. The total average losses in the six main
switches can be re-expressed as

Piot st = 6(ProsreT—con + Pbiode—con)- (3.3.2)

where

Prrosrer—cond 18 the average value of conduction losses in one of the six MOSFETs,
Ppiode—cond is the average value of conduction losses in one of the six Diodes.
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Due to additional components there are extra losses which will be explained in the
following sections.

3.3.1 Clamp Switch Losses

In the auxiliary circuit, one extra switch is used to clamp the resonant DC link
voltage and has the same rating as the main switch. The clamp switch is turned
on and off under Zero Current Conditions (ZCS). This means the switching losses
are not considered in the equations. Hence, the losses of the clamp switch include
conduction losses of the MOSFET and the diode can be seen as

PClaInp = (PMOSFET—con + PDiode—con)- (333)

where:

PriosreET—cona 18 the average value of conduction losses in the clamp MOSFET,
Ppiode—cond is the average value of conduction losses in in the clamp Diode.

3.3.2 ESR Losses

In the ACRDCLI as the current circulates in the auxiliary circuit, losses occur in
the Equivalent Series Resistance ESR of the resonant capacitor C; and the clamp
capacitor C, . The capacitor equivalent circuit is shown in Figure 3.3.1, the sum of
the inductive elements including the leads, a high-resistance DC path (Rp) in parallel
with the capacitance, and the series resistance combined into a single element.

R
p
‘_:l—l REsr LesL
[ 1YY,
[
[
C

Figure 3.3.1: Capacitor Equivalent Circuit

For the ESR it is frequency-dependent, temperature-dependent, and changes as com-
ponents age. It is usually an important consideration in selecting the capacitors.
In this project, only capacitance, ESR and its losses are considered and ESR is as-
sumed as a resistor with a constant resistance, other components in the capacitor
equivalent circuit will be neglected.

For the ESR components of the clamp capacitor and the resonant capacitor in the
ACRDCLI, losses are obtained as
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3. Active Clamped Resonant DC Link Inverter

Pgsr = Por + Pee

3.3.4
= Rcri%rfrms + Rcciécfrms' ( )
where:
Rey is the ESR value of the resonant capacitor,
Ree is the ESR value of the clamp capacitor,

tor—rms 18 the rms current flowing through the resonant capacitor,
tce—rms 18 the rms current flowing through the clamp capacitor.

3.3.3 Resonant Inductor Losses

The resonant inductor L, carries the resonant inductor current ir,, inverter DC
current i, and increases the overall losses of the ACRDCLI. To derive a simple
expression for the inductor losses, the ESR value of L, is calculated using quality
factor Q [31], can be seen as

X1
Ry, = QT' (3.3.5)
where:
Xp, is the reactance of the resonant inductor at a resonant frequency,
Q is the quality factor of the resonant inductor .
The losses in the resonant inductor are calculated as
PLT = RLTi%T—rms' (336)

where ip,_.ns is the rms current flowing through the resonant inductor.
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4

Auxiliary Resonant Commutated
Pole Inverter

This chapter explains the theoretical knowledge required for an Auxiliary Resonant
Pole Commutated Inverter (ARCPI). The working principle of this topology is ex-
plained using a single-phase ARCPI circuit with its voltage, current and PWM signal
waveforms. In the last section, total losses calculations are shown.

4.1 Three-phase ARCPI

The ARCPI is a load-side Resonant Transition Inverter (RTI) type soft switching
topology which can be seen in Figure 4.1.1. The auxiliary circuit is added to the
three-phase HSI. The auxiliary circuit consists of the independently controlled cir-
cuits for three phases with the six auxiliary switches, A; to Ag in series with the
three resonant inductors, L., to L,.. The six resonant capacitors, C;; to Ci¢ are
connected in parallel to each of the main switches.

+Cr1

Cpcl=—= _‘,’_VCH @} vers @

Vbc f)

Cpc2 ==

Se

Auxiliary circuit Three phase inverter

Figure 4.1.1: The three-phase ARCPI comprizing of the auxiliary circuit connected
to the battery, the DC voltage source and six MOSFETS, S; to Sg and to the PMSM
modeled as an RL-circuit and a voltage source.
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4. Auxiliary Resonant Commutated Pole Inverter

4.2 Single-phase ARCPI Circuit

In this section the single-phase ARCPI circuit will be analysed to understand the
working principle of the three-phase circuit. Figure 4.2.1 shows the circuit diagram
of the single-phase ARCPI. The circuit consists of two main switches S; and Sy and
an auxiliary circuit. The resonant capacitors, C}1, C;o are connected parallel to the
switches and they hold the DC link voltage during turn on and off of the switches.
This enables the zero voltage switching (ZVS) when the switch is being turned on
and off, which eliminates the switching losses in the main switches. The resonant
inductor L, is connected in series with the auxiliary switches A; and A, and they
operate under the Zero Current Switching (ZCS). The detailed description of the
single-phase ARCPI can be found in [32].

Sy

Figure 4.2.1: The single-phase ARCPI circuit.

In this section, the circuit will be explained only for the positive load current under
six different states using the voltage, current and the control signal waveforms as
shown in Figure 4.2.2 and Figure 4.2.9. When the load current is negative, the
principle will be the opposite. Different operating states and their working principle
is explained in [33].
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4. Auxiliary Resonant Commutated Pole Inverter
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Figure 4.2.2: Simulated waveforms of the single-phase ARCPI circuit showing the
load current 7j4,q, the resonant inductor current ir,., the voltages across the top and
bottom switches Vi1, Vore showing State 1 to State 5 operation with respect to the
PWM control signal.

State 1:

As seen in Figure 4.2.2 and Figure 4.2.3 the bottom switch S; is conducting during
state 1. In this state, the transition to move the load from the bottom switch S5
to the top switch S; is started. When the switch Sy is conducting, the voltage
across the resonant capacitor Vi, is equal to DC link voltage Vpe. In this state,
the auxiliary circuit is not used and the resonant inductor current i, is zero, which
can be seen in Figure 4.2.2.
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4. Auxiliary Resonant Commutated Pole Inverter

Figure 4.2.3: The single-phase ARCPI during State 1, free-wheeling operation
where Ss is on and A;, A; and S; are off.

State 2:

This state is triggered by the control signal. When the PWM control signal changes
from 0 to 1 (low to high), the auxiliary switch A, is turned on, as is shown in Figure
4.2.4. The voltage across the resonant inductor L, is half of the DC link voltage,
Vbc/2. During this period the resonant inductor current iy, increases as,

Yoo (+ — ¢
i, = 2(Ll) (4.2.1)

where:

t; is the starting time for State 2,
t is the time,

This state ends, when the current 71, is equal to the load current i,,,q and the switch
Sy is turned off.

