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Dynamic Switching Frequency and Advanced
Modulation for Automotive Applications
An investigation of efficiency optimization in electric drive lines

Patrik Jonsson
Oscar Dahlin

Department of Electrical Engineering
Division of Electric Power Engineering
Chalmers University of Technology

Abstract

The rapid electrification of the vehicle fleets around the world has heavily increased
the demand for high efficiency powertrains. The development of this requires thor-
ough evaluation methods for all steps in the power transmission process. One part
that can be optimized to increase efficiency is varying the switching frequency in
the inverter. Using more complex Pulse Width Modulation (PWM) principles could
also be a way to increase efficiency.

In this project, the impact on the electric drive systems efficiency with regard to
inverter switching frequency and modulation principle were examined. Also, a sim-
ulation model of a real drive system was developed in Matlab, Simulink and JMAG.
This model was used to evaluate power losses for different operating conditions of
the drive system. The model’s results were compared to tests conducted on a phys-
ical drive line.

The study showed that a dynamic switching frequency is more power efficient than
a fixed one. In terms of PWM principle, the most effective was Space Vector Pulse
Width Modulation (SVPWM) for all tested operating conditions. The simulation
model’s results had a mean difference of 3.5 %-points from the real physical tests.

Keywords: Electric Vehicle, PWM Control, Power Inverter, IPMSM, Efficiency Op-
timization, Field-oriented Control, Finite Element Method
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1

Introduction

As the automotive industry is rapidly electrifying the vehicle fleets around the world,
the demand for higher efficiency in the vehicle’s powertrain is increasing. Since the
industry is relatively young compared to that of the traditional internal combustion
engine, there are still many parts of an electric drive vehicle to examine and improve.

Moreover, the process of evaluating the performance of these components is also
rapidly evolving. Having a well developed system for testing and validation is crucial
when searching for redundant power consumption in the driveline.

1.1 Problem Background

The Electric Drive Unit (EDU) consists of three main components, being the bat-
tery, inverter and electrical machine. The battery is used to store the energy needed
for propulsion, which is supplied as Direct Current (DC). The inverter is used to
convert and control the DC from the battery to an Alternating Current (AC) of a
given frequency and amplitude to be used by the electrical machine, which converts
electrical energy to mechanical energy. The power conversion step in the inverter
can be optimized in different ways to reduce power losses within the EDU, one being
the frequency of which the transistors switch ON and OFF, i.e. switching frequency.
The technique used to control the amplitude and fundamental frequency of the out-
put current is done by adjusting the width and shape of the electrical pulses sent to
the transistors in the inverter, a technique called Pulse Width Modulation (PWM).

This area is heavily studied in the pursuit of increasing the efficiency of electric
vehicles (EV) as there are different sources of energy loss in both the inverter and
electrical machine that are affected by the switching frequency and the modulation
principle. These include iron and copper losses in the electrical machine, and con-
duction losses and switching losses in the inverter [1], [2].

A good start for every optimization project is to have a model of the system that
can be used to simulate and then evaluate the impact of different parameters and
control methods. It is of great interest to create a model which is as accurate to
its real world counterpart as possible and to use correct evaluation methods for the
model.



1. Introduction

1.2 Purpose

The purpose of this project is to investigate the impact on system efficiency concern-
ing inverter switching frequency and modulation strategy, aiming to provide fast and
accurate loss estimations that account for PWM effects. In more detail, this project
will examine how varying the inverter switching frequency, coupled with PWM tech-
niques, impacts the efficiency of the EDU system. This project aims to investigate
the influence of different modulation strategies, such as Space Vector Pulse Width
Modulation (SVPWM) and Discontinuous Pulse Width Modulation (DPWM), on
the losses in the EDU system. Additionally, it seeks to evaluate the extent to which
simulation results align with experimental data obtained from physical EDU tests,
specifically regarding the effects of PWM.



