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SHIJIE ZHANG

PRANAV KATTA
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Abstract

The quest for increased energy efficiency for electrified vehicle propulsion systems
has led to the adoption of fast-switching Wide Band Gap (WBG) motor drives.
As research continues to focus on improving energy efficiency, the necessity arises
to construct entire model, conduct co-simulation and analyze the power losses for
these drive systems.

The proposed work in this thesis presents a comprehensive investigation into the
overall efficiency of an electric drive system, employed by variable switching fre-
quency for sinusoidal pulse-width modulation (SPWM) over selected operating con-
ditions. Utilizing ANSY'S software tools, a drive system model containing an interior
permanent magnet synchronous machine (IPMSM), a 3-phase inverter circuit, and
a control system are developed.

A preliminary study is carried out to compare the finite element analysis simulation
with numerical calculations of the fundamental losses in the IPMSM when subjected
to a sinusoidal power supply. The results illustrate the different control strategies
that can be implemented, with the maximum torque per ampere (MTPA) method
identified as ideal for the analysis.

The process is subsequently repeated where the power is supplied through an SPWM-
controlled 3-phase inverter operating under the same set of conditions. The inverter-
motor losses are obtained for different switching frequencies at each tested operating
point in the speed-torque envelope. The total energy efficiency of the inverter cir-
cuit and motor is determined for each operating point and corresponding switching
frequency. Finally, the analysis produces an optimal switching frequency map, iden-
tifying the most efficient configuration for the entire drive system.

Keywords: Electric Vehicle, FEM, PMSM, Power Inverter Circuit, PWM Control,
Switching Frequency, MTPA Control, Efficiency Map
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1

Introduction

The transportation sector is one of the major contributors to greenhouse gas emis-
sions, and the move towards electrification of vehicles is seen as a promising solution
to mitigate this problem. However, in the present day, improving the energy effi-
ciency of electric propulsion systems in battery electric vehicles (BEVs) remains a
significant challenge.

The key components of an electric drive include the electric machine, responsible
for transforming the electric energy into mechanical energy, and the power inverter
circuit, which converts direct current (DC) from the power electrical battery into
alternating current (AC) to power the electric machine.

1.1 Problem Background

The growing demand for various types of AC electric machines within the market
is primarily attributed to the exceptional performances of the permanent magnet
synchronous motors (PMSMs). This motor type is favored for its remarkable power
density, impressive torque-to-current ratio, and high energy efficiency[l]. More-
over, the WBG silicon carbide metal-oxide-semiconductor field-effect transistors
(SiC-MOSFETs) have substantially shown superior performance when compared
to the conventional insulated-gate bipolar transistor (IGBT) inverter systems|2].
Therefore, nowadays, the research efforts have increasingly concentrated on the in-
vestigation of WBG SiC-based inverter drive systems in the domain of BEVs.

However, the driving range of BEVs before requiring recharging and the limitations
imposed by the initial investment costs are gradually acting as main worries for
vehicle consumers. Enhancing the energy efficiency of the entire motor drive system
has the capacity to address these concerns, as it can result in reduced energy con-
sumption, thereby extending the vehicle’s range and lowering total expenses|3].

In the past years, various studies have been conducted to improve the energy effi-
ciency of SiC MOSFET-based motor drives. One example is the introduction of an
improved control strategy based on the flatness properties for PMSM-based EVs[4].
Additionally, the alterable current flux-weakening angle has been identified as a con-
tributing factor in ensuring efficiency enhancement[5]. However, these studies have
usually overlooked the impact of the switching frequency of inverters on the overall
system energy efficiency.



1. Introduction

1.2 Purpose and Contribution

By employing an IPMSM in combination with a WBG SiC-based inverter technol-
ogy, the objective of this thesis is to minimize the overall power losses across the
electric drive system, with a primary focus on the variable switching frequencies and
slew rates. This thesis also aims to achieve an optimal switching frequency scheme
through investigating various operating regions of the IPMSM.

Based on the finite element method (FEM), a detailed electric drive system is going
to be constructed and simulated to achieve comprehensive power losses data for the
IPMSM. Moreover, different current vector control strategies will be developed for
IPMSM and evaluated in terms of their feasibility and efficiency. Finally, the opti-
mal strategy will be identified and adopted for conducting the co-simulation process.

To meet sustainability targets, it is critical for reducing carbon emissions to im-
prove the energy efficiency of BEVs. By optimizing the drive system components,
a reduction in power losses and an enhancement in overall energy efficiency can
be observed. This advancement could increase the driving range, making BEVs
more practical and competitive in comparison with traditional internal combustion
engine vehicles. Additionally, this thesis has the potential to the advancement of
WBG Sic-based inverter technology, which could find broader applications beyond
electric vehicles.



2

Theoretical Background

This chapter outlines the overview of the essential theoretical background related
to the components of the electric powertrain system for BEVs. The discussion
contains the electric machine, the 3-phase inverter circuit, the control techniques
and the diverse power loss types within the entire drive system.

2.1 Electric Powertrain System

The basic arrangement of an electric powertrain consists of a drive system powered
by a rechargeable battery pack. The drive system includes an AC machine connected
to a power inverter circuit, responsible for converting DC power from the battery
into AC power, as shown in Fig.2.1. The research of this thesis is based on the
characteristics of the electric machine, the inverter circuit and the controller, all of
which will be comprehensively discussed in the following sections.

Inverter
(Converts DC to
AC power source)

/ Electric
\ Machine

=]
3]
-
]
b3
©
<]
c
3
&

U (Up|Ug icliplia

Control System =

Figure 2.1: Basic layout of an electric powertrain system in BEVs

2.2 Electric Machine

2.2.1 Basic Structure and Working Principle

In simple terms, an electric machine is a device that transforms electromagnetic en-
ergy into mechanical rotating motion[6]. The fundamental components of an electric

3



2. Theoretical Background

machine mainly include:

o Stator: As the name describes, the stator is the stationary part of the motor
that surrounds the rotor. It comprises a core created by stacking thin lamina-
tion sheets and houses a set of insulated wire windings arranged in a particular
pattern. These windings receive power from an external AC source, generating
a rotating magnetic field that interacts with the rotor.

o Rotor: The rotor is a rotating part of the motor responsible for driving an
external shaft load. Based on the rotor structure, an electric machine can be
classified as an induction machine or a permanent magnet machine.

o Shaft: The shaft serves as a link between the mechanical power produced by
the motor and the shaft load. It is constructed from high-strength materials
capable of withstanding the demands of high torque and speed applications.

A PMSM is an electric machine that applies permanent magnets (PMs) to establish
a consistent field within the rotor, which subsequently interacts with the revolv-
ing magnetic field produced by the stator and generating motion. In this type of
machine, the rotor is constructed using thin lamination sheets with high magnetic
permeability, and these sheets are arranged in various configurations alongside PMs.

The PMSM can be mainly categorized into surface-mounted PMSMs (SPMSMs)
and IPMSMs, as depicted in Fig.2.2. This thesis will entirely focus on the IPMSM,
a specific type where the rotor incorporates embedded PMs to achieve higher torque
density within the machine, brought about by the rise in its saliency[7]. The PMs
are positioned in a manner that directs the magnetic flux from the north pole to the
south pole, spanning through the stator. Moreover, the design and attributes of the
IPMSM makes it a highly promising selection for applications in vehicles.

(a) SPMSM (b) IPMSM

Figure 2.2: Structure of PMSM: SPMSM (left) and IPMSM (right)
In order to induce the rotating motion of the rotor, a rotating magnetic flux is

4



2. Theoretical Background

generated in the stator with a 3-phase AC current source. Through the interaction
of the magnetic fields of the stator and rotor, the rotor aligns itself with the stator’s
magnetic field. Therefore, the rotational speed of rotor matches the magnetic field
of stator, thus giving rise to the term "synchronous motor".

2.2.2 Transformation Form for Space Vectors

In electric machines, the electrical properties involve 3-phase alternating variables,
which can complicate the control of the machine. In order to simplify this process,
the transformation for space vectors can be introduced as follows

xq(t)
(1) (2.1)
z(t)
[xd(t) ] _ [ cos(f,) sin(6,) ] [ xa(? ] (2.2)

—sin(6,) cos(6,) xp(t

where z,, x;, and . represent the space vectors of electrical quantities in the 3-phase
coordinate system; z, and zg are recorded from the alpha-beta (af-) coordinate
system; x4 and z, are derived from the direct-quadrature (dg-) coordinate system:;
0, represents the transformation angle, which is based on that the rotor flux is
oriented in d- direction. Through the Clark transformation (2.1), a 3-phase quantity
can be transformed into 2-phase space vectors in a stationary system. Afterwards,
the 2-phase space vector can be further transformed into a rotating system by Park
transformation (2.2). These processes are clearly illustrated in Fig.2.3.

X
A B‘.‘
X \

Xp*™, aq)

>

coordinate system (stationary system) (rotating system)

A r

~v

t

I |
1 |
1 |
| |
I |
1 |
1 |
1 |
I |
| |
| |

- 1 |

£ 3 —phase | aff — coordinate system | dq — coordinate system

I |
1 |
1 |
1 |
I |
1 |
1 |
| |
I |
1 |
| |
1

Clark Transformation Park Transformation

Inverse Clark Transformation Inverse Park Transformation

Figure 2.3: Transformation from stationary to rotating frame
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The dg-coordinate system rotates at the same speed as the rotor speed, making it
stationary with respect to the rotor. In this system, the d-axis aligns with the rotor
flux direction, and resulting in x4 and x4, becoming two constant values within this
reference frame.

These transformations simplify the analysis of various electrical quantities associated
with PMSM. This study will apply an amplitude-invariant transformation with a
constant factor of K'=1, as defined in (2.1). The 3-phase quantities can also be
computed from the dg-frame by applying the inverse of (2.1) and (2.2).

2.2.3 Dynamic Model and Electrical Properties

In the dg- coordinate system, the dynamic model of an IPMSM can be represented as
a circuit equivalent model as displayed in Fig.2.4, which illustrates the distribution
of stator voltages across the windings and flux linkages during a transient state.

isd Rs wr Sqlsq
S
Usd
-—

isq Rs Lgq Wy Lsgisq

1
E

usq wrlpm

Figure 2.4: The dynamic model of IPMSM within dg-coordinate system

In this model, Ry is the stator phase winding resistance; Lsq and Ly, are stator
inductance in dg-frame; 1, is the magnetic flux linkage; i,4 and 4,4, are dg-stator
current; usq and ug, are dg-stator voltage; w, is the electrical speed of the rotor.

According to the dynamic model, the relationship between stator voltage and stator
current can be expressed as

dZ sd

Ugg = Rgisg + Lgg—— o — Wty (2.3)
di
Usq = Rsisq + Lsd% + wrwd (24)

where 14 and 1), are stator flux linkage in dg-frame, which can be expressed as
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¢d = Lsdisd + ¢m (25)

Vg = Lsgisq (2.6)
In the steady state, (2.3) and (2.4) can be rewritten as

Ugd = Rsisd - w’/‘quisq (27)

Usq = Rsisq + erst.sd + wr¢m (28)
For IPMSMs, the output electromagnetic torque[8] can be expressed as

3n . .
Te = TPM + TR = 7p(¢mlsq + (Lsd — qu>23dlsq) (29)

where n, is the pole pair number of the machine and 7T’pys represents the alignment
torque. Additionally, the reluctance torque Tx also emerges due to the inconsistent
reluctance between the d- and ¢-directions. This occurs because the magnetic flux
always prioritizes the path with the lowest magnetic resistance.

And from the mechanical dynamics perspective, the mechanical speed of rotor €2, is
described by the following differential equation

a2, 1 B
di = j <Te - TL — npwr> (210)

where T7, is the load torque applied on the shaft and B is the viscous damping
constant, which represents the slope of the speed-dependent load torque. Moreover,
J is the rotational inertia of the shaft.

The relationship between the electrical and mechanical speed of the rotor can be
expressed as

Wy = Np§2y (2.11)

The electromagnetic power generated by the electric machine at the shaft is given
by

P =T, =T.°" (2.12)
My
And the fundamental frequency of the electric machine is calculated as

NsNy

fel - 60

where n, represents the mechanical synchronous speed of the stator field, which is
same as the mechanical speed of rotor n,, can be expressed as

(2.13)

n, = @Qr (2.14)
T
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At the stator, the winding resistance per phase R, is calculated as

14 _Nturn'Q'T'nP'aa_'_lw)
Astrand Nstrand ' Nanrallel

R, = (2.15)

where p is the resistivity; Agrang i the cross-section area of a strand; ¢ is the number
of slots per pole per phase; r is the number of winding layers; N, is the number
of turns per coil; Ngtrang is the number of strands per turn; Npraie is the number of
parallel branches per phase; [, and [,, represent the active length and end winding
length per coil.

The end winding leakage inductance L,,, caused by the currents flowing through
the end windings[9], can be calculated as

N 2
LS,UJ = Qq ( furn > H’Olw)\w (216)

m Nparallel

where (), m and pug represent the number of coils, number of phases and vacuum
permeability, respectively. Additionally, the end winding length can be redefined as

{ lw = 2lew + Wew (217)

lw)\w - 2lew)\lew + Wew)\Wew
where [, and W,, signify the axial length and coil span of the end winding sep-

arately, as depicted in Fig.2.5. Furthermore, A\, and Ay, donate the associated
permeance factor, which closely related to the winding structure.