Vben C_D

VD C_D

Figure 4.2.4: The single-phase ARCPI State 2, pre-charge of the resonant inductor
with the load current where S,, Ay are on and Sy, A; are off.

State 3:
It can be seen in the Figure 4.2.2, the current iy, increases above the load current
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4. Auxiliary Resonant Commutated Pole Inverter

lload- When the bottom switch S5 is turned off | the current that exceeds the 4p.q
charges the resonant capacitors C,; + Cio as is shown in Figure 4.2.5. At {5, the
voltage Vi starts increasing from 0 V. The current i, keeps increasing until Vo is
equal to Vpc/2. When the voltage across the resonant inductor L, turns negative, the
current ir, start to decrease. The resonant frequency during this time is expressed
as

1

fr= .
271—\/ Lr(Crl + Cr2)

When the resonant capacitor voltage V1 approaches zero level, the top switch S;
is turned on and State 3 changes to State 4.

(4.2.2)

wea(®)

Ve C_D

Figure 4.2.5: The single-phase ARCPI State 3, resonant operation where A, is on
and Sp, Sy and A; are off.

State 4:

As is shown in Figure 4.2.6 when the top switch S; is turned on, the voltage across
the resonant capacitor C}; remains zero. During this state, the current i, keeps
decreasing to zero and the auxiliary switch Aj is turned off. When the switch A, is
off, the current flowing through auxiliary circuit is zero, hence there are no switching
losses in the switch A,.

VD2 ‘_j

Vbcr2 C_D

Figure 4.2.6: The single-phase ARCPI State 4, discharge of resonant inductor
where Si, Ay are on and Sy, A; are off.
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4. Auxiliary Resonant Commutated Pole Inverter

State 5:

In Figure 4.2.7, the switch S; is conducting and the auxiliary circuit is turned off.
With minimal switching losses, the transition from S5 to S; is completed in State
5. The circuit remians in this state as long as the PWM control signal is 1(high).

Figure 4.2.7: The single-phase ARCPI State 5, with completion of transition where
St is on and Sy, Ay, A, are off.

State 6:

This state is entered when the PWM control signal changes from 1 to 0 (high to low)
and then the switch S} is turned off as shown in Figure 4.2.8. In this state the voltage
across the top switch Vi1 increases and bottom switch Vo decreases as shown in
4.2.9. During this state, the load current 4,,,q charges the resonant capacitor Cyq
until the top switch voltage Vi1 becomes Vpe. Similarly, the bottom switch voltage
Vs reaches zero when Cy is fully discharged and at this point the switch Sy is
turned on and State 6 is ended. The circuit then enters State 1 and the transition
from S; to Sy is completed with minimum switching losses and without using the
auxiliary circuit. The rate of the capacitor voltage is controlled by Cis+Cys. The
rise and fall time during this period is given as [34]

2(Cr1 + OT2>VDC

iload

Lrise = tfall = (423>

It can be seen from (4.2.3) when the load current ij,,q is small, the longer this
period becomes. To obtain low switching times the switches can be turned off by
hard-switching or by using the auxiliary switches for these cases with a low load
current..
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4. Auxiliary Resonant Commutated Pole Inverter

Figure 4.2.8: The single-phase ARCPI State 6, where Sy, So, A; and A, are turned
off.
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Figure 4.2.9: Simulated waveforms of the single-phase ARCPI circuit showing the

load current 7j4,q, the resonant inductor current ir,, the voltages across the top and
the bottom switches Vi1, Voo showing State 6 with respect to PWM control signal
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4. Auxiliary Resonant Commutated Pole Inverter

4.3 Losses in ARCPI

The total losses in the ARCPI are calculated similarly compared to the ACRDCLI.
The total losses can be calculated as:

Piot -arcP1 = Prot—rs1 + 6Paus + 6FPc, + 3P, (4.3.1)

Pioi_nsr is the average value of total power losses in the six main switches,

Pz is the average value of total power losses in the auxiliary switches,
Pe, is the total losses in the resonant capacitors,
P, is the total losses in the resonant inductors.

As the ARCPI works under the same conditions as the HSI and the ACRDCLI.
The total power losses equations for the six main switches can be found in Section
2.3 and Section 5.2.3. The additional loss equations due to the auxiliary circuit are
explained in the following sections.

4.3.1 Auxiliary Switch losses

The auxiliary switches are used to change the load from the bottom main switch to
the top main switch and vice-versa to ensure minimum turn-on voltage. The auxil-
iary switches are turned on and off under Zero Current Switching (ZCS) conditions,
hence the switching losses are negligible. There are six auxiliary switches in the
ARCPI and the power losses consist of conduction losses in the MOSFET and the
diode. These losses are calculated with (2.3.7) and (2.3.9)

PAux = 6(PMOSFET—con + PDiode—con)- (432)

where:

PriosreT—cona 18 the average value of conduction losses in the auxiliary MOSFET,
Ppiode—cond is the average value of conduction losses in in the auxiliary diode.

4.3.2 ESR losses

In the ARCPI, the six resonant capacitors are connected in parallel to each of the
six main switches. Detailed ESR losses with capacitor equivalent circuit is explained
in Section 3.3.2. The ESR loss equation of this component can be calculated as

Pisr = 6Rcrits, yms- (4.3.3)

where:
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4. Auxiliary Resonant Commutated Pole Inverter

Re, is the ESR value of the resonant capacitor,
tor—rms 18 the rms current flowing through the six resonant capacitor,

4.3.3 Resonant Inductor losses

As explained in Section 3.3.3, the losses of the three resonant inductors in the ARCPI
are calculated by estimating the ESR value using quality factor Q and by finding
the rms current flowing through it. The total losses can be calculated as

Pr. = 3R0, 05, e (4.3.4)
where:
R;, is the ESR value of the resonant inductor,

tr—rms 1S the rms current flowing through the resonant inductor.
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Case setup

The HSI and the two soft switching inverters topologies the ACRDCLI, the ARCPI
are designed in PLECS and analysed in Matlab. Then each soft switching topology
will be compared with the HSI using a similar control method to understand the
difference in performance.