2

Theory

2.1 Inverter

In Figure 2.1 a conventional three phase two-level Voltage Source Inverter (VSI) is
illustrated. The primary function is to convert DC to three-phase AC for e.g. an
electrical machine.

P

— fm
+ ’ Phase A —
T )v.boc R L .
— fm\
r Phase B — L
R

— m\
Phase C —
9 ) ] R
G G G
S2 S4 S6
D2 D4 D6

Figure 2.1: Three-phase two-level VSI.

The three-phase inverter consists of six transistors, also known as switches, where
transistors S and Sy creates the first leg, S3 and Sy the second leg and S5 together
with Sg creates the third leg. Each leg generates one of three phases supplied to a
load. At any time instant in a leg, only one switch is in conduction state (1, ON) and
the other one is non-conducting state (0, OFF). By switching these transistors ON
and OFF through different modulation principles the AC voltage can be synthesized.
These ON and OFF time intervals for each transistor pair is determined from the
PWM strategy used. The different strategies eventually produces PWM signals in
the form of square waves that controls the switching of the transistors. These square
waves are also called gate signals, denoted G in Figure 2.1.



2. Theory

In Table 2.1 the eight possible switch states for the inverter are depicted with their
corresponding output voltage [3]. Vap, Ve and Via are the line-to-line voltages,
Van, Van and Vg, are the phase-to-neutral voltages [V]. Vpe [V] is the DC link
voltage supplied by the voltage source, e.g. a battery. The neutral is depicted with
'n" in Figure 2.1.

Table 2.1: Inverter switch-states and output voltages

S1[1S31|S5 VAB VBC’ VCA VAn VBn VC’n
11111 0 0 0 0 0 0
011 |-Voe| O | Voe |-3Vpe| :Voe | 3 Vbe
1 0 1 VDC ‘VDC 0 % VDC ‘% VDC % VDC’
117110 0 Ve | -Vbe % Vbe % Ve '% Vbe
0[O0 1] 0 |-Voe| Vbe |-3Voe | -3 Voo | § Voo
1100 [Voe| 0 [-Voe!| 2 Voo |-3Voe|-3 Voo
0110 [-Vpoe|Voe | 0 |-3Voe| 3 Voo |[-3Voce
01010 0 0 0 0 0 0

Only the high side transistors are used to describe the switching states since the
lower ones are the negation of the upper ones. For state (S1, S3, S5) = (1, 0, 0) for
example, phase A to neutral voltage (Vy4,) = %VDC, Vin = _?IVDC and Vg, = ?VDC
which can be seen in Table 2.1. Then the current for phase A flows through S1 and
then through the load whereas for phase B and C the current flows from the neutral
through S4 and S6 respectively. If both transistors in a leg would be turned ON at
the same time, the battery would be short-circuited. To remove the risk of this, the
length of the square waves (gate signals) are reduced by a short time interval (=~ 1
ns), also called blanking-time [4]. During this time, both transistors in a phase leg
are in their non-conducting state. Therefore the anti-parallel diodes (D1 - D6) in
Figure 2.1 are needed to provide a path for the current to flow when the upper and
lower transistor in the same phase leg are turned OFF (blanking-time).

However, this blanking-time introduces a voltage error between the desired voltage
suggested by the PWM and the actual voltage out from the inverter since neither of
the transistors in the phase leg conducts current. This error is proportional to the
ratio between the blanking time and switch period and can be mitigated by adding a
signal to the modulation waves [4]. It can be calculated by the voltage drop induced
from the diode when it conducts current and the ratio between blanking-time and
the switching period as

t an Vio e ':p
u* = sgn(iy) ( gl, by ld ‘C}D(C‘Z D) (2.1)

where:

e i, is the current through the diode for phase A, B or C [A]
o tpank is the blanking time [s]

Ty is the switching period [s]

e Viiode is the voltage drop of the diode [V]
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2.2 PWDM Principles

There are different methods for creating the PWM waves that controls the switching
of the transistors in the inverter. Such methods are called modulation principles and
these concepts will be explained in this chapter.