2
\.1

Figure 2.5: The arrangement of stator end windings

2.2.4 Power Losses and Energy Efficiency

In comparison to induction machines (IMs), PMSMs possess a rotor without current-
carrying windings, which leads to reduced resistive losses and higher electrical energy
efficiency[10]. When assessing the energy efficiency of a PMSM, the power losses
primarily arise from copper losses in the windings, losses in the PMs, and iron losses
in both the stator and rotor[11].
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2.2.4.1 Copper Losses

Copper losses, also known as resistive losses or ohmic losses, stem from the resistance
encountered by the current flowing through the conductor[12]. These losses lead to
the generation of heat[13], and can be calculated as

3. . 3.
P., = i(zgd + ziq)RS = §Z§RS (2.18)

where i, is the amplitude of the stator phase current.

2.2.4.2 Iron Losses

Based on Bertotti’s theory, the iron losses are primarily composed of hysteresis loss
Pse p, classical eddy current loss Py, . and excess loss Py, [14], which can be modeled
as

Pfe = Pf&h + Pfe,c + Pfe,e (219)

The hysteresis loss and classical eddy current loss occur in both the stator and
rotor lamination. Hysteresis loss arise due to the hysteresis behavior of electrical
lamination. Classical eddy current loss, on the other hand, arise from fluctuates in
flux linkage, inducing eddy currents within the core material[15]. Additionally, the
excess loss mainly result from the distortion of motor’s magnetic field[16].

The modified Steinmetz equations are used to describe Py, Pfe. and Py, ., which
can be expressed by|[17]

Pjep = knfB2, (2.20)
Py =kef*By, (2.21)
Ppee = kef"°B? (2.22)

where f and B,, represent the frequency and the amplitude of magnetic flux density
of the motor, and the parameter kj, k. and k. are coefficients of hysteresis loss,
classical eddy current loss and excess loss, respectively.

2.2.4.3 Losses in PMs

The eddy current loss induced in the PMs of synchronous AC machines have tradi-
tionally been ignored. This is because the harmonics in the current waveform and
space harmonics in the winding distribution are typically small[18].

However, driven by the objective of enhancing performance in areas such as higher
torque density and reduced torque ripple, the development of PMSMs towards frac-
tional wound machines introduces time and space harmonics in the stator current[19].
These harmonics, rotating at different speeds from the rotor magnets, induce signif-
icant eddy currents in the PMs and lead to losses. Furthermore, during high-speed



2. Theoretical Background

or high-frequency operation, the eddy current loss in the PMs can contribute to
increased temperatures, and pose a risk of irreversible demagnetization in the PMs
of the PMSM[20]. Therefore, it is crucial to pay attention to this loss type.

The eddy current loss in PMs can be calculated as[21]

1
Prage =~ [ e gzav (2.23)

where ¢ and V represents the conductivity and volume of PM material, respectively.
Je is the eddy current density in PMs and J is the complex conjugate of J,.

Although a study claims that significant hysteresis loss also exist in PMs[22]. While,
the measurement result from Juha et al.[23] suggests that hysteresis loss in carefully
designed machines play no important role in magnet materials when normally used
in rotating electrical machines. As a result, hysteresis loss in PMs can be safely
neglected in practice.

2.2.4.4 Energy Efficiency of PMSM

When neglecting stray losses and mechanical losses, the energy efficiency of a PMSM
can be calculated as

Pout Pe
= -100% =
e Pz % Pe+Pcu+Pfe+Pmag,e

- 100% (2.24)

where P, and P,,; define the input and output power of a PMSM.

2.2.5 Current Vector Control Strategies

The main objective of the current vector control strategies is to obtain the desired
reference torque by effectively controlling the stator current of the electric machine.
In this thesis, two different control strategies of PMSM will be introduced: tradi-
tional maximum torque per ampere (MTPA) control strategy and loss minimization
control strategy.

2.2.5.1 MTPA Control Strategy and Its Operating Range

The motor operation is constrained by two electrical limits, which includes stator
current and voltage[24]. The current limit is determined by the maximum current
magnitude of the motor (is q.), while the voltage limit is defined by the restrictions
of the inverter. The current limit can be visualized as a circular boundary with a
radius of ¢, 4., and the voltage limit is represented by an elliptical shape whose size
varies depending on the rotor operating speed, as illustrated in Fig.2.6.

10
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Figure 2.6: Limitations on stator current and voltage in a PMSM

The amplitude of stator currents can be represented in the dg-frame, which can be
expressed as

imag = /24 + 12, (2.25)

Additionally, i54 and is, can also be written as

isd = UmagCOSP (2.26)

isqg = TmagSins (2.27)

where [ represents the stator current angle in radiance. The current limitation takes
the form of a circle, as shown by the thick black line in Fig.2.6, which is defined as

NGIEE I (2.28)

By combining (2.26) and (2.27) with (2.9), the output electromagnetic torque of
PMSM can be rewritten as

an . . .
TP(wmzmag + (Lsa — qu)zfmgsmﬁcosﬁ) (2.29)
It is obvious that the torque is dependent on 8 and %,,,,. The maximum output
torque can be determined by differentiating (2.29) with respect to 3, as shown in
the following expression

T, =

B Urm 1 U ?
058 = T Loy J 2" <4<Lsd - Lsmmag) (2:30)

11
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Based on (2.7) and (2.8), neglecting the effect of winding resistance Ry, the stator
voltage in the dg-frame can be expressed as

Usd = _ersqisq (231)

Usq = wr(-[/sdisd + wm) (232>

Therefore, by combining (2.31) and (2.32), the expression for the voltage-limited
ellipse can be written as

2
Uy . .
) = (quzsq)2 + (Lsdisa + wm)2 (2.33)
) Ym. 2 -2
lsd + 1
= ( u2Lsd) _|_ ;2‘] — 1
wgls’gd w3£§d

The parameters defining the ellipse include the major radius (a), minor radius (b),
and the intercept of the center on the x-axis (i49), which can be represented as

= 2.34

¢ wr‘Lsd ( )
U

b= > 2.35

ol (2.35)
. Ym

= — 2.36

Ldo L.y ( )

This voltage-limited ellipse, as shown by the dotted line in Fig.2.6, is bounded by
the maximum voltage, which is defined as

\/ uzd + qu < Us,maz (237)

Fig.2.7 depicts the operating regions on a torque-speed graph, which can be divided
into three distinct regions: constant torque, constant power, and high-speed. In
each of these regions, different control methods are employed to effectively manage
the motor’s operation.

At the beginning of the operation, the motor torque increases from 0 to the rated
torque. During this stage, the MTPA control strategy is employed, which aims to
generate the highest possible torque for a given current[25]. This control algorithm
selects the MTPA operating points as long as the currents and voltages remain
within the limits of both the motor and the inverter. For every torque value up
to the rated torque, the current vectors i5q and i,, are calculated to minimize the
resultant ¢,,,,. These points trace the trajectory ‘oa’ in Fig.2.6, the rated torque
is achieved at the intersection point of the current limit circle and voltage-limited
ellipse. The operating speed at which the PMSM accomplishes this process is known
as the rated speed or base speed.

12
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Figure 2.7: Operating range of a PMSM

Subsequently, an extended range of speeds is achieved through the implementation
of field-weakening control[26]. As the machine reaches the rated speed, the back-
electromotive force (EMF) reaches its highest limit and is effectively balanced with
the maximum input voltage. The field-weakening involves reducing the flux gen-
erated by the PMs through the introduction of a negative d-current, which is also
referred to as the demagnetizing current. Afterwards, the machine’s ability to pro-
duce maximum torque is compromised, as observed in the constant power region
illustrated in Fig.2.7 and the curve ‘ab’ in Fig.2.6.

Beyond the point 'V, the trajectory of maximum torque per voltage (MTPV) control,
following the curve 'bc’ in Fig.2.6, enable the motor to generate the maximum torque
up to the point where the maximum speed is reached. As the speed rises, the voltage
limit ellipse further contracts[27]. Theoretically, the maximum speed is limitless.
However, when considering the presence of frictional components, the maximum
speed is achieved when the frictional torque and motor torque are in equilibrium.

2.2.5.2 Loss Minimization Control Strategy

A significant limitation of the MTPA control strategy is that it cannot guarantee the
stator current combination that simultaneously minimizes the total losses in PMSM.
Hence, an alternative control strategy called loss minimization control is proposed
to address this issue.

The objective of loss minimization control is to identify a series of current trajectories
that consistently minimize motor losses under different operating speed. When the
input current amplitude is constant, the current angle can be obtained by

d(Pcu + Pf@)

g =0 (2.38)

13
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According to (2.18), the partial derivative of the copper loss can be expressed as

dP., _ d(3RSi%wg(sm25 + cos®f3)) _6R.2

dp dp e
This suggests that the influence of copper loss can be disregarded in this control
strategy. Additionally, in comparison to the other two types of losses in the IPMSM,
the eddy current loss in PMs can be ignored when the winding is excited with a 3-

phase sinusoidal current by minimal ripples. Therefore, the current trajectory is
solely determined by the iron loss model within the IPMSM.

(sinfBcosf — sinfcosP) =0 (2.39)

2.3 Three-Phase Voltage Source Inverter Circuit

An inverter serve as a switching device that transforms the DC signals, typically
obtained from a battery source, into an AC source with a desired voltage and fre-
quency. This conversion is achieved through employing high-frequency switching of
the semiconductors.

A simple half-bridge inverter circuit incorporates three converters to achieve a 2-
level voltage source inverter (VSI) configuration[28], as illustrated in Fig.2.8. This

type of inverter is frequently employed in automotive applications due to its compact
design, lightweight structure, and excellent performance.

N Ao\ AN Ao

.
52\ D, 54\ D, 56\ D,

Figure 2.8: A simple 2-level VSI circuit

voltage source

phase A

phase B
phase C

This inverter circuit consists 6 switching devices, labeled S1-56 (typically MOSFETs
or IGBTs), paired with 6 anti-parallel diodes, denoted as D1-D6. By selecting a
particular switching arrangement for these 6 semiconductors, a 3-phase sinusoidal
current is generated, with each phase shifted by 120°. This allows the electric
machine to generate controllable speed and torque by modifying the frequency and
amplitude of the sinusoidal current, respectively.

2.3.1 Power electronic components

The most commonly used power electronic components utilized in a voltage-source
inverter circuit are MOSFETs and IGBTs, as shown by their symbols in Fig.2.9.

14
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Both of them have their own strengths and shortages. However, with the rapid de-
velopment of power SiC MOSFETSs, they have shown a superior advantage in motor
drive application[29]. Therefore, this work specifically concentrates on SiC MOS-
FETs due to its remarkable ability to operate at higher voltage levels, frequencies,
and junction temperatures[30].

Drain
D Collector

N . C
‘lD ¢lc
Gate |'_ + Gate
G g Vbs G +
H - — Vee

+ Vs - V=) -
[}
S E
Source Emitter

Figure 2.9: Symbol of MOSFETs (left) and IGBTs (right)

2.3.1.1 MOSFET and diode

A MOSFET is a type of voltage-controlled field-effect transistor device, where
the voltage between the gate and source, Vg, controls the current from drain to
source. The excellent characteristics of a SiC MOSFET!, including its high gate input
impedance and rapid switching speed, makes it ideal for motor drive applications[31].

Moreover, a diode is a type of semiconductor that conducts current in only one
direction while blocking its flow in the opposite direction. As the motor load is
inductive, a simple diode is connected in an anti-parallel arrangement with the
MOSFETs. This aims to dissipate the back-EMF generated by the motor when the
MOSFET is in the "OF F” state.

2.3.2 Inverter Control Method

Sinusoidal Pulse Width Modulation (SPWM) is a widely used method for controlling
inverters. With SPWM; the inverter switches are controlled based on a comparison
between a high-frequency triangular wave (termed carrier wave) and a sinusoidal
reference signal (as illustrated in Fig.2.10) with a desired frequency and amplitude.
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Figure 2.10: The process of SPWM control strategy

As depicted in the figure, the amplitude of the triangular wave equals half of the DC-
link voltage. During the time period when the reference phase voltage exceeds the
triangular wave, the upper device switch is turned on while the lower device switch
is turned off, directing the Ipg flows through the upper device. Otherwise, the lower
device switch is turned on and the Ipg flows through the lower device. Therefore, a
sequence of PWM pulse waveforms with equal width but different intervals are gen-
erated, which is used as a reference for controlling the switching state of the inverter.

The intersection point of the sine wave with the triangle wave determines the timing
of the state transitions. The frequency of the triangular wave far exceeds that of the
reference wave, and the ratio between them is defined as the frequency modulation
index (M/)[32]. Additionally, the ratio between the amplitude of the reference wave
and the triangular wave is known as the amplitude modulation index (M,).

2.3.3 Harmonics

In the design of electric machines or any other electric appliances, an ideal sinu-
soidal power supply is assumed, making design calculations simpler. However, this
is impossible in practical applications. A distorted wave consists of a fundamental
frequency along with various sinusoidal waves (harmonic components) with frequen-
cies that are an integral multiple of the fundamental frequency [33].

In order to analyze this distorted waveform, Fourier analysis is used to convert the
signal represented in the time domain to the frequency domain and vice versa. The
signal can be decomposed using Fourier transformation which is given as

ft)=A4,+ i[Ahcos(hwot) + Bysin(hw,t)] (2.40a)
h=1
=A,+ i Chrsin(hw,t + ¥yp) (2.40b)
h=1
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where, A,, A, and By, are Fourier series coefficients given as

Ao = % ()Tf(t)dt
A, = % ()Tf(t)cos(hwot)dt
By =2 [ f(t)sin(hwt)dt (2.41)

Ch = \/A} + Bj
Un = tan”" ()
where f(t) is a periodic function of frequency f, , w, is its angular frequency, and

T is the time period. Cj,-sin(hw,t + 1y,) is the A" harmonic with an amplitude C),
and phase y,.