5.1 Machine Setup

To perform a fair comparison between the results of each topology, the same three-
phase RLE equivalent circuit of a non-salient PMSM is applied for each simulated
topology, as explained in Section 2.1. To simplify the simulation process and to
analyse the performance of the motor at high load currents, Rs, L4, Lq and 9y, of
the motor are selected based on a fixed operating point in the FEM data of the used
machine. In this project, Lg is considered a constant value and it is estimated as

_Ld—l—Lq
_72 )

The machine parameters based on a fixed operating point i; = 0 A, i, = 550 A,
2, = 3000 RPM and T, = 65 °C and the parameters are listed in Table 5.1.1.

Ls (5.1.1)

Table 5.1.1: Machine parameters used in each simulated topologies

Description Symbol Value
Phase resistance R, [Q] 0.1394
Phase inductance Ly [mH] 0.1683
Magnet flux linkage U, [Wb] 0.0904
Nmuber of pole pairs np 4
Mechanical rotor speed Q, [RPM] 3000
Electrical rotor speed w, [rad/s] 314.15
Machine initial temperature T [°C] 65
Reference q current iq [A] 550
Reference d current iq [A] 0

5.2 HSI Setup

Figure 5.2.1 and Figure 5.2.2 show the overview of the HSI with the SVPWM control
and the hysteresis current control. They use two different methods to control the
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5. Case setup

load current and later will be compared with the ARCPI and the ACRDCLI using
the same control method respectively.

oe(F)

VDC Vref Reference €p ,
— SVPWM Calculation [f==============----=- !
€a
4 4 4
TR
ld 1q W

Figure 5.2.1: Overview of the three-phase HSI with the SVPWM control showing
the SVPWM block and the reference calculation block.
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Figure 5.2.2: Overview of the three-phase HSI with the hysteresis current control
showing the triggered subsystem block and the reference calculation block.
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5. Case setup

5.2.1 Reference Calculation

The reference calculation block in Figure 5.2.1 provides the reference phase voltage
signals and the reference back Electromotive force (EMF) signals. The reference
phase voltage V,.; needs to be obtained for the SVPWM, and the reference phase
voltage in dq coordinates can be calculated as

Vier = (ia + jig) (Rs + jLsw;) + jw, ¥y, (5.2.1)

Later Park to Clarke Angle Transformation converts V¢ from dq coordinates to a3
coordinates for SVPWM. In the project, it is assumed that the back EMF is only in
the q direction. So jw,¥,, in (5.2.1) is the reference back EMF in dq coordinates.
Inverse Park Transformation will be used to convert the back EMF signal from dq
coordinates to abc coordinates. The three phase back EMF signals will be used on
the controlled voltage source in EMF circuits to simulate the back EMF in a real
machine.

The reference calculation block in Figure 5.2.2 also provides the three phase reference
back EMF signals. In addition, Inverse Park Transformation converts the reference
current from dq coordinates to abc coordinates. The three phase reference currents
will be used for the hysteresis current control.

5.2.2 Triggered Subsystem

The triggered subsystem block in Figure 5.2.2 is triggered by a steady pulse signal
with the calculated average frequency of the ACRDCLI resonant circuit to perform
a fair comparison between the two topologies. The Relay block in Simulink is used
to perform the hysteresis current control as explained in Section 2.2.2. It determines
the switch state by the error of the actual load current and the reference load current.
If the error exceeds the higher threshold, the upper switch is off and the lower switch
is on in the next switching period to reduce the load current. If the error is lower
than the lower threshold, the next switch states would be the opposite. In this way,
the load current will be limited to within the band of the reference current. Each
phase has its own relay block to control the phase current.

5.2.3 Power Losses Calculation

The voltage blocking capability between the main and auxiliary switches for the
ACRDCLI are the same but the ARCPI needs half the voltage rating. The current
rating for the auxiliary switch in the ACRDCLI could be lower than the main
switches. Still, for the ARCPI the peak current is higher than through the main
switches, but since the time to conduct current is low the RMS value should be lower
than in the auxiliary switch, so the current rating could maybe be lower also for
the ARCPI. To ease the simulation in this project, only one Silicon Carbide (SiC)
MOSFET model is used for the switches. The main inverter losses come from the
switching losses and the conduction losses in the MOSFETs. In PLECS, switching
devices such as MOSFETs and diodes are considered ideal, i.e. they have no voltage
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5. Case setup

drop when the devices are conducting. However, the energy losses or the voltage
drop can still be obtained by the datasheet through interpolating in look-up tables.
Figure 5.2.3 shows the MOSFET turn-on and turn-off switching losses profile used in
PLECS for the simulations. When the MOSFET turns on or off, the instantaneous
energy losses on the z-axis of the MOSFET can be obtained by interpolating current,
temperature, and voltage in the 3D look-up table. As explained in Section 2.3.1, the
turn-on and turn-off switching losses of MOSFETs during a switching period can be
calculated.

Legend:

25°

Legend:

—_ 25°
—_ 175°

—_— 175°

E [mJ] E [nJ]

850705

Vplok [V] Volock [V]

(a) Turn-on switching energies profile (b) Turn-off switching energies profile

Figure 5.2.3: MOSFET turn-on (left plot) and turn-off (right plot) switching
energies profile.

When the MOSFET is conducting, the MOSFET conduction losses profile which is
presented in Figure 5.2.4 will be used to calculate the MOSFET conduction losses.
Since the MOSFET in PLECS is an ideal component, an estimated voltage drop
on the y-axis provided by the datasheet can be obtained through the interpolation
of current and temperature. Later the conduction losses of MOSFETs during one
switching period can be calculated as explained in Section 2.3.2.
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Figure 5.2.4: MOSFET conduction losses profile

In addition to the losses in the MOSFETSs, the conduction losses of diodes will also
be taken into account. The principles are the same as the calculation of conduction
losses for MOSFETs. The diode conduction losses profile is shown in Figure 5.2.5.
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Figure 5.2.5: Diode conduction losses profile

5.3 ACRDCLI Setup

Figure 5.3.1 shows an overview of the three-phase ACRDCLI with the control sys-
tem. In addition to the circuit, the control system is designed to enable control of
the current and to maintain the proper operation.
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Figure 5.3.1: Overview of the three-phase ACRDCLI with hysteresis current con-
trol system showing different blocks for the zero crossing detection logic, state ma-
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chine, triggered subsystem and the reference calculation.

Table 5.3.1 shows the ACRDCLI circuit parameters and initial conditions of different
components used for the simulation. The resonant components and clamp capacitor

values were taken from [35], but re-scaled to reach high power requirements.