2.2.1 Sinusoidal Pulse Width Modulation (SPWM)

Figure 2.2 showcases the basic principle of the SPWM modulation principle. There is
a carrier wave (usually a triangular signal) and three reference signals (sinusoidals),
one for each phase. The carrier wave’s frequency is usually much higher relative to
the frequency of the reference signals.

Phase reference

/ Carrier

Y

A , : PWM signal

OFF

A J

Figure 2.2: Single-phase SPWM.

The carrier wave is compared with all reference signals which are 120° shifted apart.
When the reference phase voltage is larger than the carrier wave, then the upper
switch in that particular leg for that phase is turned ON, and the lower one is turned
OFF. Hence, the current flows through the upper switch and through the load. The
same principle goes for the other legs as well. In that way these PWM square wave
signals are generated which controls the switching states of the inverter to mimic
the reference sinusoidals being used. For SPWM the maximum amplitude of the
fundamental phase voltage is [5]
Ve

Vmaa: = 9 =0.5 VDC (22)

where V4, [V] is the maximum line-to-neutral output voltage that the inverter can
produce.
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2.2.2 Space Vector Pulse Width Modulation (SVPWM)

SVPWM is a modulation technique where only one transistor is operating at a time,
but still, the idea is that a reference voltage is transformed into switching signals
for the inverter. However, this modulation technique operates in the af-frame (see
section 2.4.1) instead of the ABC-frame as the SPWM does [4]. Because of the
inverter nature, there are eight possible switching states, or base vectors as they are
referred to. These switching states can be represented binary by considering the
transistor pair for each phase (A, B and C). When the switching state (A, B, C)
= (1, 0, 0), it yields that in the phase A leg, the upper switch is ON and hence
conducting, and the upper switches for B and C are OFF (thereby the lower ones
are ON and conducting). In Figure 2.3 these base vectors corresponding to the eight
possible switching states are depicted together with their binary representations in
the afS-frame. The phase voltages (120°apart) in the ABC-frame are also visualized.

Sector 2

Sector 3

Phase C

Figure 2.3: SVPWM base vectors in the afS-frame.
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The switching states when either all upper or all lower transistors are in conducting
state (zero-sequence state), are located in the origin since these make the output
voltage equal to zero since they are short-circuiting lower or upper set of switches
[6]. Apart from these the base vectors that are non-zero are located in the edges of
the hexagon. The operation principle is as follows; the desired sinusoidal (reference
phase voltage) for each phase can be represented in this figure. At each time instant
they will be located in one of these six sectors. For example, it could be located
between vector V; and V; in sector 1 as depicted by V. ¢ in Figure 2.3. To synthesize
this reference phase voltage the switching pattern can be alternated between the
binary representations 100, 110 and the null vectors, where each state is active for
a different amount of time. To clarify, the reference phase voltage can thereby be
represented as

Vi = ViThy + VoTy + VT, (2.3)

where Tp, T7 and Ty [s] are the duration that the corresponding space vector is ON.
Therefore, the reference phase voltage for each sector can be created by being in
each switching state in that particular sector for a certain amount of time. The ad-
vantage of this method is that less commutations (changes of the switch states) are
needed within each PWM period due to the zero-sequence signal injection technique
[4]. Since each ON and OFF switch in a transistor is associated with energy loss, the
SVPWM method increases the efficiency of the inverter as compared to the SPWM.
This is due to the fact that SPWM considers each phase independently which leads
to more commutations and in turn more energy loss during the same time period.

For SVPWM the maximum amplitude of the fundamental phase voltage is [5]

Ve
V3
In fact, the utilization of the DC link voltage in SVPWM is 15.5% larger than for
SPWM since SPWM only utilizes 86.6% of the DC voltage Upe [7].