2.3.4 Slew rate

In the application of power electronics, the term "slew rate" can be considered as
the rate of change of voltage or current over time. It is generally expressed in (2.42)
with the units of V/us or A/us. Additionally, Fig.2.11 depicts the slew rate of a
square wave.

a4

S=%r

(2.42)

Input Square Wave

At

Output Wave Limited
by Slew Rate

Figure 2.11: Slew rate of a square wave signal

2.3.5 Power Losses in One Phase Leg of the Inverter

In each phase leg, the power losses are influenced by the current waveform, which
consists of the fundamental value and current ripple. The fundamental value de-
pends on the type of load, while the current ripple is determined by the switching
frequency. The main overall losses P, within a 3-phase VSI are attributed to con-
duction losses and switching losses while blocking losses are neglected[34], which can
be expressed as

Pb=P+ P, +FP ~PFP + P, (2.43)
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where P,., Py, and P, represent conduction losses, switching losses, and blocking
losses, respectively.

2.3.5.1 Conduction Losses

Considering the forward voltage drop for power SiC MOSFETs as zero[35], the
corresponding drain-source voltage drop Upg can be estimated by

Ups(Ips) = Rpson(Ips) - Ips (2.44)

where Rpg,, and Ipg represent the drain-source on-state resistance and drain-source
current of SiC MOSFETSs respectively, and it is necessary to highlight that Rpson
varies with Ipg across diverse virtual junction temperatures.

Therefore, the instantaneous and average conduction loss in a SiC MOSFET is given
by[36]

Py (t) = Ups(t) - Ips(t) = Rpson - Ipg(t) (2.45)
PCM,a'ug = flw fO sw PCM(t)dt ’

2
= PcM,avg = RDSon I

Drms

The switching cycle Ty, is taken into account when calculating the average value,
and Ip,.,s represents the root mean square (RMS) value of the MOSFET on-state
current.

The instantaneous conduction loss of the anti-parallel diode can be estimated using
the voltage across the diode Up, which is

Up = Upo+ Rp - Iy (2.46)

where Up, is the diode on-state zero-current voltage and Rp is the diode on-state
resistance. By applying a current Ip, through the diode, the instantaneous and
average conduction loss in the diode can be expressed as[36]

{ Pop(t) = Up(t) - 1e(t) = Upo - Ir(t) + Rp - I3 (1) (2.47)

Penang = 7 [ Pup(t)dt

2
= PcD,avg =Upo - Ipaw + Rp - IFrms

where Ip,, and Ip.,,s represent the average and RMS value of the diode current,
respectively.

In a three-phase VSI, the conduction loss for power SiC MOSFETSs and body diodes
can be modeled according to the peak current value I,, power factor cos(¢), and
amplitude modulation index M,, which can be expressed as

[ 75)

2.48
8 3T ( )

2 2
PcM = RDSon : IDrms = RDSon : IO :
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1 M, 1 M,
Pop = Upo- I+ Rp-I%., . = Upy-I,- 1 Macos(y) FRp I3[ = — cos(¢)
2m 8 8 3T
(2.49)
The phase angle 1) and M, can be given as
Usq lsq
Y = arctan(—) — arctan(—) (2.50)
Usd 1sd
2|us|
M, = 2.51
U (2.51)

where the Up¢ represents the DC-link voltage in the 3-phase inverter circuit.

2.3.5.2 Switching Losses

The modeling circuit for analyzing transient switching losses is shown in Fig.2.12[36].
It comprises a single-quadrant chopper and a highly inductive load. The internal
diode of the power MOSFET is utilized as a freewheeling diode. This configuration
is commonly employed in power electronic converters, which typically consist of one
or more MOSFET-based half bridges in 3-phase AC motor drives.

Upp l
—
Rt 3
—
U
r| UL
F 3
Ig
I
Ip
Y
R Cﬂﬁ—J
G -—1}
— Ups
C ICD.S'
651
Up, Ugs

Figure 2.12: MOSFET transient modeling circuit with an inductive load

The Up, indicates the drive output voltage. And the component Cqp, Cas, and Cpg
are internal capacitances of the MOSFET, which correspond to the input capacitance
Ciss, reverse transfer capacitance C,.,, and output capacitance C,ss by the following
relations

19



2. Theoretical Background

C(G’D - Orss
CG’S = Ciss - Orss (252>
C(DS' = C1055 - Crss

The switch-on transient is simulated in Fig.2.13. At the beginning, the load current
flows through the diode, the drive circuit changes the state from 0V to Up,., and the
gate-source voltage Ugg starts to rise from 0V. Meanwhile, the capacitance Cgp
and Cgg begin to charge through the gate resistor Rg.
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Figure 2.13: Switch-on transient waveforms

The drain current Ip remains at 0A until Ugg reaches its threshold Uggp,, and af-
terwards, the load current I starts to be taken over by Ip. During the current-rise
time period t,;, the drain-source voltage Ups remains constant at Upp. Subse-
quently, it begins to decline to the on-state value by the end of the voltage-fall time
period ty, to facilitate the switching off of the diode. However, at the same time,
this action also induces a reverse-recovery current, which greatly affects the power
losses in power MOSFETs.

Therefore, the turn-on energy losses in a SiC MOSFET can be divided into two
components: the switch-on energy and the switch-on energy caused by the reverse
recovery of the diode. These energy losses can be represented by

tri + tfu
2

where (), represents the reverse-recovery charge. And the turn-on energy losses in
a body diode can be expressed as

tv'i+tfu
Eonn = /0 Ups(t) - Ip(t)dt = Upp - Ipon - + Q@ -Upp (2.53)

tri+tfu 1
Eop = [ Un() - Ie(®)dt = 5 - Qv Up, (2.54)
0
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The switch-off transient starts with the decrease of the gate-source voltage Ugg, as
shown in Fig.2.14.

Figure 2.14: Switch-off transient waveforms

At this point, the internal capacitance Cgp and Cgg start discharging through Rg
and the drain current Ip remains nearly constant. Afterwards, Ugg keeps unchanged
and all currents are drawn from the capacitance Cgp during the voltage-rise time
period t,,.

At the start of the current-fall period ¢y;, the drain-source voltage Upg reaches the
DC voltage, resulting in the diode being switched on. Finally, I drops to 0A while
Ugs descends to the threshold voltage Ugsun) and further reaches 0V. This indi-
cates that the MOSFET is completely switched off[37].

Compared to the switch-on process, the most significant difference in the switch-off
process is the absence of reverse recovery. Therefore, the turn-off energy loss in one
SiC MOSFET consists of only one part, which is expressed as

okt tru + t [

While the turn-on loss in one diode can be considered negligible, which can be
signified as

(2.55)

Epnp ~ 0 (2.56)

The switching losses in one SiC MOSFET and diode can be modeled as the product
of switching energies and switching frequency[36]

Pst = (EonM + EoffM) ' fsw (257)
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Pst = EoffD : fsw (258)

In the three-phase AC motor drive system, the switching losses for power SiC MOS-
FETs and body diodes can be modeled as

fel'Io'UDC"EonM 2729_ Maﬂ— m

Psw on — - } 2.59

M 2 Uy - Lyey - 1 (2p605¢ + siny)) (2.59)
fa-1o-Upc - E, 2p  M,m, w ,

Powrors = l Wi ZC i fffM Ty (%cosw — sin)) (2.60)

fel'IO'UDC'Err 2£ Maﬂ' i

— ' 2.61
YUy Loy 'm 1 (2pcosw + siny)) (2.61)

where U,y and I,.s represent the testing drain-source voltage and current used to
determine the switching energy. And the parameter p represents the frequency ratio
between the switching frequency and fundamental frequency (p = fsw/ fer)-

Pst:

2.3.6 Thermal Networks of Inverters

According to statistics, temperature rise is the main reason for failure in semiconduc-
tor devices, accounting for over 50%|38]. Therefore, accurate junction temperature
estimation is important for the reliability of SiC MOSFETs[39]. Meanwhile, ac-
curate temperature estimation can promote more precise calculation of electrical
parameters, thereby improving the analysis of power losses.

As illustrated in Fig.2.15, heat conduction in power SiC MOSFETs can be mainly
divided into three processes: from the virtual junction to the case, from the case to
the heat sink, and from the heat sink to the ambient conditions.

Diode MOSFET

r [1]4————Virtual junction

R
Baseplate(case) "¢
Heatsink Rencn
Rippa
Ambient

P loss
Figure 2.15: Heat power conduction in MOSFETs
The thermal resistances in these processes are denoted as Ry, jo, Rin,cr, and Ry ma

respectively, which can be expressed by

T;—-1T¢c

7 (2.62)

Rin o =
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Rth CH = —F7=— (263)

Ryppa = 2—-4 (2.64)

where T'; to T4 signifies the temperature values from the junction to ambient con-
dition. If considering P, as the current and 7" as the voltage in a DC circuit, the
junction temperature can be modeled as

Ty =Ta+ (Rinyo + Rincn + Rinma) P (2.65)

Two commonly used thermal models, the partial fraction circuit model (Foster
model) and the continued fraction circuit model (Cauer model), provide effective
interpretations of this thermal process. These models are illustrated in Fig.2.16[40].
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Figure 2.16: Foster (top) and Cauer (bottom) model circuit
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The Cauer model represents the physical structure of a semiconductor device by in-
corporating thermal capacitances with thermal resistances. This model can be built
when the material characteristics of the individual layers are determined. Mean-
while, the individual RC' elements in the model can be assigned to the correspond-
ing layers of the module, enabling access to the internal temperatures of the layer
sequence through the network nodes.

On the other hand, the Foster model does not directly represent the layer sequence

with its individual RC' elements, and the network nodes within this model do not
posses any physical significance. This simplified representation is often employed in
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the datasheets, as the coefficients can be obtained from a measured cooling curve of
the module. Additionally, this model is particularly useful for analytical calculations.

2.3.7 Parallel Operation of Inverters

The requirement for switching very high currents, which often exceed the current
capability of a single-power device, is continuously increasing in the modern electric
vehicle industry. In micro-hybrid applications, it may even be necessary to switch
currents higher than 1000A. Therefore, it is typically essential to design a parallel
configuration of multiple power SiC MOSFETs to reach the desired current rating
and increased capability[41].

Theoretically, the MOSFETs connected in parallel, as illustrated in Fig.2.17, should
share the overall current equally, resulting in the same power loss and temperature
in each branch. However, because of the variation in parameters among MOSFET
dies on a wafer, their actual values can be distributed in anywhere within the range
demonstrated in datasheet. As a result, the current and power sharing among the
parallel MOSFETs may not be perfectly balanced, and their junction temperatures
are likely dissimilar[42].

Parallel Connected MOSFETs

I, I—1, yI

Figure 2.17: Parallel connection of power SiC MOSFETs

The phenomenon is significantly influenced by two key parameters: the drain-source
on-state resistance Rpgse, and the gate threshold voltage Uggs . These parameters
contribute distinct impacts to both static and dynamic current sharing.

In Fig.2.17, the current distribution among the branches depends on the value of
Rpson in each MOSFET. The worst-case scenario occurs when one MOSFET has
the lowest Rpgon,min Within the reasonable range, resulting in the highest current
I1naz, while the other MOSFETSs have the highest Rpgon mas, and thus the lowest
current I,.,;,. It is reasonable to assume that the minimal and maximal values of
Rpson are symmetrically distributed around the typical value[41]. Therefore, the
Rpson,min can be expressed as

RDSon,min = RDSon,maa: - 2(RDSon,max - RDSon,typ) (266>
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2. Theoretical Background

The MOSFET with the lowest Rpg,, value will carry the largest portion of the total
current, with the maximal value given by

RDSon,ma,z

Lnaw = nl I (2.67)

Rpson,
RDSon,min + %

where n represents the number of branches, and the highest power dissipation occurs
in this branch, as determined by (2.45).

During the instantaneous turn-on/off state of a MOSFET, Ugg ., becomes the most
significant parameter influencing equal power sharing. In the beginning, the MOS-
FET with the lowest Ugg s, will begin conducting channel current first, resulting in
higher power dissipation and heat generation. As a result, its Uggy, will further
decrease, exacerbating the power imbalance. This leads to the hottest MOSFET
occupying a larger proportion of the power. Unfortunately, this process is unsus-
tainable and may result in MOSFET failures unless the generated power is effectively
limited[42].

2.4 PMSM Control Techniques

In order to obtain the 3-phase reference voltage as input for the inverter circuit and
ensure the proper operation of the 3-phase inverter, the import of an appropriate
machine controller is indispensable.

During machine control, the field-oriented control (FOC) strategy is widely rec-
ognized as one of the most suitable methods for achieving smooth rotation, quick
acceleration, and deceleration in a PMSM drive[43]. The objective of FOC is to pre-
cisely control the space vector of magnetic flux, current, and voltage of the electric
machine in order to achieve the desired target of operating speed|[44].

The proportional-integral (PI) controller is generally used as a speed and torque
controller in order to eliminate the steady-state error in FOC PMSM drives[45, 46].
In this Section, the mathematical model and parameter setting of the current and
speed controller will be introduced specifically.

2.4.1 Process Model of PMSM

As shown in Section 2.2, the 3-phase PMSM can be converted into a dynamic model
within the dg-coordinate system, based on (2.3) and (2.4), the expression for the
stator current can be modeled as

dig
Lsd% = Ugd — Rsisd -+ ersqisq (268)

Loy—— = tsg — Rslsy — Wy Lsqlsa — wrthn, (2.69)
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2. Theoretical Background

These equations indicate how two first-order systems interact with each other and
how the stator current is affected by the stator voltage, which can be considered as
internal electric properties of the PMSM and remain independent of external control
systems.

By applying the Laplace transform, (2.68) and (2.69) can be rewritten as

Z.sd - m(usd + WTquisq) (270)
. 1 .
fog = m(usq — wy Lsgisqg — Wrthy) (2.71)
Therefore, the transfer function inside the PMSM can be given as
Gals) ! (2.72)
d(s) = ——— )
¢ Lst + Rs
Gugls) = —— (2.73)
wq(8) = ———— .
i Lgys + Ry

The whole process model of IPMSM can be modeled as Fig.2.18, with the cross-
coupling w, Lsts and back-EMF E shown in the blue and red block, respectively.