Table 5.3.1: ACRDCLI circuit parameters and the initial settings

Description Symbol Value
Clamp capacitor Cc [mF] 2.860
Resonant capacitor Cr [uF] 0.46
Resonant inductor Lr [uH] 10
ESR on clamp capacitor Rce [mQ] 0.1
ESR on resonant capacitor Re, [mQ)] 10
ESR on resonant inductor Ry, [mQ] 10
DC link voltage Vbe [V] 700
Initial voltage of clamp capacitor Vee—init [V] 500
Initial voltage of resonant capacitor Vor—init [V] 0
Initial current of resonant inductor Iy —init [A] 350
Initial current of phase A load inductor Ga—init [A] 2
Initial current of phase B load inductor ip—init [A] 472.3
Initial current of phase C load inductor Ge—init [A] -474.3
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5.3.1 Reference resonant inductor current calculation

For the reference calculation block in Figure 5.3.1, the reference back EMF and the
reference load current are calculated in Section 5.2.1. Besides, the reference resonant
inductor current will be estimated to generate a proper reference current signal to
the resonant inductor to eliminate inductor overcharged which becomes

it =iy 4 I (min). (5.3.1)

The estimated sum of three-phase load current 7, can be calculated as

Iy = 1051 + 1S5 + 1S5 (5.3.2)

where:

Taylpsle are the phase currents in phase a, b, and ¢
51,593,585  are the switching states (0 or 1) of the upper switch of phase leg a, b, and c.

If i, is negative, the inductor current reference would be 0 since the inductor doesn’t
need to be charged if the sum of the three-phase load current is negative. If 7, is
higher than or equal to 0, the output would be the sum of i, and the initial inductor
current as the reference inductor current to ensure the inductor can be boosted
properly during each period.

5.3.2 Triggered subsystem

The triggered subsystem block for ACRDCLI in Figure 5.3.1 is triggered by the
falling signal of resonant voltage Ve, and used for current control. It uses the
hysteresis current control to maintain proper currents as explained in Section 5.2.2.
However, for the first operating mode of ACRDCLI, all six main switches should be
on to maintain the proper operating condition. Therefore, the output signals need
to be processed by the state machine before they can be applied to switches.

5.3.3 State Machine

The zero crossing detection block in Figure 5.3.1 detects the pre-conditions of the
next operating state of the ACRDCLI as explained in four modes of operation in
Section 3.2. When the simulation starts, the state machine starts at State 1. If the
pre-condition for the next state is fulfilled, the state machine would proceed to the
next state. The same principle is used for the rest of the states in the state machine.
During the transition between State 4 and State 1, the state machine overwrites
the phase leg switch signal of the previous switching period with the new switch
signal of the triggered subsystem to control the load current. The progression and
cycling between states allow for current control and energy balancing of the resonant
components. The flow chart of the ACRDCLIs state machine is shown in Figure
5.3.2.
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Figure 5.3.2: Flow chart for the ACRDCLI with pre-conditions showing state 1
to state 4.

Table 5.3.2 shows the switching combination table for the six main switches. Switch
state 0 means that the upper switch of the phase leg is off and the lower switch is
on. Switch state is 1 means that the upper switch of the phase leg is on and the
lower switch is off. When the state x is 0%, it represents a special case that all six
main switches are turned on, which is used during State 1 in Figure 5.3.2. It is
the hysteresis function in the triggered subsystem block that decides which switch
state that should be used in States 2, 3, and 4 to keep the phase currents within the
hysteresis band. The phase currents are sampled in the transition between State
4 to State 1 and based on these currents the switch state that is going to be used
when the transition to State 2, 3, and 4 happens is determined. From the sampled
currents also the reference for the L, inductor current is calculated with (5.3.1).

Table 5.3.2: Switching combination table for the six main switches of the ACRD-
CLI

X Sl S3 S5
1 0 0 0
2 0 0 1
3 0 1 0
4 0 1 1
) 1 0 0
6 1 0 1
7 1 1 0
0* 1 1 1
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5.3.4 Average Frequency Calculation
In the ACRDCLI, the time to charge the resonant inductor of each period is different

due to different reference resonant inductor currents which will result in a different
switching frequency for each period. An average switching frequency f, within one
fundamental period is needed when compared with other topologies and it can be
calculated as

fsw = (533)

S =

where:

fsw is the resonant circuit average switching frequency,
T, is the simulation time,
N is the number of cycles completed by the resonant circuit of the ACRDCLI during 7,

5.4 ARCPI Setup

Figure 5.4.1 shows an overview of the three-phase ARCPI with the control system.
ARCPIs control system includes the zero crossing block, the state machine, the
SVPWM block, and the reference calculation block. They are used to control the
load current and maintain the energy balance in the resonant components.
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Figure 5.4.1: Overview of the three-phase ARCPI with the hysteresis current
control system showing different blocks for the zero crossing detection logic, the
state machine, the SVPWM, and the reference calculation
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The ARCPI resonant component parameters used in this project are taken from
Pre-Switch Inc [36] and the parameters are listed in Table 5.4.1.

Table 5.4.1: ARCPI circuit parameters and the initial settings

Description Symbol Value
Resonant capacitor Cry [nF] 1
Resonant inductor L,, [nH] 360
ESR on resonant capacitor Reye (m€)] 60
ESR on resonant inductor Ry, [mQ)] 10
DC link voltage Vbe [V] 700
Initial voltage of resonant capacitor 1 Vori—init [V] 700
Initial voltage of resonant capacitor 2 Vero—init [V] 0
Initial voltage of resonant capacitor 3 Vers—init [V] 700
Initial voltage of resonant capacitor 4 Vora—init [V] 0
Initial voltage of resonant capacitor 5 Vors—init [V] 0
Initial voltage of resonant capacitor 6 Veré—init [ V] 700
Initial current of resonant inductor Ipre—init [A] 0
Initial current of phase A load inductor Ga—init [A] 2
Initial current of phase B load inductor Tp—init [A] 472.3
Initial current of phase C load inductor Ge—init [A] -474.3

5.4.1 Reference Calculation

In the reference calculation block in Figure 5.4.1, the reference back EMF and
the reference phase voltage in af8 coordinates are calculated as Section 5.2.1. The
SVPWM block in Figure 5.4.1 uses the reference phase voltage in af coordinates
and Vpe to generate the PWM signals as explained in Section 2.2.1.