Vias = ~ 0.577 Vpe (2.4)
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SVPWM can be implemented in an inverter by using SPWM and injecting the
min/max value of a triangular wave to the sinusoidal reference wave. The resulting
modulation wave in Figure 2.4, when compared to the carrier wave, will turn the
switches ON and OFF according to the sector sequence discussed above.

Sinus wave

Y

Injected triangle wave

Figure 2.4: Modulation wave for SVPWM.
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2. Theory

2.2.3 Discontinuous Pulse Width Modulation (DPWM)

In the DPWM technique the basic principle is that the reference phase voltages are
modulated by injecting zero-voltage intervals for a certain amount of time during
each PWM period. Therefore, during each PWM period one of the phases is not
switching, such that the output voltage for that phase is clamped to the positive or
negative DC link voltage by having high or low transistor constantly on, making one
of the phases to cease modulation. Hence, the switching losses in that inverter leg
are removed during that PWM period. Figure 2.5 visualizes how the modulated ref-
erence (orange curve) looks together with the original phase reference (black dashed
curve) and the zero-sequence signal (green dotted curve). From there one can see
that when taking the original phase voltage reference sinusoidal wave and adding
the zero-sequence signal, the DPWM reference wave is created.

i o=
Phase reference 6

- e
7 \/
A\

Zero-sequence

DPWM wave \ /

-
>

Figure 2.5: DPWM wave with the zero-sequence signal and the phase reference

for ¢ = % [rad] phase shift.
In the DPWM method different modulator phase angles (¢) can be used which de-
termines the angle shift between the DPWM wave in relation to the initial sinusoidal
reference. In Figure 2.5 a phase shift of § [rad] (30°) is used but other phase shifts
can be used to create different DPWM principles with other behaviors. Moreover,
the duration of the clamped modulation wave to the DC link voltage is a design
parameter that can be used to tune the control of the inverter. The DPWM prin-
ciple has a superior voltage linearity range, reduced switching losses and superior
high modulation range current waveform quality but poor low modulation range
performance in terms of narrow pulse problems and poor current waveform quality
[8]. The utilization of the DC link voltage for DPWM can be expressed as

2Vpe
T

Vmax = ~ 0.637 VDC (25)

where Vi, is the maximum line-to-neutral output voltage that the inverter can
produce [8].

11
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2.3 Inverter Power Losses

The inverter, which operates in a switching mode through PWM techniques, is prone
to power losses in the transistors as well as the diodes. These power losses, Py, [W],
can be modelled as

Pinv ~ PC + PS'UJ (26)

when neglecting the blocking leakage losses, an insignificantly small loss that occurs
in transistors that are in their OFF state but still leaks very small current. Here P,
[W] and Py, [W] are the conduction losses and switching losses respectively [9].

2.3.1 Conduction Losses

When the components in the inverter, such as diodes and transistors, conduct cur-
rent they dissipate power as heat since the current flows through a resistive element.
The conduction losses of the Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) can be approximated by the resistance between drain-source in the ON-
state Rpson [§2]. The voltage drop over the MOSFET:s can be calculated as a
function of the drain current Ipg [A] as

Ups(Ips) = Rpson(Ips)Ips (2.7)

where Ups(Ips) [V] is the voltage across the drain and source as a function of the
drain current. Hence, the instantaneous (Pymosins [W]) and average (Primos.avg [W])
conduction loss in the MOSFET':s are given by

Pc,mos,ins = UD,S'(t)[DS(t) = RDS,on[%S(t> (283>
1 T91U 1 TS'UJ 2 2
Pc,mos,avg = Ti /0 Pc,mos,insdt = T 0 RDS,onIDS(t)dt = RDS,onIDS,rms

(2.8b)
where T, [s] is the time duration of the switching cycle and Ipg,ms [A] is the root
mean square (RMS) value of the MOSFET:s ON-state current [9].