: lea
Gea(S) ] >

|

|
W, Lsd |

|

|
w,L;, [ |

| .

I lsq
Geq(S) | o

|

|

|

|

Figure 2.18: Process model of IPMSM

2.4.2 Current Controller

Based on the process model of PMSM, a closed-loop control system can be built
around the electric dynamics, as shown in Fig.2.19. The output current i, is mea-
sured and compared with the reference current ¢,.f, and the error e between them
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2. Theoretical Background

can be act as the input of the current controller F,(s).

lre f € Us
—_— F.(s) G(5)

‘I‘ - -

Figure 2.19: Closed-loop control system of IPMSM

With the bandwidth a. of closed-loop system, the transfer function of the closed-loop
current control system can be expressed as

is  F(s)Ge(s)  ac Qe

Gce = - = = = 2
(s) iref 1+ F(s)Ge(s) s+a. 1+%

(2.74)

2.4.2.1 Active Resistance

Sometimes, the load disturbance caused by back-EMF can greatly affect the accuracy
of the controller. If the load disturbance F and the current error e is considered as
the input and output of system, the transfer function of current controller can be
expressed as

e Ge(s) s

Grels) = E 1+ F.(s)G.(s) T s 04ch<8) (2:75)

Based on (2.72) and (2.73), (2.75) can be rewritten as

S 1
Gge(s) =
() s+ . Lgs + Ry
Usually, the load disturbance E is time-varying. Therefore, the steady-state gain
from dE/dt to the controller error is

(2.76)

GEe(S) 1

S Ja=0 = R

[

Due to the electrical dynamics are much faster than the mechanical dynamics, dF /dt
can be regarded as constant and the control error can be calculated by

(2.77)

1 dE ¢ dw,
Ry dt R, di
By replacing the differential part of electric speed with dynamics according to (2.10),
(2.78) can be further written as

(2.78)

npY B
Te_T extra — T Yr 2.79
o g T Theara = ) (2.79)

e =
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2. Theoretical Background

Indeed, the current error e will decrease as the winding resistance R increases.
However, based on (2.18), increasing the winding resistance of the machine can
leads to an increase in copper loss. To achieve the desired effect without increasing
copper loss, an active resistance R, can be added to the closed-loop system.

2.4.2.2 Decoupler of Cross-Coupling and Feed-Forward of Back-emf

Next, the cross-coupling and back-emf of IPMSM should be compensated in current
controller system. This can be implemented by introducing two decouplers ij[:s
and a feed-forward part WT@/JAm. Here L, represents the estimated inductance and
Y represents the estimated magnetic flux linkage. The implementation of these

decouplers and the feed-forward component is shown in Fig.2.20.

A 4

A 4

Figure 2.20: Closed-loop current control system with decoupler, feed-forward and
active resistance

The expression of the input voltage can be updated as

u;d = Usqd + WTL;qisq + Radisd = (Rs + Rad + Lsds)isd (280)

S

Wy = Usq — Wy Logisa + Ragisg — b = (Ry + Rag + Lgg8)isg (2.81)

Therefore, the transfer function from u/, to i is

Gls) = 2 1

= 2.82
' Lss+ R, + R, (2:82)
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2.4.2.3 PI Controller

Since the first-order electric dynamics, the mathematical representation of a PI
controller in the complex domain can be modeled as[47]

ki
F(s)=k,+— (2.83)
s
Similar with (2.74), the transfer function F.(s) can be rewritten as
(07 /—1 Qe , 2
F.(s) = —G. (s) = —(Lss+ Rs + Ry) (2.84)
s s

Furthermore, the appropriate controller parameters k, and k; can be determined as

a.(Rs + Ry)

F.(s) = a.L, + " (2.85)
Which indicates that
kpe = L
C C S 2.
{ kie = ac(Rs + Ry) (2.86)

It is necessary to ensure the inner feedback G.(s) has the same bandwidth as the
entire closed-loop system G..(s), which represents

1

Gl(s) = — L 9% 2.87
o(s) s+4 Hetlla 54 q (2.87)

Therefore, the active resistance R, can be expressed as a function dependent on «.,
given by

Rs; + R,
Z_ - OZC i Ra - aCLS - Rs (2'88)
2.4.2.4 Voltage Saturation and Antiwindup

Actually, due to the limitation of Upc, the voltage magnitude generated by the
PI controller cannot become extremely large. Therefore, the voltage value can be
restricted by a limiter known as voltage saturation, which operates based on

Us |Us maz| = |us| =0
im = ’ 2.89
us,lzm { us,maz ‘us‘ > ’us,max‘ ( )

Therefore, the PI current controller model can be expressed as
[= / edt (2.90)
us = kpe + kI + ffd (2.91)

where [ is the integrator state and f fd is the feed-forward disturbance compensa-
tion.
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However, because of the integrator windup, the integral part of the PI controller con-
tinues to absorb control error and always gets overcharged until the windup starts
accumulating negative control error. To adress this issue, another error signal € can
be introduced into the integrator to limit the integration, when the output voltage
is limited (us = Us maz)-

The PI controller considering voltage saturation and antiwindup term is modeled as

Fig.2.21.

ol

A 4

Ug l us, lim

Voltage saturation

Real-imag to complex

Figure 2.21: Voltage saturation and antiwindup in current controller

After adding antiwindup, the updated expression of output voltage s i, is

Us lim = kpé + ]{LL[ + ffd (292)

And through subtracting (2.91) from (2.92), the "back-calculated" error € and anti-
windup parameter H are indicated as

1
€ =€+ —(Usim — Us) (2.93)
k'p

1
H=— 2.94
s (294)

2.4.3 Speed Controller

Similar to the current controller, the purpose of the speed controller is to determine
the reference torque by measuring the motor’s operating speed and comparing it
with the reference speed. In other words, it provides input to the MTPA controller
to obtain the reference input current.

The closed-loop speed control system can be modeled in Fig.2.22. Here, the me-

chanical speed of the rotor is measured based on (2.10), which can be expressed
as
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1
= T, —T 2.
T SJ“— B( € L) ( 95)
G, T 1
I B,
1
]
/N e em mm mm omm o=
i 8 :‘ """ | isd,ref:- Current : T,
Dy Tt~ 1"T 1 MTPA I'_"I Controller T, . | e
' Controller 'sarer | + , sJ+B
- F,(s) leref'_ ______ I L I_PM_SM I

Figure 2.22: Closed-loop speed control system

The load torque T}, that enters the system is similar to the back-EMF in the current
controller. Therefore, it is necessary to introduce an active damping B, to reduce
the impact of T7. The transfer function from 7, ,.r to 2, with the bandwidth o,
and the active damping can be expressed as

Q, 1 1 o
;9 (2.96)

G/ - — —
w(5) Terey sJ+ B+ B, s—f—% s+ ay,

=B, =Ja,— B

With the same bandwidth of «a, of closed-loop system, the transfer function of speed
controller is

Q, F,(s)G! (s) % Qo
- - w = == 2.
Cald) =g TITRMG() st 1tas (2.97)
é%:ﬂ@%@

= F(s) = 261 s) = 2 + B+ B,) = Ja, + 2%
s v s s

Therefore, the parameter of PI controller F,(s) can be defined as

kpo = Jau,
{ kﬁw _ a2 (2.98)
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Case Setup

In this chapter, the design parameters and electric characteristics of the entire elec-
tric drive system will be modeled and discussed in detail, which includes the operat-
ing region of the electric machine, the power loss characteristics of SiC MOSFETS,
and the reference input currents of the controller circuit, etc.

3.1 System setup

In this thesis, the schematic diagram of the entire electric drive system is shown
in Fig.3.1, which mainly contains an electric machine, a power VSI circuit, and a
controller circuit.

________________________________ -
: Current Look — up Table PI Controller : Controller Circuit (Simplorer)
1 i 1
1 sdref 1 dq to abc Transfrom
: w’ref Is ref _’ |usd
' Lsqref b I
I T —_— i
1 i I
1 T sd
i ref — :
| — i
1 sq 1
] W, 1
L I 1

Electric Machine (Maxwell) dq “be Inverter Circuit (Simplorer) Up |u,

il eisieieieieieieiieinininiininiek. Znin. An =1
1 .l :
! la| ! I
1 ¥ 1
: : i * pwm !
! ' olis] 1
Ho= &Y :
I ' i H signal H
1 C 1 1
1 - 1 1
1 1 1 1
1 1 1 1
H I ! I
i IPMSM I : Inverter Circuit SPWM Modulation:

Figure 3.1: Co-simulation between Maxwell and Simplorer

The electric machine used in the system is a 3-phase IPMSM, which draws inspi-
ration from the motor employed in the 2004 Toyota Prius[48]. However, certain
modifications have been made to adapt it specifically for the purposes of this thesis.
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3. Case Setup

The complete modeling and analysis of the electric machine are carried out using
a FEM-based electromagnetic solver called Maxwell, which is a powerful tool for
electromechanical analysis within the ANSYS platform[49].

The 3-phase VSI circuit is built using the library components available in Simplorer,
a multi-physics circuit simulator within the ANSYS platform. This model can be
interconnected with the machine model in Maxwell and perform a collaborative co-
simulation.

Simplorer is also employed to develop a controller model that generates the 3-phase
reference voltage as the input to the modulator, which are used to implement SPWM
control. Simultaneously, the controller is also required to receive the 3-phase output
current excitation from the inverter circuit.

3.2 Electric Machine

In this section, the development of a finite element model for the IPMSM, the
calculation of the corresponding dynamic parameters, and the analysis of the funda-
mental performance of the IPMSM within the torque-speed envelope will be mainly
presented.

3.2.1 FEM Model

The FEM model of IPMSM built in Maxwell is illustrated in Fig.3.2. The stator of
the machine is modeled with 48 slots with a distributed double-layered short-pitch
winding configuration. For improving the computational efficiency, the model size
can be reduced to 1/8 of the original size, due to the presence of 8 identical poles.

Ansys
2022 R2

Three Phases
Permanent Magnets

1

-,
4z b=—x
-

C
0 it 200

Figure 3.2: The 2D IPMSM model in ANSYS Maxwell
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The model is created adopting the built-in RM xprt tool integrated within ANSYS,
which is a template-based tool that allows for the specification of various parameters,
including the type, dimensions, and other relevant details of different components.
By feeding in the machine parameters, as demonstrated in Table 3.1, the tool can

automatically assemble the comprehensive 2D model.

Table 3.1: Electric Machine Parameters - Type & Dimension

Part Parameter Symbol Value Unit
IPMSM Rated power P oted 200 kW
Power factor cosy 0.65
Stator winding resistance R, 0.046 Q
Stator end winding inductance Ly 9.438 uH
Maximum operating speed Numaz 12000 rpm
Number of phases 3
Number of pole pairs 4
Number of slots per pole per phase 2
Number of total slots 48
Number of parallel branches per phase 4
Depth L 83.82 mm
Stator/  Core diameter on gap side 161.9 mm
Slot Core diameter on yoke side 269.24 mm
Slot opening height Hy 1.03 mm
Slot closed bridge height Ho 0 mm
Slot wedge height Hg 0 mm
Slot body height Hg 29.5  mm
Slot opening width By 1.93 mm
Slot wedge maximum width By ) mm
Slot body bottom width B 8 mm
Slot body bottom fillet 5 mm
Rotor/  Core diameter on gap side 160.4  mm
Magnet  Core diameter on yoke side 110.64 mm
Limited diameter of PM ducts D, 157.44 mm
Bottom width for separate duct O, 3 mm
Distance from duct bottom to shaft surface O 728  mm
Duct thickness By 4.7 mm
Rib width 14 mm
Rib height 3 mm
Minimum distance between side magnets 4.5 mm
Magnet thickness 6.48 mm
Total width of all magnet per pole 32 mm
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Table 3.2 presents the materials and their corresponding properties for the different
components of the IPMSM. Specifically, the stator and rotor core are constructed
using silicon steel, while neodymium magnets and copper are utilized for the PMs

and coils, respectively.

Table 3.2: Electric Machine Parameters - Material

Part Parameter Symbol Value/Name Unit
Stator/ Iron material of stator/rotor M19 29G
Rotor Iron mass density Pfe 7872 kg/m?
Hysteresis loss coefficient kp, 184.23
Eddy current loss coefficient ke 0.386
Excess loss coeflicient ke 0.27
Magnet Magnet material N367Z_ 20
Magnet relative permeability L 1.03

Magnet bulk conductivity o 625000 siemens/m

Magnet magnitude H -920000 A/meter
Coil Coil material Copper

Copper relative permeability L 0.999991

Copper bulk conductivity o 58000000  siemens/m

Copper mass density Peu 8933 kg/m?

The loss curves depict the relationship between iron loss density and flux density, as
shown in Fig.3.3. These curves provided from the material datasheet from the core
material manufacturer, and can be fed into the material properties to calculate iron

losses under different frequencies.

100

80

P [W/kg]

0 0.2 0.4 0.6 0.8 1
B [Tesla]

e 50HZz
@ 100HZz
200Hz
e 4/ 00HZz
= 1000HZ

1.4 1.6

Figure 3.3: Relationship between iron loss density and flux density under different

frequency
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Subsequently, the external current excitation is applied to the coils, together with
a set of boundary conditions. And a transient analysis setup is established to carry
out simulations under different operating conditions.

Fig.3.4 displays the mesh division map of the machine. It is noteworthy that a
coarser mesh division can damage accuracy, while an excessively fine mesh division
can greatly increase simulation time. Therefore, an adaptive element length-based
refinement is employed in this model, with the maximum mesh length for each
component illustrated in the table on the left side of the figure.