5.4.2 State Machine

Figure 5.4.2 shows the flow chart of the ARCPIs state machine block used by the
phase leg for phase a in the three-phase ARCPI . The red rising symbol represents
the rising edge of the PWM signal, the green falling symbol represents the falling
edge of the PWM signal. The other two phase legs, use the same state machine
but separately. Therefore the control system for each phase leg is independent
and they receive the PWM signals for their phase leg. The zero crossing detection
block in Figure 5.4.1 detects the pre-conditions of the next operating state similar to
ACRDCLI. The state machine for one phase leg will be explained and the flow chart
is the same for the other two phases. The load current in Figure 5.4.2 represents
the phase current, in this case 4,00 = 4.
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Figure 5.4.2: Flow chart for the phase leg for phase a in the three-phase ARCPI.
The load current represents the phase current, in this case ij,4q = 4

When the load current is positive, the state machine will stay in the circulation of
positive load current cases which are shown as the states in the green box in Figure
5.4.2, and the working principles are explained in Section 4.2.1. When the load cur-
rent is negative, the state machine will stay in the circulation of the negative case,
which is shown as the states in the blue box. The preconditions of the negative
cases are different from those of the positive cases which are shown in the conditions
between negative states in Figure 5.4.2.

However, an extreme case has also been considered. When the load current varies
from positive to negative or from negative to positive, the current will be zero or
very small for a very short time. Assume it is a positive case and the state machine
is at State 6, V2 needs to be discharged to 0 V to fulfill the precondition of State
1 to continue. If Vi,9 can not be discharged before the rise PWM signal of the next
period, the state machine would stop working due to it always stays at State 6. To
prevent this, when the state machine is at State 5 with the load current lower than
the threshold (i;;,,) and higher than 0, it would directly transit to State 1 using hard
switching. On the other hand, when the state machine is at State 1 with the load
current higher than the threshold (—i;;,) and lower than 0, it would directly transit
to State 5 using hard switching.

Table 5.4.2 shows the switching combination table for the ten states of the phase leg
for phase a in the three-phase ARCPI where 0 represents that the switch is turned
off and 1 represents that the switch is turned on.
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5. Case setup

Table 5.4.2: Switching combination table for the ten states of the phase leg for
phase a in the three-phase ARCPI.

State A1 A2 Sl S2
1 0 0 0 1
2 0 1 0 1
3 0 1 0 0
4 0 1 1 0
5 0 0 1 0
6 0 0 0 0
7 1 0 1 0
8 1 0 0 0
9 1 0 0 1

10 0 0 0 0
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Results and Discussions

In this chapter, the simulation results from the HSI, ACRDCLI, and ARCPI with
two different control methods will be presented and discussed based on the explana-
tion from the previous chapter. Losses in different components are calculated and
a comparison table of the losses will be shown for the different converters. Finally,
the performance of the ARCPI was evaluated for operation at different frequencies
and reference q currents, with the reference d current set to 0 A.

6.1 HSI

Before calculating the average power losses of the MOSFETS, it would be advan-
tageous to understand the switching behaviour of the HSI. Figure 6.1.1 shows the
waveforms of voltage across and current flowing through the top switch S; in phase
leg a, the switching energies and the conduction losses for one electrical period. The
top plot shows the voltage across and current flowing through top MOSFET S in
phase leg a. In this case, the RMS value of the output phase current is 384 A and
the PWM switching frequency is fs, = 33 kHz. The most interesting aspect from
the plots are that it can observed that between t = 4 ms to 7 ms the top switch is
off and in between t = 14 ms to 17 ms the switch is in constant conduction mode.
This is connected to the SVPWM control technique which can be seen in Figure
2.2.2, to generate the required average voltage in secor I, phase a is always on which
means phase a is always off in IV. Similarly, phase b is on in sector III and off in VI
whereas in sector II phase c is off and phase ¢ is on in sector V. Due to this switching
pattern, the other two phases are switching to generate the average reference voltage
during this periods. This is done to minimize the switching instants.

The middle and bottom plot illustrates the instantaneous values of turn on and off
switching energies accroding to (2.3.2) of the MOSFET and the conduction losses of
the MOSFET and diode calculated with (2.3.6) and (2.3.8). There are no switching
losses between t = 0 to 10 ms, during this time it is the bottom switch that has
the switching losses. Also, the conduction losses occurs due to current conduction,
between 14 to 17 ms there is a ripple this is because the other two phases are
switching in the HSI. By taking the average of these over a switching period and
summing them together the total average power losses for the six MOSFETS and
the diodes can be calculated with (3.3.2) to 2.69 kW in this case.
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Figure 6.1.1: Simulated waveforms of HSI with SVPWM showing voltage and
current (top plot), switching energies (middle plot) and conduction losses (bottom
plot) of the one of the MOSFETs in phase leg a. The PWM switching frequency
fsw = 33 kHz.

Figure 6.1.2 illustrates the zoomed-in waveform of the above Figure 6.1.1 showing
the switching instants during the turn on and off of the top switch S; in phase leg a.
At the intersection of the voltage and current there is a high switching losses due to
hard switching. Theoretically, the switching frequency may be decreased, but the
signal’s harmonic distortion would increase. From the waveform it is apparent that
the turn-on switching energies are lower than the turn-off. This could be compared
with the switching energies profile in the Figure 5.2.3, where the turn-off energies
profile is higher than the turn-on. The observed increase in the current could be
attributed to more turn-off energies. It can be seen in the bottom plot that increase
in the current increases the conduction losses.
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Figure 6.1.2: Zoomed-in plot showing voltage and current (top plot), switching
energies (middle plot), and conduction losses (bottom plot) of the one of the MOS-
FETs in phase leg a. The PWM switching frequency fs, = 33 kHz.

6.2 ACRDCLI

Figure 6.2.1 shows the simulated waveform of the resonant DC link voltage Vi, for
the same operation condition as for the HSI in Figure 6.1.1, but the results are
zoomed in to only show the first 0.4 ms. The input DC link voltage is 700 V and
the initial voltage of the clamp capacitor is 500 V, this provides a clamping voltage

of 1200 V.
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Figure 6.2.1: Resonant DC link voltage V¢, waveform for the three-phase ACRD-
CLI with a total clamping voltage of 1200 V.