Furthermore, the anti-parallel diode also contributes to the conduction losses. By
utilizing a diode approximation cascade connected to a DC voltage source Upg [V],
which represents the diode ON-state zero-current voltage, this conduction loss can
be estimated as

Up(Ip) = Upo + Rplp (2.9)

where Rp [?] is the diode ON-state resistance, Up [V] is the voltage across the diode
and Ip [A] is the current through the diode.

12
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The instantaneous diode conduction loss (P. gioins [W]) and the diode conduction
loss across the switching period (P.gio.avy [W]) can then be calculated respectively

by

P.gioins = Up(t)Ip(t) = UpoIp(t) + Rpl5(t) (2.10a)
]_ TSU’ 1 TQU/ 2
Pc,dio,(wg - 7/ Pc,dio,z’ns(t)dt - / (UDOID<t) + RDID(t)>dt -
Tsw 0 Tsw 0
= Upolp.avg + RoI} s (2.10b)

where Ip 4,4 [A] is the average current through the diode and Ip s [A] is the RMS
value of the diode current [9].

2.3.2 Switching Losses

Switching losses occur in the transistors of the inverter during the time when the
transistor transitions between the ON and OFF states. During this period, the
transistor is in a region where both its current and voltage is changing at the same
time, resulting in energy losses [1]. The switching loss for the MOSFET, Py s, [W],
can be calculated as

E sSw
Prtow = ZtM

where the energy consumed by each ON and OFF switch is denoted Ej s, [J] and
can be obtained from data sheet information. The energy for each ON and OFF
switch is summed to the total amount of switches and then divided by the total
duration time ¢ [s] [10].

(2.11)

The anti-parallel diodes in the inverter are also prone to switching losses. These
switching losses (Pp s, [W]) can be expressed by

Z ED,on
t

where fg, [Hz] is the switching frequency. Moreover, Ep ,, [J] is the reverse recovery
energy for the anti-parallel diode (occurred when the parallel transistor turns ON)
and Ep ,rf [J] is the energy when the anti-parallel diode conducts current (occurred
when the parallel transistor turns OFF) [9]. The reverse recovery process of the
diode is present when the diode switches from the conducting state to the non-
conducting state. This process takes some time, depending on the diodes used,

during which power is lost due to the removal of stored charge carriers within the
diode.

PD,sw — (ED,on + ED,off)fsw ~ ED,onfsw = (212)

13



2. Theory

2.4 Electrical Machine

Electrical machine is a term for a device that transforms electrical energy to me-
chanical energy with the use of magnetic fields [11]. Electrical machines can be
divided into three categories, AC Synchronous motors, AC Asynchronous motors
and DC motors [12]. This thesis will be conducted on an AC Synchronous motor,
more precisely a Permanent Magnet Synchronous Machine (PMSM), as it is the
most commonly used type in Electric Vehicles (EV:s) [13].

2.4.1 Space Vector Transformation

The use of three-phase AC in a PMSM leads to complicated calculations for the
control of the machine due to the rotating dynamics of the rotor shaft. This can be
simplified with the following equation

T 2 1 _17 (%
[ a] =K [8 S ] Ty (2.13)
Lo va vl g,

which is called the Clarke transformation [14]. It transforms the space vectors x,,
xp and x,. of the currents or voltages in the 3-phase coordinate system, to the space
vectors z, and zz in the 2-dimensional, orthogonal alpha-beta (af-) coordinate
system. This transformation from three-phase to two-phase can be done without
losing any information if there is no zero-sequence (i.e. if all phases adds to zero at all
time instances). The constant K is used for scaling and can be selected arbitrarily,
K # 0. To further simplify the calculations for a rotating system, the x, and xg
can be transformed using

o] [t s .14

Tq sin(0,) cos(0,)| |z

also called the Park transformation [14]. Here x4 and z, are perpendicular space
vectors in the direct-quadrature (dg-) coordinate system and 6, [rad] is the electrical
rotor position (angle from the a-axis to the rotating d-axis). The d-axis is aligned in
the same direction as the rotors magnetic flux (Field Oriented Control (FOC)) and
the g-axis is aligned to the rotors electric field, which makes this coordinate system
rotate with the same angular frequency as the rotor. In Figure 2.6 the effect of the
transformations made from (2.13) and (2.14) can be seen visually.