Ansys
20282

Element | Max.Length

Name of Meshes
Stator 4 mm
Rotor 3Imm
Coils 4mm

Magnets | 3mm

Air Gap 3Imm

Time = 100000ms
Speed = 3000.000000rpm | c
Positan = 21750000deg | ] 50 100 (mam)

Figure 3.4: The mesh division map with the maximum mesh length at different
part of IPMSM

3.2.2 Dynamic Parameter Distribution

In the dg-coordinate system, the stator inductance and flux linkages are dependent
on the stator currents i,, rather than maintaining fixed values. According to (2.5)-
(2.6), which solely takes into account the influence of 754 and i, the equations can
be reformulated as

¢d(isd7 isq) = Lsd(isd7 isq) : isd + ¢m(zsq) (31)
wq(isdv Z'sq) = qu(isdy Z'sq) : Z'sq (32)

Therefore, both the voltage and output torque not only depends on the current, but
also on the L; and 1,,, which are displayed as

usd(isd7 isq) = Rsisd - ersq(isd7 isq) : Z‘sq (33)
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usq(isda isq) = Rsisq + ersd(isda Z.sq) . Z.sd + quvbm(isq) (34)

Te(isas isq) = 32%(%(%) ~tsg + (Lsalisa; tsq) = Lisq(isd; sq)) - satsq) (3.5)
In this situation, a 2D interpolation technique is used to obtain continuously varying
values of Lgq, Ls, and 1), with respect to the values of i54 and ¢5. To establish a
reference map for interpolation, a set of 10 x 10 combinations of isq and i, within
the appropriate range (slightly higher than the rated current but within maximum
absolute value limits) are selected. These combinations are applied under fixed
IPMSM simulation conditions in Maxwell, which are illustrated in Fig.3.5.

isd is
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Figure 3.5: The distribution map of tested dg-current combinations

Following the simulation, the obtained results contain 3-phase electrical quantities
such as currents, voltages, flux linkage, and losses. These quantities are transformed
into the dg-coordinate system to simplify the calculation. Based on equations (2.5)
and (2.6), Lsg and Ly, can be calculated as

Lsd = wdz_dwm (36)
Ly = j’q (3.7)

When isq = 0A, according to (2.5), the flux linkage in the d-direction v, is equal
to the magnetic flux linkage 1,,. Therefore, through processing the dg-flux linkage
generated under all current combinations where i, = 0A, the value of v, can be
directly achieved. The distribution map of v, is illustrated in Fig.3.6, and it is
evident that 1, solely depends on ig,.
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Figure 3.6: The distribution of v, across dg-current combinations

Similarly, the distribution map of L, and Ly, can be calculated from (3.6) and (3.7),
as illustrated in Fig.3.7. It should be noted that when both iy and i, are equal
to 0A, Lsq and L, tend to approach infinity, which does not accurately reflect the
real situation. In order to obtain the value at these points, a series of additional
operating points are introduced, where i,y and iz, are 50A and -50A respectively.
These points are used for calculating interpolation.

600 600
.
500 500
1.2
400 400
1
300 300
o o
__(Il __(Il
200 0.8 200
100 0.6 100
: < :
! 0.4 N ~
-600 -400 -200 0 400 -200 0

-600
iy [A] iy [A]

[A]
[A]

Figure 3.7: The distribution of Ly, (left) and Ly, (right) across dg-current combi-
nations

Other IPMSM outputs, such as the output torque 7., can serve as the reference
for verifying the accuracy of the dynamic parameter distribution map. The torque
obtained from the simulation results in Maxwell and the torque calculated based on
(3.5) employing the dynamic parameters of Ly, L, and 1, are presented in 3.8,
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together with the corresponding error distribution.
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Figure 3.8: The distribution of output torque from equation (left) and Maxwell
(right) across dg-current combinations

Overall, the error between the calculated and simulated torque values is not signif-
icant, with a maximum discrepancy of only 7N - m. Within the rated operating
current range of the IPMSM, the error typically falls between 0 and 3N - m. This
confirms that the calculation of motor dynamic parameters is sufficiently accurate.

3.2.3 Limitations for Stator Current and Voltage

The stator current and voltage limit boundaries of the IPMSM under different op-
erating speeds, along with the output torque distribution, are displayed in Fig.3.9.
These limits are determined by (2.3) and (2.4), considering the dynamic parameters
of the motor.

In the figure, the voltage limit boundaries are shown for different operating speeds
ranging from 2500-12000rpm. These boundaries determine the range of dg-current
at each operating speed, preventing the motor stator voltage from exceeding its limit
of 320V. The black line represents the maximum current limit of 641A. These limit
boundaries define the operating region of the IPMSM across various speeds.
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Figure 3.9: The stator current and voltage limit boundaries along with the torque
distribution across dg-current combinations

3.2.4 Power Losses of IPMSM

Fig.3.10 illustrates the distribution of copper losses across dg-coordinate system. As
stated in (2.18), the copper losses in an IPMSM are proportional to the square of
the stator current and the winding resistance in an electrical system. Notably, these
copper losses remain independent of the operating speed.

400
< 300)
5
200 :
0

Figure 3.10: The distribution of copper losses across dg-current combinations

PV

-500 -400 -300 -200 -100
i [A]

In contrast to copper losses, iron losses are influenced by both the stator current
and the operating speed. As depicted in Fig.3.11, it is noticeable that the iron losses
gradually increase as the speed rises within the range of 1000-120007pm.
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Figure 3.11: The distribution of iron losses across all current combinations at

diverse operating speed

Fig.3.12 illustrates that at the given dg-current combinations, the rise of iron losses
exhibits a linear trend with the increase in speed. However, when the same speed
is contemplated, the increase in iron losses decelerates as the current goes up.
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Figure 3.12: The variation of iron losses with respect to the operating speed (left)

and stator current (right)
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3.2.5 Operating Region Determination

The operational range of an IPMSM can be generally categorized into two different
regions: the constant torque region and the constant power region. In the constant
torque region, the maximum achievable torque generated by the IPMSM depends
on both the peak phase current amplitude 7,4, and the current angle §.

The determination of the 5 that corresponds to the i 4, includes applying a non-
linear programming method, specifically the MATLAB function fmincon. This
method facilitates the automatic calculation of the g while considering the current
limitations. By iteratively adjusting  within these limits, the objective is to iden-
tify the § that yields the maximum output torque. This approach allows for the
optimization of torque production in the IPMSM.

In Fig.3.13, the optimal input dg-current combination that generates the maximum
torque is indicated by the blue point. The figure also provides visualizations of the
torque distribution, the corresponding current angle, and the limit boundary of the
current magnitude.
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Figure 3.13: The dg-current Combination that Generate Maximum Torque

For the given configuration, the calculated [ is measured at approximately 135.98
degrees. This value indicates that the corresponding ¢sq and i, are -460.99A4 and
445.43 A respectively. These current values represent the optimal current flow in the
IPMSM, resulting in the maximum torque generation.

The 2D interpolation method interp2 is utilized to obtain the corresponding values
of Lgq, Lsy and 1), based on the discussed distribution maps. This method employs
the value of 754 and 74, that generate the maximum torque and provides the interpo-
lated values for L4, Ly, and 1,,. Subsequently, the function fsolve is employed to
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determine the rotor speed at which the stator voltage reaches its peak, representing
the rated speed of the IPMSM. Through this calculation, the rated speed is identi-
fied as 2322rpm.

In the constant power region, the peak torque produced by the IPMSM begins
to diminish as the rotor speed increases, due to the imposition of field-weakening
control. Consequently, the constant torque characteristic becomes less sustainable.
To address this situation, it is crucial to identify a suitable range of operating speeds
within this region. Moreover, determining the optimal values for maximum torque,
output power and dg-current associated with these identified speeds is also essential.
These chosen parameters are demonstrated in Table 3.3.

Table 3.3: Parameters Within the Different Operating Speeds During Field-
weakening Control

Speed [rpm]  Toaw [Nm] P W] iga [A] i [A]

2322 414.46 100.78  -460.99 445.43
4000 176.06 73.75  -216.20 71.18
6000 102.90 85.18  -168.06 41.48
8000 72.40 60.65  -148.40 29.90
10000 55.82 58.45  -137.67 23.53
12000 45.44 07.10  -131.08 19.46

Fig.3.14 depicts the relationships between shaft torque, output power and rotor
speed, providing an overview of the example operating points within the IPMSM.
In the graph, the solid line represents the torque and power in the constant torque
region, where the motor operates at its maximum torque capability. Conversely, the
dotted line represents the torque and power within the field-weakening region.
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Figure 3.14: Torque-speed and power-speed lines with represented operating points
of an IPMSM
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It is worth noting that when the motor operates at a speed exceeding its rated
value, the output power continuously drops with rising speed rather than remaining
a constant value. This phenomenon occurs because the motor is constrained by the
maximum voltage and the minimum demagnetization current in this range, which
prevents it from maintaining its maximum torque produced. As the speed continues
to rise, the maximum torque gradually decreases, resulting in a decline in output
power.

This visualization allows for a better understanding of how the torque and power
characteristics vary in different regions of operation, providing insights into the
performance of the IPMSM.

3.3 Power Inverter Circuit

A three-phase power inverter circuit is constructed using the component library
available in Simplorer. The model consists of 24 power SiC MOSFETs and 24 body
diodes, as shown in Fig.A.2. In order to operate these MOSFETSs, 6 gate drivers are
parameterized and employed according to the specification of the MOSFETs.

Reference Voltages SPWM

1 MOSFET22 MOSFET23 MOSFET24 .‘.
ones % i v
- = 1 = = =

l{ |[

[
I\

Figure 3.15: Power inverter circuit combined with IPMSM in Simplorer

The transient co-simulation of an IPMSM and an inverter circuit was performed
by integrating the 2D model from Maxwell with Simplorer. Based on the desired
operating point derived from the IPMSM analysis, the reference dg-current can
be obtained. The control circuit utilized these reference currents to calculate the
corresponding reference dg-voltage and transformed it to 3-phase voltages. These
reference voltages are then fed into the inverter circuit to implement SPWM control.

This process resulted in the generation of a three-phase PWM voltage output con-
taining the fundamental voltage and other high-frequency harmonic components.
For example, a voltage waveform with parameters M, = 0.75, f,; = 200Hz, and
fsw = 10kH z is simulated and the result is shown in Fig.3.16.
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Figure 3.16: Line to neutral voltage in phase A (SPWM)

Fig.3.17 shows the harmonic spectrum of the voltage waveform evaluated using the
fast Fourier transform (FFT) function. The major significant side-band harmonics
are in the form of afs, £ bf.;, where a and b are integers and a+b is an odd integer.
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Figure 3.17: Harmonic spectrum of line to neutral voltage in phase A (SPWM)

3.3.1 Power Inverters

The DC-link voltage generated from the power battery side is 800V, with the corre-
sponding breakdown voltage at 1200V[37]. In this thesis, the power SiC MOSFET
CAS300M17BM?2 manufactured by Cree, with a breakdown voltage of 1700V is
selected as the switching component. The main characteristics of this MOSFET
type, including its body diode, are described in Table 3.4.
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Table 3.4: Inverter Parameters

Parameter Symbol Value  Unit  Test conditions

Maximum Parameters

Drain-source voltage Vbs 1700 V

Gate-source voltage (max) Vasmaz -10~25 V

Gate-source voltage (typ.) Vesop -5~20 Vv

DC continues drain current Ip 325 A T.=25°C
225 A T.=95°C

DC source-drain current (diode)  Isppp 556 A T.=25°C
353 A T.=95°C

MOSFET Characteristics

Drain-source breakdown voltage — V(grpss 1700 \%4

Gate threshold voltage (typ.) Vas(th) 2.5 V Ips=104mA

Gate-source leakage current Iass 1 nA

Drain-source on-state resistance  Rpg(on) 8.0 ms? T.=25°C

Turn-on switching energy Eon 13.0 mJ T,=150°C

Turn-off switching energy Eofy 10.0 mJ T.=150°C

Input capacitance Ciss 20 nkF

Output capacitance Closs 2.5 nk

Reverse transfer capacitance Chrss 80 pF

Thermal resistance, junction-case Ry,_jon  0.067  °C/W

Body Diode C'haracteristics

Forward voltage Vsp 1.7 1% T.=25°C
2.2 V T.=125°C

Total capacitive charge Q. 4.4 e
Thermal resistance, junction-case Ry, jop 0.060 °C/W

Each electrical parameter is determined under specific testing conditions, such as
junction temperature, gate-source voltage, and drain current, which can be regarded
as references. However, it is important to note that in practical applications, these
parameters may exhibit variations under different working conditions. Therefore, it
is necessary to reevaluate or recalibrate the parameters to ensure their suitability
for the specific operating conditions.

3.3.1.1 Effect of Gate Resistance

SiC inverters provide a wide bandwidth of switching speeds, improving energy effi-
ciency and power density. Fig.3.18 shows the turn-on and turn-off switching wave-
forms of the MOSFET with various gate resistances. Also shown in Table 3.5,
apparently, a smaller gate resistance results in a faster switching speed and lower
switching energy. However, parasitic inductance and capacitance become larger as
the switching speed increases, which leads to an increase in turn-on and turn-off
losses.
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Figure 3.18: Turn-on (left) and turn-off (right) switching waveform with various
gate resistances

High switching speeds and high switching frequency may lead to overvoltage at the
motor terminals and also the generation of electromagnetic interference (EMI) [50].
These excessive overvoltages and the ringing effects the motor insulation causing
deterioration and subsequent failure of the motor. The EMI generated may also
cause nearby components to malfunction leading to system failure.