The resonant circuit are also analysed as shown in Figure 6.2.2. The current i,
is calculated with (5.3.1) and ir, can follow the reference current according to the
precondition of the state machine. It can be seen that when the current i, increases
the current 71, increases.
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Figure 6.2.2: Simulated plots of three-phase ACRDCLI showing current flowing
through the resonant inductor i, (blue plot), inverter DC link current i, (red plot)
and the reference inductor current if . (yellow plot)
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In Figure 6.2.3 top plot shows the voltage across clamp capacitor V. and the bot-
tom plot is the current flowing though the clamp circuit ¢c. for the three-phase
ACRDCLI.
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Figure 6.2.3: Voltage across the clamp capacitor Cc (top plot) and the current
flowing through the clamp circuit (bottom plot). The initial voltage of the clamp
capacitor is 500 V.
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Figure 6.2.4 shows the zoomed in plot of above figure where the switch S, is turned
on and off. It can be observed at t = 0.67 ms, the clamp diode D, is conducting and
the current ic. is negative. The switch S, is turned on under the clamp capacitor C,
charge balance i.e, the amount of charge equals to the net charge out. The control
manner of the switch S, is dependant on the clamping voltage and the current
flowing through the clamp capacitor ic..
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Figure 6.2.4: Zoomed in plot showing the voltage across the clamp capacitor C'c
(top plot) and the current flowing through the clamp circuit (bottom plot).
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6.3 ARCPI

In this section simulation results for three-phase ARCPI will be studied in detail.
The input DC link voltage Vpc = 700 V and the PWM switching frequency f, =
45 kHz in this case. Figure 6.3.1 shows the voltage across the resonant capacitors
C,3, C,4 and the resonant inductor current 7;,, when the phase current is positive.
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Figure 6.3.1: Simulated phase b waveforms for the three-phase ARCPI when the
load current is positive. The voltage across the resonant capacitors (top plot) which
are connected parallel to the top and bottom switches and the current is through
the auxiliary circuit (bottom plot). The input DC link voltage is 700 V and the
PWM switching frequency is 45 kHz.
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Figure 6.3.2 shows the zoomed-in waveform of turn on and off of the main switches
S3, S4. At t = 0.375 ms the auxiliary switch Ay is triggered by the PWM signal . At
this time the resonant inductor current i, starts increasing. When iy,1, exceeds the
load current, then bottom switch Sy is turned off at t = 0.378 ms and the voltage
Viers reaches DC link voltage of 700 V. When the voltage V(.3 reaches zero, top
switch Sz is turned on and ZVS is achieved to minimise the switching losses. It can
be seen from the plots that the circuit fulfills the six operating states as explained
in Section 4.2.
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Figure 6.3.2: Zoomed-in simulated phase b waveforms showing turn on and off
instants for the three-phase ARCPI when the load current is positive. The voltage
across the resonant capacitors (top plot) is connected to the top and bottom switches
and the current is through the auxiliary circuit (bottom plot). The input DC link
voltage is 700 V and the PWM switching frequency is 45 kHz.
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Figure 6.3.3 illustrates the simulated waveform showing the voltage across the reso-
nant capacitors V.5 and Vg, resonant inductor current ir,. when the load current
is negative. Initially, Ve is 700 V and the current i1,. is zero. The commutation
from the main switches S5 to Sg with negative load current is successfully achieved
by auxiliary switch As.
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Figure 6.3.3: Simulated phase ¢ waveform for the three-phase ARCPI when the
load current is negative. The voltage across the resonant capacitors (top plot) which
are connected parallel to the top and bottom switches and the current is through
the auxiliary circuit (bottom plot). The input DC link voltage is 700 V and the
PWM switching frequency is 45 kHz.
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Figure 6.3.4 shows the zoomed-in waveform for the negative load current case for
the turn on and off instants for the main switches, S5, Sg . Initially, the switch S
is conducting and the auxiliary switch Aj is not triggered. When the switch Aj is
triggered by PWM signal, it is turned on to start the resonant operation. At t =
0.484 ms, the switch Ss is turned off when the current i, reaches the load current.
It can be observed that the voltage Vi, decreases to zero before the current iy,
drops to zero level.
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Figure 6.3.4: Zoomed-in simulated phase ¢ waveforms showing turn on and off
instants for the three-phase ARCPI when the load current is negative. The voltage
across the resonant capacitors (top plot) is connected to the top and bottom switches
and the current is through the auxiliary circuit (bottom plot). The input DC link
voltage is 700 V and the PWM switching frequency is 45 kHz.
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6. Results and Discussions

Figure 6.3.

5 shows the three-phase output currents and the currents flowing through

the auxiliary circuits. The resonant inductor currents follow the output phase cur-
rent. The output power is 84.26 kW and the fundamental frequency f; is 50 Hz.
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Top plot shows the three-phase output current and the bottom plot
resonant current inductor currents flowing through the auxiliary circuit.
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Zero crossing transition when the output current changes from negative to positive
can be seen in Figure 6.3.6. As explained in Section 5.4.2; this is achieved using
hard switching. At ¢t = 9.8 ms, small distortion is visible and the ARCPI can switch
successfully.
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Figure 6.3.6: Zoomed-in plot of phase A output current (top plot) and resonant
inductor current (bottom plot). Zero crossing can be seen when the current changes

from negative to positive.
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Figure 6.3.7 shows the simulated waveforms of voltage across the top switch in the
three-phase ARCPI, the current flowing through it , the switching energies and the
conduction losses to understand the switching behaviour.
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Figure 6.3.7: Simulated waveforms of ARCPI showing voltage and current (top
plot), switching energies (middle plot), and conduction losses (bottom plot) of one
of the MOSFETs in phase leg A. The PWM switching frequency fs,= 33 kHz.

Figure 6.3.8 shows the zommed-in waveform of turn on and off instant of the main
switch S;. In the simulation result, the current flowing through the top main switch
starts rising when the voltage decreases to zero during turn on instant which can be
observed at t = 13.21 ms. The main switches are turned on at ZVS. There are no
turn-on switching losses however main switches has reduced turn-off losses. This is
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due to the switch is not turned off exactly at zero voltage, the current falls to zero
when there is a small voltage. The average switching losses during one electrical
period for the six switches are calculated with (2.3.2) to be 0.02 kW and the total
average conduction losses for the six main switches and the diodes according to
(2.3.7) and (2.3.9) is 1.7 kW.
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Figure 6.3.8: Zoomed-in plot showing voltage and current (top plot), switching
energies (middle plot), and conduction losses (bottom plot) of the one of the MOS-
FETs in phase leg A. The PWM switching frequency f, = 33 kHz.