14
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....... L
¢ Re
3-Phase stationary of - Stationary : dg - Rotating
coordinate system coordinate system : coordinate system
ABC : q
E { } { 5 :l \/ \/ \;’ |
Clarke : Park _
transformation : transformation

Figure 2.6: Coordinate systems and transformations.

Noticeable in Figure 2.6 is that the Park transformation converts AC quantities to
DC quantities since the coordinate system rotates along with the rotor.

2.4.2 Structure

The machine consists of a rotor and stator. The rotor is a rotating part connected
to the load through a rigid shaft. For a PMSM, the stator consists of a laminated
iron core with insulated coils inside arranged in a circular pattern outside the rotor’s
magnets. The coils are fed by a three-phase AC which induces a rotating magnetic
field, that in turn creates a torque on the rotor when the Permanent Magnets (PM:s)
in the rotor are forced to align with the rotating magnetic field produced by the sta-
tor winding [11].

A PMSM can have its magnets attached to the rotor in different configurations,
in this thesis an Interior mounted PMSM (IPMSM), where the PM:s are moulded
into to the rotor, will be used. For an IPMSM the inductance along the g-axis is
greater than the inductance along the d-axis (Ly < L, [H]) which enables it to utilize
both magnetic and reluctance torque [15]. Since the magnets are moulded into the
laminate, the machine gets a higher torque since the surrounding iron laminate
has a higher magnetic permeability than air. A schematic of the general structure is
shown in Figure 2.7 alongside with the stator currents (A, B and C) and the resulting
magnetic flux densities (B4, Bg and B¢ [T]) generated by the stator currents.

15



2. Theory

Stator

Permanent
Magnets

Figure 2.7: Generic 2D IPMSM model with 56 slots, 3 pole-pairs and distributed
winding with stator currents A, B and C drawn together with the resulting magnetic
flux density for each phase.

In Figure 2.7 the PM:s are mounted in the rotor which generates a magnetic field
inside the electrical machine. The red PM:s are the north-poles and the blue PM:s
are the south-poles, therefore it is in total 6 poles in the rotor which corresponds
to 3 pole-pairs. There are also 56 slots, or stator teeth, which are the grey area in
between the yellow sections. They have coated copper wires wound around them in
order to generate the magnetic flux. The wires are coated to prevent a short-circuit
by isolating them from each other. The winding sketched are called distributed
winding, where each phase is wound around a number of slots. Moreover, this con-
figuration has 2 stator pole-pairs which comes from the fact that for each phase
there are two winding placed opposite of each other where each winding creates a
pole-pair. In fact, the number of pole-pairs generated in the rotor from the PM:s
should match the number of pole-pairs in the stator winding, but in Figure 2.7 some
has been excluded to make the figure clearer for illustrative purposes.

The direction of the magnetic flux generated by the current in the winding can be
determined by using Amperes right-hand rule. The flux direction generated by the
first and second winding for phase A (A; and Ay) in Figure 2.7 is labeled By, the
same goes for the other phases. By putting the fingers in the direction of the current,
the thumb points in the direction of the magnetic flux. In Figure 2.7 the direction
of the current is depicted with "X" and "O" symbols, "X" means that the current
goes in to the "X" and "O" that the current comes out from the "O". In summary,
there are two individual magnetic fields produced. One generated by the PM:s in
the rotor and the other from the 3-phase AC flowing through the stator coils. In
steady-state these magnetic fields aligns with each other and rotates synchronously,
achieving synchronous speed.
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2.4.3 Faraday’s Law of Induction

Faraday’s law of induction describes how a changing magnetic field induces an Elec-
troMotive Force (EMF) in a circuit. Physically it states that the magnitude of the
EMF induced in a circuit is proportional to the rate of change of the magnetic flux
and can be written as [16]

dd

& — 1~
dt

(2.15)

where:
o & is the EMF [V]
o @ is the magnetic flux [Wh]

An EMF is a voltage that arises in a conductor either from conductors moving in
a magnetic field or from a changing magnetic field [16]. The negative sign in (2.15)
originates from Lenz’s law which proposes that the direction of an induced current,
by a changing magnetic field, is such that it opposes the change of flux that induced
it.