Table 3.5: Slew Rates of the used SiC Module

Gate Turn-on Slew | Turn-off Slew
resistance((2) Rate (V/ns) Rate (V/ns)
1 42.67 42.67
2.5 42.67 42.67
5) 21.33 21.33
10 14.22 14.22

3.3.1.2 Thermal Model of Inverters

In power electronic inverters, the junction temperature is influenced by both the
power losses P, and the thermal resistance Ry, as described in (2.65). The thermal
model of the CAS300M17BM?2 is depicted in Fig.3.19, illustrating the power losses
and thermal resistance at each stage of the heat transfer process, as well as the
temperature at each layer.

During the heat conduction process from the junction to the base plate, the tem-
perature at the junction of the MOSFET T} and the body diode T’; p;, may
differ due to their different power losses and thermal resistances. However, as heat
is transferred from the case plate to the ambient conditions, the temperature across
each layer becomes uniform.

Nowadays, the hybrid electric vehicles use a separate liquid cooling system with

coolant temperature at 65°C, together with the 105°C engine cooling system[51].
The coolant is used to specifically remove the heat from the electric drive system,
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Figure 3.19: Thermal Model of Power SiC MOSFET C AS300M17BM?2

considering the temperature limitations of power electronics. As a result, the ambi-
ent temperature T4 of the thermal system is set at 65°C, which corresponds to the
temperature of the coolant.

At the beginning, T is assumed to be equal to the coolant temperature (65°C),
and the corresponding electric parameters are determined accordingly. However, in
reality, the actual T; exceeds 65°C due to the thermal conduction from ambient
conditions to the junction. This temperature difference introduces an error between
the simulated and actual power losses.

An iterative method can be employed to reasonably estimate T'; using power losses
and thermal resistance, as depicted in Fig.3.20. Due to the absence of Ry, cp and
Ryp 4 in the datasheet, the thermal resistance from the coolant to the junction can
be simplified as Ry, jc-

Assumed Junction Temperature: Coolant Temperature:
At start: T) = 150°C Tp = 65°C
updating parameter: Updating Power Loss: Updating Junction Temperature:
F 3 >
Rpsons Upo, K B Euff: etc. Plass)Mgsl PlassJDio T],new =T+ Rth,]C * Pioss
Is Junction Temperature
No

Close to a stable value?

Py, and T determined

<

< Yes

Figure 3.20: Flow chart for determining junction temperature

Firstly, based on the worst-case conditions specified in the datasheet (7); = 150°C),
the corresponding power losses can be determined, and the 7T; can be updated
according to (2.65). For a more accurate estimation, the parameters obtained at
the updated T; can be utilized to calculate the new power losses, which can in
turn provides a new T';. This iterative process can be repeated several times until
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T; approaches a stable value, allowing for determination of the actual junction
temperature and power losses.

3.3.1.3 Determination of Electrical Characteristics

As mentioned previously, the accurate determination of significant electrical param-
eters, such as Rpson, Eon and E,yy, is crucial for power losses calculation under
specific operating conditions. In the case of an IPMSM, different operating regions
require various drain currents, leading to varying degrees of power losses.

These variations in power losses result in different junction temperatures through
thermal conduction, subsequently impacting the inverter parameters. Therefore, it
is necessary to establish a series of models representing the electrical parameters of
the CAS300M17BM?2, considering the variations in test conditions as specified in
the datasheet.

The conduction loss of SiC MOSFETs is greatly influenced by Rpg.,. The relation-
ship between Rpg., and Ipg, as well as Rpgso, and T is illustrated in Fig.3.21.
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Figure 3.21: On-state resistance vs drain current (left) and On-state resistance vs
junction temperature (right) in MOSFET

When Ugs equals to 20V, both of the above two relationships at T;=25°C" and
Ips=225A can be modeled by cubic polynomial functions, which can be expressed
as

{ Rpson = a1 + aslbg + azlps + ay (3.8)

RDSon - bng + b2T} + b3TJ + b4
In Fig.3.22, the relationship between Ups and Ipg of body diode under different

testing temperatures is clearly modeled on the left. It is worth noting that the
conduction loss of the body diode is estimated using the diode’s on-state zero-current

49



3. Case Setup

voltage Vpo and diode on-state resistance Rp, which can be represented by the line
intercept with the z-axis and its slope.
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Figure 3.22: Drain-source current vs drain-source voltage (left) and on-state
resistance/on-state zero-current voltage vs junction temperature (right) in diodes

After obtaining the data of Vpy and Rp at different temperatures, the relationship
between Vpo/Rp and T; can be modeled as shown on the right side, which are
expressed by

{ Voo = a1Ty + ¢ (3.9)

Rp = d\Ty + ds

Similarly, the turn on/off switching energy in MOSFETS is influenced by the junction
temperature, drain-source voltage and current to a certain extent. Under normal
conditions, the relationship between switching energy loss and Vpgs/Ips can be di-
rectly determined based on the datasheet. This relationship can be expressed as

E:p ,datasheet

E, VpsIps (3.10)

B VDS,ref : IDS,ref

However, it is also necessary to construct corresponding models to illustrate the
impact of temperature on E,,/E,fs, as revealed in Fig.3.23.
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Figure 3.23: Turn-on/off and total switching energy vs junction temperature

The relationship between E,,/E,s; and T; can be modeled as two linear polynomi-
als, as expressed as

{ E(m - €1TJ + €3

3.11
Eorp = [iTr + fo (3.11)

Finally, all the modeling coefficients related to the electrical characteristics of power
SiC MOSFETs, as well as the corresponding testing conditions, are demonstrated
in Table 3.6.

Table 3.6: Coeflicients of Modeled Electrical Characteristics

Coefficient 1 2 3 4 Test conditions
a -2.415-107% 3.363-107° -4.69-10~* 7.365 T; =25°C
b -1.403-107% 2.104-107* 2.791-1072 6.963 Ips = 225A
c -8.984-10~% 7.199-10~* t, = 200us
d 1.408-107° 1.773-1073 t, = 200us
e -6.994.1073 13.96 Upp =900V, Ips = 300A
f 1.02-1073 9.912 Upp = 900V, IDS = 3004

3.3.1.4 Design of Power MOSFETs in Parallel

In the constant torque region, the peak value of the input phase current when
the motor generates maximum torque is 641.03A, which far exceeds the maximum
allowable DC continuous drain current /p. Hence, the parallel operation method
should be employed in the design of the inverter circuit arrangement. According to
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(2.67) and assuming an initial junction temperature of 65°C', the number of parallel
SiC MOSFETSs can be presented by

RDSon,max(I - Imax)
n =
RDSon,min : [ma:p

10 - (641.03 — 270)
= 1~3.2
=>n 6270 + 3.29

+1 (3.12)

In general, if the impact of dynamic current sharing is disregarded, the number
of parallel devices required exceeds 3. And with considering the actual junction
temperature, which is expected to be higher than 65°C' due to thermal conduction,
the final number of branches is selected as 4.

3.4 Controller

The FOC introduced in this section primarily consists of two parts: a look-up table
module for obtaining the reference currents and the corresponding dynamic param-
eters, and a current controller for generating the 3-phase reference voltages. The
conceptual model of the controller is illustrated in Fig.3.24.

u
Wy e f Ugd re f aref
u
] dq — abc bref
Te,re f look —up Table lsq,re f Tr?lnsform
_— Ueref

Figure 3.24: Conceptual diagram of FOC

3.4.1 Look-up Table

In contrast to the traditional speed controller, the current table-based control method
is employed in this thesis[52], which is more conducive to obtain the reference dy-
namic parameters within a fixed control strategy and specific operating points.

As illustrated in Fig.3.25, once the reference motor speed w,.s and torque 7.y within
the operating range are given, the corresponding reference currents iy e s and isq ref
can be determined based on 2D interpolation from the look-up tables. The same
method can also be applied to obtain the reference stator inductance L. and L;q,

as well as the magnetic flux linkage w;n from the reference currents.
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Figure 3.25: Look-up table for obtaining reference parameters in MATLAB

3.4.2 Current Controller

The two input types to the current controller are measured dg-currents from the
IPMSM (isq and iy, ), and reference dg-currents (isqef and i ,ef) obtained from the
look-up table based on desired operating point. The current controller implemented
in Simplorer is illustrated in Fig.3.26, primarily incorporating the three modules
introduced in Section 2.4.

Decoupler,Fee —
PI Controller Forward and Active Damping
1

isd,re f

. 1
s
Lsq,ref !
A [ fams
I
— ) e
]

Figure 3.26: Current controller model in Simplorer

The error e between i, ,.5 and ¢, is fed as input to the PI controller, which in turn
determines the voltage v/, across the winding resistance. Afterwards, the reference
input voltage u, is calculated, taking into account the decoupler, feed-forward, and
active damping, and is subsequently limited by the voltage saturation. Finally, the
limited dg-voltage is transformed into a 3-phase reference voltage signal which is fed
to the SPWM module.
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3.5 Power Losses of Entire Drive System

The energy efficiency of electric drive systems, particularly for vehicle applications,
is a key focus, and achieving reduced system losses can be approached through differ-
ent perspectives. In this research, the investigation of losses in the electric machine
and inverter is performed under different switching frequencies. The losses in the
motor are based on the quality of the current waveform. At lower switching fre-
quencies due to large current ripples, the losses are higher, increasing the switching
frequency can improve the quality of the current waveform and therefore reduce the
losses. The losses in the inverter increase with the increase in switching frequency
due to the energy loss for every switching cycle.

As shown in Fig.3.27, a decaying trend in the motor losses and linear behavior of the
inverter losses with respect to switching frequency. For any given operating point
on the torque-speed envelope, a minimum point of the total losses can be found.

Total Losses
=== |PMSM Losses
Inverter Losses

Losses

Switching frequency

Figure 3.27: Generic behavior of motor, inverter, and total system losses
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Methods

In this chapter, two main current vector control algorithms for the IPMSM will be
extensively discussed based on their performance: the MTPA control strategy and
the loss minimization control strategy. Subsequently, a comprehensive comparison
will be made to determine the optimal motor control strategy. Furthermore, the
junction temperature of MOSFETs and body diodes, along with the total power
loss distribution at different switching frequencies, will be analyzed and presented.

4.1 Test Operating Speeds

The test speeds within the entire speed range are illustrated in Fig.4.1, serving as
the reference for the following two control strategies. To ensure the testing accuracy,
the speed range is set from 100 to 12000rpm with the gap not higher than 500rpm.

Constant Torque Constant Power
450
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40057 s
| LI |
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.
100 2500 5200 8000 10800 =300 Be s
500 3000 5600 8400 11200 Z 25088
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Figure 4.1: List of test operating speeds

4.2 Current Vector Control Strategies for IPMSM

4.2.1 MTPA Control Strategy

The purpose of MTPA control strategy is to achieve the optimal match between the
input current and output torque of the motor, ensuring that the motor can generate
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maximum electromagnetic torque with the minimum required input current.

According to (2.9), for SPMSM, the stator inductance in dg-direction is equal (Lgq =
Lg,), which results in the reluctance torque T generated by motor equals to 0,
meaning 7,4 has no effect. Therefore, in order to improve magnet torque and current
utilization as much as possible, the control strategy through setting ¢s,=0 is selected
to maximize ¢z, under the same current amplitude. The output electromagnetic
torque under this condition can be rewritten as

T, = ?)prmisq (4.1)
However, for the IPMSM drive system employed in this thesis, the impact of 74
needs to be considered due to the generation of reluctance torque. In this regard,
the MTPA control strategy can be adopted to determine the optimal electrical pa-
rameters to the IPMSM.

The MTPA control algorithm is primarily implemented using a nested loop struc-
ture, as shown in Fig.4.2. This involves analyzing each operating point to determine
the optimal input current 4., is,.

] Yes, analyze next speed
Analyze operating speed 100 — 12000rpm J:

i Matlab function "fmincon"

A 4

No
.. A _ . Test next (i g, i
Sweep each (i, lw), is ’l.sdz + Isqz < e & Ul + U P < U, ? (sar Esq)
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v

Determine the T,,,. and the corresponding

(isaTmax LsqTmax) Under this speed

r

No, analyze next torque
<
<

Analyze T, between T,y — T,por, With the step SN - m under this speed J

i Matlab function "fmincon” ‘ I
[ ] No
Sweep each (i,q,i.), 15 lisal < |isarmee| & lisg] < |isgrmae|? [P Test next (izq is,)
N, _
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q .. . . ——- . .
Determine the minimum ’lmz + 1,,12 that generateT, Is the torque analysis ended!
€ J

Figure 4.2: The process for MTPA control strategy

Based on the above process, the current trajectory under different operating speeds
along with the maximum current limitation and output electromagnetic torque dis-
tribution is illustrated in Fig.4.3.
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Figure 4.3: Current trajectories under different motor operating speed using
MTPA control strategy

It is worth noting that the trajectory remains the same when the speed is below
the rated speed, as shown by the pink (1000rpm) and blue (2000rpm) lines in the
figure. However, if the speed continues to increase, the trajectory will shift along the
voltage limit ellipse exceed a certain point. This can be clearly observed in the lines
representing the speed 3000-6000rpm. Additionally, the yellow (8000rpm) and cyan
(12000rpm) lines are completely limited by the maximum voltage and no longer
originate from the coordinate origin. After transforming into the dashed current
trajectory, the output torque under the corresponding speed will not continue to
rise.

The distribution map of input current and voltage amplitudes across the entire op-
erating region using the MTPA control strategy is illustrated in Fig.4.4. As the
IPMSM operates in the constant torque region, it is apparent that the current re-
mains constant even as the speed increases. This is because, in this region, the
current trajectory is not limited by the voltage limit ellipse and continues to move
towards the direction that can generate maximum torque. However, as the speed
continues to rise and the motor enters the constant power region, the current tra-
jectory begins to be affected by the maximum voltage constraint. Consequently, the
torque generated by the same amplitude of input current gradually decreases.
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Figure 4.4: The input current (left) and voltage (right) distributions under the
entire operating region using MTPA control strategy

Furthermore, it is observed that the stator voltage reaches its maximum value of
320V when the motor operating speed exceeds approximately 6000rpm. This in-
dicates that the current trajectory starts to become completely constrained by the
maximum voltage at this speed.