The Auxiliary switches in the three-phase ARCPI turn on-off under Zero Current
Switching (ZCS) conditions. Hence there are only conduction losses in the auxiliary
switches. The voltage across the the auxiliary switch A; and current flowing through,
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switching energies and the conduction losses is shown in Figure 6.3.9. It can be seen
that half of the DC link voltage 350 V is applied to the auxiliary switch. The rating
of the auxiliary switch could be selected for the half of the DC link voltage.
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auxiliary circuit.
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Figure 6.3.10 shows the zoomed-in plot, where the auxiliary switch is turned at

near to zero of the resonant inductor current. The resonant inductor current fows

through the auxiliary circuit. Since the auxiliary circuit is conducting for a short
duration, the total average losses for the six auxiliary switches calculated with (4.3.2)

is only 0.09 kW.
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Figure 6.3.10: Zoomed-in plot showing voltage and current (top plot), switching
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6.4 Comparison of ACRDCLI, ARCPI with HSI

In this section two soft switching topologies the ACRDCLI, the ARCPI will be
compared with the HSI. As can be seen in Table 6.4.1 the total power losses and the
harmonics are evaluated with constant reference current i, = 550 A. In ACRDCLI
the average resonant frequency (5.3.4) of the resonant circuit is 33 kHz. To compare
at the same conditions, The switching frequency fs, of the SVPWM is set to 33 kHz
in the ARCPI and the HSI

Table 6.4.1: Average total power losses, efficiency, and the THD of all topologies

at 33 kHz switching frequency.

Description Symbol |HSI-hysteresis| ACRDCLI | HSI-SVPWM | ARCPI
Switching frequency fsw [kHz] 33 33 33* 33
Conduction losses P.,, [kW] 1.46 14 1.47 1.7
Switching losses Py [kKW] 1.9 0.05 1.22 0.02
Auxiliary switch losses | Pay, kW] - 0.2 - 0.09
ESR losses Prsr [kW] - 0.15 - 0.001
Resonant inductor losse| Pr, kW] - 1 - 0.388
Total losses Pt [kW] 3.36 2.80 2.69 2.19
Output power P, kW] 84.48 84.00 84.28 84.26
Efficiency n [%)] 96.17 96.77 96.90 97.46
THD %] 2.83 6.41 0.85 0.42

The calculated conduction losses according to Section 2.3.2 for the six main switches
and the six diodes are similar in the HSI and the ACRDCLI due to constant current
flowing through the main switches. However, it can seen that for the ARCPI the
conduction losses are 1.7 kW which are 15% slightly higher than the other topologies.
This was due to more losses in the diodes of ARCPI compared to other topologies.
The HSI with hysteresis current control method gives more switching losses (2.3.1)
of 1.9 kW. This is due that when the actual current reached the hysteresis band, the
controller still waits for the next switching period. So, the current will go higher
than the hysteresis band which gives more switching losses with the same switching
frequency with hysteresis current control in the HSI.

As expected the switching losses with soft switching are substantially lower which
is about a 98 % reduction compared to HSI. The total additional component losses
(3.3) for ACRDCLI is 1.35 kW which is about 45 % of the total power losses whereas
for the ARCPI the losses (4.3) are relatively lower.
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What is interesting about the data in this table is that the total losses of soft
switching topologies are lower than that of the HSI with the same control method
and with similar output power. Compared to HSI, the reduction of total power losses
of the soft switching topologies is about 18 %. ACRDCLI causes higher THD (2.5) on
the output current compared to HSI and ARCPIL. It is apparent from this table that
ACRDCLI has higher resonant circuit losses and worse load current THD. To analyse
the performance of ACRDCLI with different switching frequencies, redesigning the
resonant circuit is needed. This increases the complexity of the circuit as well as
the uncertainty. The above factors have led to the abandonment of ACRDCLI, and
further analysis will focus on the performance of the ARCPL.
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6.5 ARCPI performance

The performance of the ARCPI is evaluated with different current operating points
or different frequency operating points and compared with the HSI.

The left plot in the Figure 6.5.1 shows the average power losses operating at different
current conditions with constant switching frequency of 33 kHz. It can be observed
that with the increasing ¢y, the average total power losses of the both topologies are
increasing. The average total power losses of ARCPI are lower than that of HSI in
all current operating points ranging from 100 to 550 A. The losses difference gets
higher with increasing i,. The average total power losses of the ARCPI and the HSI
with the current i, = 550 A are 2.19 kW and 2.69 kW respectively.

The right plot in the Figure 6.5.1 shows the average total power losses of the ARCPI
and the HSI with different PWM switching frequencies and the reference current i,
= 550 A. The average total power losses of both topologies get greater with increas-
ing switching frequency, the slope is steeper for HSI. Also, the total losses of HSI are
higher than that of ARCPI in all frequency operating points, the losses difference
has become even greater with increasing switching frequency. The deviation trend
is more significant compared to that of different current operating points. For the
highest switching frequency 80 kHz, the average total power losses of ARCPI and
HSI are 2.96 kW and 4.6 kW respectively. So the switching frequency is the more
influential factor for losses for both topologies compared to the current.
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Figure 6.5.1: The average total power losses of the ARCPI and the HSI during one
electrical period with different current operating points and switching frequencies.
The left plot shows the Total power losses vs the current 7, ranging from 100 A to
550 A with the PWM switching frequency of 33 kHz. The right plot shows the total
power losses vs switching frequencies from 25 kHz to 80 kHz with the current i, =

550 A
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6. Results and Discussions

Figure 6.5.2 shows the switching losses of the ARCPI and the HSI over one switching
period with different reference current and switching frequency operating points.
What can be seen in the left plot is the average switching losses of HSI is relatively
high and increase significantly with higher reference ¢, and the switching frequency
in this case is 33 kHz.. However, the ARCPI average switching losses are low which
is 0.85 W for 100 A and 18.6 W for 550 A. Data in the right plot can be compared
with the data in the left plot which shows that the switching losses of the ARCPI
are still small with the increasing frequency which is from 17.46 W to 55 W. For the
HSI, the switching losses are high and its deviation with different frequencies is even
more significant than that of the different currents. This result may be explained
by the fact that increasing switching frequency leads to more switching in the same
amount of time, which results in higher switching losses.
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Figure 6.5.2: The average MOSFET switching losses of ARCPI and HSI during
one electrical period. (Left plot) shows the switching losses with different current
operating points and (Right plot) shows the total switching losses with different
switching frequencies.
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6. Results and Discussions

The left plot in Figure 6.5.3 shows the distribution of the power losses of HSI dur-
ing one electrical period with different switching frequency operating points. The
HSI conduction losses maintain an approximately stable value as the switching fre-
quency increases due to contant current. For the switching losses, it increases with
the frequency and the value would be higher than the conduction losses at frequen-
cies above approximately 41 kHz. When the switching frequency is less than this
frequency, the switching losses would be lower than the conduction losses. Therefore
the switching losses of HSI would be more dominant at high switching frequencies.