As shown in Fig.4.5, the distribution of copper loss in each operating region under
MTPA control follows a similar pattern to the current distribution due to their direct
proportionality. The copper loss reaches its peak at around 24kW when the motor
operates at low speeds (0-2000rpm) and generates high torque.
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Figure 4.5: The copper loss (left) and iron loss (right) distribution under the entire
operating region using MTPA control strategy

On the contrary, the iron loss reaches its peak at around 500/ when the machine
operates in the 4000-6000rpm range. Moreover, in high-speed regions where the
motor’s output torque is low, it is often observed that the iron loss is comparable to
the copper loss.
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4.2.2 Loss Minimization Control Strategy

The loss minimization control algorithm is depicted in Fig.4.6. In contrast to the
MTPA control, this strategy aims to find the input current combination that gen-
erates the torque 7T, while minimizing total motor power losses, instead of solely
focusing on achieving the minimum input current.
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Figure 4.6: The process for loss minimization control strategy

The reference map of copper losses and iron losses is obtained from Maxwell, and
adopting 2D interpolation, the various losses incurred at a specific input current
can be determined. The small eddy current losses in the permanent magnet can be
neglected since there is no ripple in the three-phase reference current input during
the test.

Within the same testing speed range, Fig.4.7 displays the current trajectories under
various motor operating speeds for the loss minimization control strategy.

Compared with MTPA control strategy, a noticeable difference is that when the
motor operates below the rated speed, the trajectories are no longer the same due
to variations in the iron loss. In addition, minor changes are observed in other
trajectories within the speed range of 3000-12000rpm. This occurs because the di-
rection of the trajectory is now guided by minimizing motor power losses instead of
minimizing current magnitude.
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Figure 4.7: Current trajectories under different motor operating speed using loss
minimization control strategy

As illustrated in Fig.4.8, the distribution of input current and voltage amplitude
across entire operating regions using the loss minimization control strategy differs
from that observed using the MTPA control strategy. In the constant torque region,
the current distribution is no longer uniform, and a higher current magnitude is
required to generate the same torque as the speed increases.
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Figure 4.8: The current (left) and voltage (right) distributions under entire oper-
ating regions using loss minimization control strategy

The corresponding distributions of power losses are shown in Fig.4.9. Similarly,
the maximum value of copper loss and iron loss that can be achieved in the con-
stant torque region and medium-speed regions are also close to 24kW and 5000,
respectively.
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Figure 4.9: The copper loss (left) and iron loss (right) distribution under entire
operating region using loss minimization control strategy

4.2.3 Comparison Between Different Control Strategies

The MTPA and loss minimization control strategies will be comprehensively com-
pared in terms of energy efficiency, reference input current, and feasibility. Based
on this comparison, the optimal control strategy will be selected for the power loss
analysis of the entire electric drive system.

4.2.3.1 Comparison of Energy Efficiency in IPMSM

The distribution of total power losses in IPMSM when utilizing different control
strategies are illustrated in Fig.4.10, which combines both copper losses and iron
losses. In general, as the motor operating speed rises while maintaining the same

output torque, the total motor power loss also increases.
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Figure 4.10: Total loss distribution under entire operating region using MTPA
(left) and loss minimization (right) control strategies
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The energy efficiency of IPMSM under these two control strategies can be calculated
based on (2.24). As the efficiency distribution map shown in Fig.4.11, the most
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significant difference between them is roughly located at the highest efficiency (98%)
area. In contrast, the distributions in other regions are nearly identical.
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Figure 4.11: Energy efficiency distribution under entire operating region using
MTPA (left) and loss minimization (right) control strategies

The difference of motor power losses and energy efficiency between various control
strategies can be expressed by

{ APtotal = PMTPA - PLossMin (4 2)

Ane = MNLossMin — TI]MTPA

where Pyrpa/Myurpa and Prossirin/MLossiin Tepresent the motor power losses/en-
ergy efficiency under MTPA and loss minimization control strategies, separately.
The corresponding difference distributions are indicated in Fig.4.12.
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Figure 4.12: Difference distribution of motor energy efficiency (left) and power
loss (right) between different control strategies

When adopting loss minimization control strategy, the energy efficiency in most
operating regions is higher than when using MTPA control strategy, especially in
medium-speed regions generating low torque (0-50/N-m) and the constant torque re-
gion with torque between 100-400N-m. However, overall, the energy efficiency raise
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brought by this control strategy is not significant in the remaining operating regions.

To better reveal this phenomenon, Fig.4.13 illustrates the variation trend of motor
efficiency and losses under the two control strategies at specific operating speeds.
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Figure 4.13: The comparison of motor energy efficiency at 3000 and 4000rpm
(left) and the comparison of motor power losses at 4000rpm (right) between the two
control strategies.

Starting at the output torque of 5N-m at the speed of 3000rpm and 4000rpm, it is
noticeable that the loss minimization control strategy can improve the motor energy
efficiency to a certain extent. However, this improvement gradually becomes less
evident as the output torque increases. After reaching output torques of 150N-m
and 90N-m at the two respective speeds, the motor efficiency under both control
strategies becomes nearly identical.

Furthermore, the increase in output torque is attributed to the rise in input current,
which also leads to a quadratic increase in copper losses. However, the iron losses
increases at a slower rate, causing its proportion to the total losses to diminish as the
output torque increases. As a result, under the same amplitude of stator current,
the motor losses become nearly identical. Therefore, the loss minimization control
begins to nearly transform into MTPA control at the same time.

4.2.3.2 Comparison of Input Current in IPMSM

The distribution of 7,4 and i, under two control strategies are shown in Fig.4.14 and
Fig.4.15, respectively. As mentioned before, during MTPA control, the input current
used to generate the same torque at the constant torque region is evenly distributed,
as it is within the limit range of the maximum voltage. However, due to the control
strategy no longer tend to seek the minimum current, the current distribution in
the same area is no longer uniform in loss minimization control, especially in low
torque regions.
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Figure 4.14: The d-current distribution under entire operating region using MTPA
(left) and loss minimization (right) control strategies

400 400
350 400 350
300 300
250 . 250
200 200
150 150
100 100 100
50 50

0

0
0 2000 4000 6000 8000 1000012000 0 2000 4000 6000 8000 1000012000
Mechanical speed [rpm] Mechanical speed [rpm]

400

'E 300 g 300
Z Z
g g
o 200 T 200
o o
~ ~

100

Figure 4.15: The g-current distribution under entire operating region using MTPA
(left) and loss minimization (right) control strategies

It is self-evident that when the output torque is less than a specific value, the i,
required for MTPA control is slightly greater than that for loss minimization control.
On the contrary, it consumes significantly less magnitude of i,4. This feature is well
reflected in Fig.4.16 at the test speed of 6000rpm. Overall, compared with loss
minimization control, the motor consistently requires less input current when using
MTPA control at the same operating point.
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Figure 4.16: The comparison of input 754 and 5, at 6000rpm between the two
control strategies

4.2.3.3 Feasibility Analysis

In the majority of working regions, especially when the motor generate high output
torque, the energy efficiency improvement brought by the loss minimization control
strategy will not exceed 0.01%. This phenomena can be represented in Table.4.1,
which shows the error in input current and energy efficiency at two operating speeds.

Table 4.1: Comparison of input current and motor energy efficiency between MTPA
and loss minimization control strategy at different operating points

Speed[rpm| Torque[N-m] Para. MTPA Loss Min.  Error

3000 25 i, 2997 A 32324 784 %
n 9755% 9759 %  0.04 %
3000 50 i, 5286 A 5779 A 933 %
n  97.68% 9770 %  0.02 %
3000 75 iy 7299 A T453 A 2.11%
n 9757% 9759 %  0.01%
3000 100 i, 9244 A 9356 A4 1.21%
n 97.40% 97.41%  0.007%
4000 25 i 2997 A 3420 A 14.11%
n  97.62% 97.69 %  0.08%
4000 50 i, 5286 A 5645 A 6.69%
n 97.89% 97.93%  0.05%
4000 75 i,  T354A 7599 A4  3.33%
n  97.90% 97.91%  0.01%
4000 100 i, 9682 A 9682 A 0%

n 97.76 % 97.76 % 0%

It is apparent that at these two speeds, when the motor efficiency visibly improves,
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the value of input current consumption also increases. Similarly, when the input
current declines, the efficiency improvement decreases accordingly. Thus, compared
to MTPA control, introducing the minimum loss control has little significance.

During the process of IPMSM control, the eddy current loss in PMs and iron loss
are typically influenced to some extent by the inverter switching frequency, leading
to the unpredictability of the total power losses of motor. As a result, achieving
the loss minimization control based on a given total loss distribution becomes chal-
lenging. Moreover, this control strategy also neglects the impact of inverter losses,
which makes it difficult to accurately minimize the losses of the entire drive system.

Overall, the MTPA control strategy proves to be effective in utilizing the minimum
current to generate maximum torque while ensuring high energy efficiency. There-
fore, it can be considered a suitable control strategy for the entire drive system.

4.3 Efficiency Analysis for Inverter Circuit

As stated in Section 3.3, the junction temperature T'; of power inverters is initially
set at 65°C, which corresponds to temperature of the coolant or heatsink. Addi-
tionally, the power losses P, are assumed to be obtained based on the maximum
allowable temperature 150°C'. To refine the calculations and obtain accurate data
for Ty and Py, the thermal conduction process (2.65) is used to recalculate Ty
iteratively several times until convergence is achieved.

By employing the MTPA control strategy, when the motor is running at 3000rpm,
two operating points are provided as examples, with output torques of 100/N-m and
250N -m respectively. As shown in Fig.4.17, with a switching frequency of 10k H z,
the junction temperature and total power losses of MOSFETs and body diodes
stabilize around certain values after 5 iterations.

67 600
o 500\
'© 66.5 o o rh
g~ & & ® —
= = 400
S —e—T,,,250N.m @ —e— P, -250N.m
(7]
g 66t T, -250N.m 8 ool e P 250N
2 Tyoe-100N.m g Pyios-100N.m
_E »=@s=: T -100N.m S 200 f - @:=: P, -100N.m
© 65.5+
g — & & 0
2 e & o) 100
llllllll @uusnnnns@uuunnnnn@uunnnnnn@ sssnnnnn@uunnnnne@uunnnnnn@uunnnnnn
65 : . 0
1 2 3 4 5 1 2 3 4 5
Iterations Iterations

Figure 4.17: Iterations of junction temperature (left) and total power losses (right)
at 3000rpm in MOSFETs and body diodes
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4.3.1 Junction Temperatures

Indeed, after each round of iterations, the respective junction temperatures and
power losses decrease to varying degrees, as the simulated junction temperature af-
ter each iteration remains higher than the actual one. After 5 iterations, Fig.4.18
provides an overview of the junction temperature distribution across the entire op-
erating region for each MOSFET and diode.
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Figure 4.18: The junction temperature distribution of MOSFET (left) and body
diode (right) under entire operation region with the switching frequency of 10k H z

Among these strategies, the maximum junction temperature that each MOSFET
and diode can reach is around 70°C and 66.5°C' respectively. Both of these temper-
atures are observed within the operating range of the maximum input current.

4.3.2 Inverter Power Losses

The distribution of IPMSM’s power factor cosy and modulation index M, are shown
in Fig.4.19, which are crucial for calculating inverter power losses. The value ranges

of them are mainly between 0.4-0.95 for cosiy) and 0.1-0.8 for M,.
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Figure 4.19: The distribution of power factor (left) and modulation index (right)

under entire operating region
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In automotive traction inverters, the switching frequency typically remains below
10kH z[53]. To investigate the power losses distribution, four different switching fre-
quency values are utilized in the inverter circuit: 2.5kH z, 5kHz, 7.5kH z and 10k H z.

When integrating the IPMSM with the 3-phase inverter circuit introduced in Chap-
ter 3 and applying the MTPA control strategy, the distribution of various types of
inverter losses, along with the total inverter losses across different f,, values are
illustrated in Fig.4.20.
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Figure 4.20: The distribution of conduction loss in MOSFETSs (upper left), conduc-
tion loss in body diodes (upper right), switching loss in MOSFETs (lower left) and
total inverter power losses (lower right) across the switching frequencies of 2.5k H z,
SkHz, 7.5kHz and 10k H z under entire operating regions

Obviously, for a fixed operating point, when the f,, value is selected as the lowest,
both of the switching loss and the total losses are minimized. Although this trend
also holds for conduction loss in MOSFETSs and diodes, their variation between dif-
ferent f,, values is generally limited to within 10/, making it less prominent and
not well represented in the figure. This occurs because, the switching loss shows an
almost linearly proportional relationship with the f,, value, whereas the increase
in conduction losses is primarily attributed to the rise in T); caused by the higher
switching frequency.
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When f,, is 10kHz, as depicted in Fig.4.21, the switching loss are the primary
contributor to the total power loss in the low load region, whereas conduction loss
dominate in other operating regions. Furthermore, the power loss in MOSFETs
consistently constitute more than half of the total power loss and are most significant
in the high-speed region.
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Figure 4.21: The distribution of switching losses and MOSFET losses as a per-
centage of the total power losses in the inverter circuit

In the next chapter, an exploration of several different f, values will be investi-
gated at each operating point, and a detailed analysis of the inverter power losses
distribution will be conducted for the specific case.
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Results & Discussions

In this chapter, based on the previously introduced model and methods, the impact
of different switching frequencies on the drive system will be thoroughly examined.
Afterwards, a comprehensive discussion of the optimal switching scheme across the
entire operating region of the IPMSM will be presented.

5.1 Power Losses Analysis of Entire Drive System

The following section will provide a power loss analysis for the IPMSM and the
power SiC inverter circuit at two different operating points. One operating point
will be from the low-speed region, and the other from the high-speed region.

5.1.1 Power Losses in IPMSM

The injected 3-phase currents of IPMSM when operating at 3000rpm and 6000rpm
is illustated in Fig.5.1 and Fig.5.2, which generates an electromagnetic torque of
200N -m and 50N -m, respectively.
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Figure 5.1: The 3-phase currents injected to IPMSM at 3000rpm, 200N -m
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Figure 5.2: The 3-phase currents injected to IPMSM at 6000rpm, 50N -m

The testing covered a range of fy, values from 5-12.5kH z, with intervals of 2.5k H z.
In the figures, the generated three-phase currents under these different f,,, values
from the inverter circuit are arranged from top to bottom. The corresponding FF'T
of these currents, depicted in Fig.5.3, the switching frequency components of these
currents account for the losses, and as the switching frequency increases, these co-
efficients are suppressed making the waveform close to pure sinusoidal.
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Figure 5.3: FFT of the current waveform at 3000rpm, 200N -m (left) and 6000rpm,
50N -m (right)

Fig.5.4 shows the output torque of the IPMSM. The torque ripple decreases with
the rise in switching frequency. It can be seen clearly in Fig.5.5 that the torque
harmonics are of the order 6, 12, and 18 with the 12¢th being the most significant.
The lower-order harmonics are reduced with the increase in switching frequency.
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Figure 5.4: Output torque at 3000rpm, 200N -m (left) and 6000rpm, 50N -m (right)
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Figure 5.5: FFT of the output torque waveform at 3000rpm, 200N -m (left) and

6000rpm, 50N -m (right)

As shown in Fig.5.6, the corresponding power losses in IPMSM under the tested f,
values are divided into three parts: copper loss, iron loss, and magnet eddy current
loss. These components are visualized in individual columns with different colors.
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Figure 5.6: The power losses in IPMSM at 3000rpm, 200N -m (left) and 6000rpm,

50N -m (right)

72



5. Results & Discussions

As the switching frequency increase from 2.5k H z, there is a significant drop in mag-
net eddy current loss in both operating points, which is attributed to the decrease
of the current ripples brought by higher f,, values. However, although the decrease
in iron loss is also influenced by the same reason, it is much less obvious, with
the overall drop from 2.5-12.5kH z being lower than 201/ at both operating points.
Moreover, the magnitude of the copper loss remains almost independent of the
switching frequency, because of the fixed value of the winding material resistance.

5.1.2 Power Losses in Inverter Circuit

The induced 3-phase voltages generated by SPWM control through the inverter cir-
cuit at these operating points are displayed in Fig.5.7, which also reflect the specific
waveform of the input PWM signals. The tested f,, values are still shown from
top to bottom, ranging from 5-12.5kH 2. Similarly, when the switching frequency
is higher than 10kH z, the improvement in the induced voltage waveform by the

inverter circuit system becomes less evident.
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Figure 5.7: The 3-phase induced voltages generated in the inverter circuit at
3000rpm, 200N -m (left) and 6000rpm, 50N-m (right)

Fig.5.8, shows the FFT of the voltages at 3000rpm and 200N-m. The lower order
harmonics remain almost the same regardless of the switching frequency.
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Figure 5.8: FFT of the voltage waveform at 3000rpm, 200N -m (left) and 6000rpm,
50N -m (right)

Table 5.1: Results for Both Cases (3000rpm, 200N -m and 8000rpm, 50N -m)

Op;;‘:lrf;ng Parameter | units | bkHz | 7.5kHz | 10kHz | 12.5kHz
2000 TDHy % 15.48 | 15.15 15.68 16.41
200]\’;%‘ TDH, % | 179 | 164 | 1.53 1.46
Torque ripple % 34.1 29.13 26.51 25.52
TDHy, % 3.23 4.67 7.24 7.01
gg?\?ﬁm TDH, % | 22 | 215 | 1.99 2.15
Torque ripple % 46.87 | 40.55 35.97 33.57

Fig.5.9 illustrated the corresponding power losses in the inverter circuit related to
the different switching frequencies. Because of the zero reverse recovery phenomenon
from the body diodes of the selected power SiC MOSFET product, only the switch-
ing loss in MOSFETs was taken into consideration. In addition, conduction losses
were also included in these power losses.
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Figure 5.9: The power losses in inverter circuit at 3000rpm, 200N -m (left) and
6000rpm, 50N -m (right)
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Apparently, the total power losses of the inverter circuit exhibits an approximately
linear correlation with the f,, values, which mainly arises from the relationship
between the switching loss and the f,, values. Moreover, the conduction loss in
both SiC MOSFETs and body diodes nearly remains constant.

5.1.3 Switching Frequency Determination

With the expansion of the tested range of switching frequencies from 2.5-20k H z, the
trend of the total losses of the entire drive system, including the losses in IPMSM
and inverter circuit, changing with the f,, values becomes more evident in Fig.5.10.
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Figure 5.10: The power losses in entire drive system at 3000rpm, 200N-m (left)
and 6000rpm, 50N -m (right)

As illustrated in the figure, as the rise in switching frequency, on one hand, the trend
of decline in IPMSM losses gradually slows down; on the other hand, the losses in
the inverter circuit increase linearly. Therefore, at a specific switching frequency,
the magnitudes of these two trends tend to be balanced, resulting in the lowest total
losses for the entire drive system. These f,,, values for the example operating points
are chosen at 7.5k Hz and 10kH z respectively, which marked by the red circles.

5.2 Optimal Switching Scheme of Drive System

This section mainly employs a specific segment of the filed-weakening region as an
illustration to reveal the influence of varying switching frequencies on the distri-
bution of system energy efficiency. Furthermore, the optimal switching frequency
distribution across the entire operating region will be statistically determined.

5.2.1 Energy Efficiency at Various Switching Frequencies

When the medium-speed and high-speed operating regions of IPMSM are selected for
display, and the upper limit of tested switching frequency range is further expanded
to 30k H z, the system energy efficiency of this operating area is depicted in Fig.5.11.
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Figure 5.11: The distribution of system energy efficiency across 5-30kH z under
4000-12000rpm

As the switching frequency changes from 5-10k H z, the proportion of the region with
energy efficiency higher than 95% experiences a noticeable increase. Subsequently,
from 10-20kH z, the energy efficiency across the entire region remains relatively
stable. However, when the switching frequency further increases to 30kHz, the
proportion of high energy efficiency distribution reduces significantly, while on the
contrary, the proportion of efficiency distribution below 92% begins to rise. This
indicates that the optimal switching frequency within this region lies approximately
between 10kHz and 20k H z.

5.2.2 Determination of The Optimal Switching Scheme

Based on the previously employed methods and further extending its application to
the entire operational range, a series of operating points are tested under various
switching frequencies. To enhance the energy efficiency of the drive system, the
optimal switching scheme within the tested region, along with the corresponding
system efficiencies and the proportion of IPMSM losses at total losses, is illustrated
in Fig.5.12. Additionally, linear interpolation is employed to determine the data
between each operating point.
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Figure 5.12: Tested operating points (upper left), along with the corresponding
optimal switching scheme (upper right), the distribution of system efficiency (lower
left) and the distribution of IPMSM losses proportion to the total losses (lower right)

It is worth noting that the distribution of the optimal f,, tends to exhibit a shape
characterized by concentric layers, when the f, value decreases, it becomes closer
to the outermost layer. When the motor operates within the medium-speed range
between 4000-6000rpm and the output torque is low, a f, value of 12.5/15kH 2
yields the highest system efficiency. However, for high torque regions, low f,, val-
ues (2.5/5kHz) are generally more suitable. Additionally, in the high-speed region,
the optimal f,, value gradually drops as the speed rises.

Correspondingly, the energy efficiency of the drive system touches the highest in
the medium-speed region, with the output torque around 100N -m, reaching close to
96.5%. Moving away from this region, the efficiency decreases successively. While
the efficiency drops sharply to about 60% across the high-torque region, due to the
rapid rise of copper loss. Moreover, within the low-speed and low-torque region,
the IPMSM losses occupy the lowest proportion of the total losses, with the scope
between 78-85%. This value increases to more than 95% with higher speed and
output torque.
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Conclusion

In this thesis, an electric drive system centered around an IPMSM drawing inspi-
ration from the 2004 Toyota Prius is constructed using ANSYS platform, which
includes a well-matched PI control circuit. Based on the co-simulation with the
WBG SiC-based inverter circuit through 3-phase current feeding and PWM feeding,
a series of the drive system performances are conducted such as power losses, output
torque and induced voltage.

Based on the output results derived from Maxwell simulations and the inverter char-
acteristics provided by the manufacturer, a series of electrical parameters such as
L, and 1, are calculated by employing functions in MATLAB, and the process of
power loss and heat transfer within the inverter are mathematically modeled. Fur-
thermore, the entire operating region of the IPMSM is delineated by incorporating
the constraints of stator current and voltage.

The algorithm of the IPMSM control strategy for minimizing the total motor loss
is developed, and its performance is compared in detail with the traditional MTPA
control algorithm. Although this strategy can enhance the motor efficiency to a
certain extent within the medium-speed region (4000-6000rpm) with low output
torque and in the low-speed region (0-2000rpm), the improvements in other regions
remains restricted or even negligible (lower than 0.1%). In addition, because of
certain shortcomings like the absence of inverter loss data and higher current con-
sumption of loss minimization control, the MTPA algorithm is ultimately selected
as the optimal motor current control strategy.

Finally, by varying the switching frequency and documenting the f,, value at which
the minimum total loss is attained for each tested operating point, the optimal
switching frequency distribution over the entire motor operating area is derived.
After testing over 50 operating points, a notable trend emerged: as closer to the
medium-speed and low torque region, higher switching frequencies (12.5/15kH z) led
to maximal system efficiency. Conversely, as operations move away from this central
region, there is a more pronounced reduction in the optimal switching frequency. For
instance, the highest torque scenario experiences the optimal switching frequency
drop to as low as 2.5kH z.
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Future Work

In this thesis, only the SPWM control strategy is employed, and the entire elec-
tric drive system can be expanded to investigate different switching schemes like
SVPWM and THIPWM control strategies. Afterwards, the system efficiency under
different control strategies can be compared.

In the process of thermal analysis of power SiC MOSFETs, the type of the heatsink
and baseplate can be selected in detail. The simulation of the junction temperature
of the SiC MOSFETs will be more accurate if the heat transfer related to them is
taken into account in the thermal resistance model.

This work only considers the factor of system energy efficiency when selecting the
optimal switching frequency, and sometimes the variations of total power loss caused
by the fs, values with the interval of 2.5-5kH 2 might not be substantial. In this
regard, more reference factors can be introduced, such as harmonics.

Analytical equations were employed to calculate the inverter losses. However, ac-
quiring these losses through simulation using the IPMSM model in software can
provide more accurate data.

Moreover, exploring the drive system within a drive cycle context can serve as a

means to analyze the dynamic behavior of the system. Additionally, an exploration
into the impact of turn-on and turn-off transients on the IPMSM can be carried out.

79



S

Sustainability & Ethics

Many countries have declared that they will gradually replace internal combustion
engine vehicles (ICEVs) with EVs over the upcoming decades to meet net-zero car-
bon emission standards[54]. As the important system inside electric vehicles, the
impact of the large-scale application of PMSMs and lithium-ion batteries (LIBs) on
the environment and sustainable development should become the focus of attention.

LIBs can be regarded as among the most critical components of EVs and play an
significant role in shaping the long-term sustainability of the EV industry. But the
extraction of raw materials for LIBs is an environmentally intrusive technology to
a certain extent, which will cause damage to the local landscape, groundwater and
vegetation. Chile, Argentina, Bolivia, and several other South American countries
predominantly employ lithium extraction techniques in salt flats. This technology
consumes substantial amounts of water, which not only impacts the well-being of
local communities but also poses the risk of toxic substances from lithium mines
potentially seeping into water supplies. Additionally, as an significant proportion of
the LIB cost, the positive electrode still rely on costly metals like nickel, cobalt, and
other valuable metals that with limited reserves. This condition could considerably
impact the long-term sustainability of these materials[55].

Similarly, the permanent magnet rare earth materials, represented by NdFeB, is
one of the important functional materials for manufacturing PMSMs at present.
However, neglecting careful environmental assessment during the phases of mining,
processing, and manufacturing can cause significant dust pollution. Additionally,
the abandoned mines could possibly lead to natural disasters like landslides, endan-
gering the safety of the local population and their properties.

However, on the other side, when compared to the traditional ICEVs, medium-sized
EVs still have lower greenhouse gas emissions throughout the entire life circle, such
as vehicle manufacturing, mineral processing, and battery production[56]. Effec-
tively recycling for LIBs can also diminish the necessity for virgin raw materials,
thereby reducing the introduction of toxic waste into the environment and water
pollution[57]. Moreover, if reliable environmental evaluations can be carried out
and the sources of pollution can be reliably controlled before mining these raw ma-
terials, the impact of harmful dust and air on local populations will be greatly
mitigated.
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A

Appendix

The aim for creating the same electric drive system model in MATLAB/Simulink
is to verify the accuracy of the FEM model built in ANSYS platform, due to the
much faster simulation process of Simulink.
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Figure A.1: Entire electrical drive system built in Simulink, mainly including an
mathematical model of IPMSM, a 3-phase inverter circuit and a controller circuit



A. Appendix
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Figure A.2: Entire electrical drive system built in ANSYS platform, mainly in-
cluding an FEM model of IPMSM, a 3-phase inverter circuit and a controller circuit
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