The power losses distribution of ARCPI is also analysed which is presented in the
right plot of the Figure 6.5.3. The labels from top to bottom are the switching losses,
the conduction losses, the auxiliary switch losses, the ESR losses, and the resonant
inductor losses respectively. As the switching frequency increases, the conduction
losses remain the most dominant losses component with an average value of 1.7
kW. The resonant inductor losses and the auxiliary switch losses will increase with
the increasing switching frequency and the trend is approximately linear. In the
simulation, the quality factor for the resonant inductor is 200. As the frequency
increases, the value of the RMS current increases, and thus the resonant inductor
losses also increase. For the ESR losses and the switching losses, the switching
frequency has little effect on them, and at 80 kHz frequency, they are 1.3 W and 55
W respectively. What is surprising is that the inductor losses could be an issue at
high switching frequencies, but it could probably be improved by better inductance
parameters.
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Figure 6.5.3: Simulated results showing the distribution of the power losses of
HSI during one electrical period with different switching frequency operating points
where the reference ¢, = 550 A.
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6. Results and Discussions

As explained in Section 4.3.3 the ESR value for the resonant inductor is calculated
using the Quality factor Q. The resonant inductor losses of ARCPI during one
electrical period with different switching frequencies and the quality factor are also
analysed which is presented in Figure 6.5.4. It can be seen from the figure that lower
losses for greater Q due to low ESR value.
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Figure 6.5.4: The resonant inductor losses of ARCPI during one electrical period
with different switching frequency operating points and quality factor where the
reference current 7, = 550 A.
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6. Results and Discussions

Figure 6.5.5 shows the average load current THD of ARCPI and HSI during three
electrical periods with 7, = 550 A and different switching frequencies ranging from
25 kHz to 80 kHz. At each operating point, ARCPI has a lower THD than HSI since
there is no dead time in the ARCPI which results in lower current distortion. With
increasing switching frequencies, the switching periods are smaller so the THD for
both topologies is decreasing and the difference gets smaller. THD for HSI is in the
range of 1.09 % to 0.366 % whereas for ARCPI THD value is between 0.5417 % to
0.286 %.
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Figure 6.5.5: The average load current THD of ARCPI and HSI during three
electrical periods with 7, = 550 A and different switching frequency operating points.
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6. Results and Discussions

The efficiency of the inverter at high swithcing frequency is analyzed in Figure 6.5.6.
The input DC link voltage of 700 V is applied and the output power is 84.26 kW.
As the total power losses increases by increasing switching frequency, the efficiency
of the inverter decreases. The maximum efficiency of the ARCPI is 97.57 % at fuy
= 25 kHz. At high switching frequency there is a efficiency improvement of 1.5 -
1.71 % with ARCPI compared to HSI.
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Figure 6.5.6: Efficiency of ARCPI and HSI during one electrical period with ¢, =
550 A and different switching frequency operating points.
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6. Results and Discussions

6.6 Component number comparison

In addition to performance, circuit complexity was also analysed by comparing the
number of circuit components in the simulation. HSI, ACRDCLI and ARCPI have
6 main switches, but different circuits results in different auxiliary component num-
bers. There is no extra component needed for HSI in this project since it uses hard
switching. ACRDCLI has a resonant circuit and a clamp circuit so it requires 4
extra components to operate soft switching. For ARCPI, three auxiliary circuits
and 6 resonant capacitors are needed for zero voltage switching so there are 15 extra
components. Table 6.6.1 shows the component number for three topologies.

Table 6.6.1: Circuit component number for three topologies

Number of components

ACRDCLI

ARCPI

Main switches

Auxiliary switches

Resonant capacitor

Resonant inductor

W[ | D

Clamp capacitor

= = =] =] o
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Conclusion and Future work

This project was undertaken to simulate two soft switching inverters and evaluate
their losses and harmonics compared to HSI for an EV application. The same op-
erating conditions are applied to all topologies and different control methods were
implemented for ACRDCLI and ARCPI. However, a fair comparison is still made
to see their performance.

At 33 kHz switching frequency the results of the simulation show that both soft
switching topologies have an 18 % reduction of the total power losses compared to
HSI. The switching losses in the main switches with soft switching topologies are
substantially lower which is about a 98 % reduction compared to HSI. What is sur-
prising is that at the same output power the conduction losses for ARCPI are 15 %
higher compared to ACRDCLI and HSI. It was noticed that this increase was due
to more losses in the diodes and considerably further work is needed to determine
these losses.

The loss equations for additional components were presented for ACRDCLI and
the ARCPI which includes the Auxiliary switch losses, ESR losses and the resonant
inductor losses. The dominant losses are the resonant inductor losses with the value
of 1 kW in the ACRDCLI whereas for the ARCPI the losses are 0.388 kW. However,
these losses could be improved with low ESR value. Future studies could be to
design the resonant inductor with better quality factor Q and to calculate the other
losses such as core losses, hysteresis, and eddy current losses.

The THD value of the motor current at 33 kHz for ACRDCLI is 6.41 % which is
higher compared to HSI with hysteresis control. To see the performance of ACRD-
CLI at high switching frequencies resonant circuit components need to be designed.
Further work could be done to carefully select the switching frequency to avoid
distortion in the motor current. In addition, an improved soft switching inverter
QRDCLI could be implemented with SVPWM technique for better performance.
At different switching frequencies ranging from 25 kHz to 80 kHz, THD for ARCPI
is between 0.5417 % to 0.286 % whereas for HSI the value is in the range of 1.09 %
to 0.366 % . There is a significant reduction of harmonics with ARCPI compared
to ACRDCLI.

By comparing the number of components ARCPI requires 15 additional compo-
nents whereas ACRDCLI has 4 extra components for soft switching. The major
disadvantage of soft switching inverters is control complexity and the many compo-
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7. Conclusion and Future work

nents.

Overall ARCPI becomes advantageous with a reduction of harmonics and an ef-
ficiency improvement of 1.71 % at higher switching frequencies compared to HSI.

Future work could be to see the effect of voltage balance on ARCPI by connect-
ing the auxiliary circuit to the mid-point of the DC link capacitor, which might
cause voltage imbalance. Another problem with soft switching is that simulation
takes a few hours to finish due to less sampling time. Due to this temperature
variation of the switches could not be analysed. To reduce the simulation run time
control can be implemented in PLECS instead of Matlab. Furthermore, many modi-
fied soft switching topologies have been proposed which could be worth investigating
to overcome these problems.
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