2.4.4 IPMSM Related Magnetic Theory

As mentioned in section 2.4.2 the AC flowing in the stator coils for the three phases
induces a magnetic field. The emergence of this magnetic field is Faraday’s law of
induction as described in section 2.4.3. The magnetic flux generated by the three-
phase AC in the stator can be related to the magnetic field density through (2.16)

o = //SBds x AB (2.16)

where:

« A is the area that the magnetic field density flows through [m?|
« B is the magnetic flux density [T]

When having coils as in Figure 2.7 it is convenient to introduce the term flux linkage
which is defined as the product between the magnetic flux and the number of turns
in the winding as

U =No (2.17)

where:
e N is the number of turns in the coil |-]
o U is the flux linkage [Wb]

The enclosed loop of magnetic field strength is also known as the MagnetoMotive

Force (MMF) and can be calculated with Ampere’s law on integral form stated in
(2.18)
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F = f Hdl = I = Ni(t) (2.18)
l

where:

« F is the MMF [A,,]

o H is the magnetic field intensity [A/m]

o [ is the length of the circumference of the enclosed area [m]
o I.ne is the current flowing through the enclosed area [A]

e i(t) is the conductor current [A]

MMF can be generated by having a current flow through a coil and it is the phe-
nomena giving rise to magnetic fields. For PM:s as in the rotor of the IPMSM used
in this thesis the MMF can be calculated as [17]

F = Huagtmag (2.19)

where t,,q, [m] is the thickness of the magnet in the direction of the magnet polar-
ization. The MMF, for both coil excitation (2.18) and PM excitation (2.19), creates
a magnetic flux which size is dependent on the reluctance and can be calculated by
Hopkinson’s law defined in (2.20)

F =% (2.20)

where:
o % is the reluctance [H ']

Reluctance is the level of difficulty experienced by a magnetic flux to flow in a
magnetic circuit and can be calculated as [17]

l
B IMOIUTA

(2.21)

where:
* [ip is the permeability in vacuum [H/m]
o - is the relative permeability of the material [-]

In a IPMSM iron is used because it has a high relative permeability which implies
that it can easily be magnetized. Hence stronger magnetic fields are created more
efficiently which is desirable.

The above mentioned magnetic properties and phenomena can be closely related
to the concept of electrical circuits. The analogy to make here is that the MMF
is correspondent to the voltage in an electrical circuit. In the same way as voltage
is needed to make current flow, the MMF is what gives rise to magnetic flux in
magnetic circuit. The same goes for the analogy between resistance in an electrical
circuit and reluctance in a magnetic circuit, in regards that the reluctance is a
measure of opposition in magnetic flux.
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2.4.5 Dynamic Model

Equations (2.13) and (2.14) enable a representation of the electrical machine with
DC dynamics instead. The equivalent circuit of the model in dg-frame is shown in
Figure 2.8.

w:-qu?:sq
lsd R, L : ':
Usd
w?'LSdT;Sd

Figure 2.8: Dynamic model in dg-coordinates.

The dynamic model consists of dg-frame stator voltage usq and ug, [V]; stator dg-
currents isq and i, [A]; stator dg-inductances Lyq and L, [H]; stator winding resis-
tance Ry [€)]; magnetic flux linkage 1, [Wb] and electrical rotor speed w, [rad/s].
From the circuit in Figure 2.8 the stator dg-voltages can be described by the expres-
sions [18]

dis .
Usd = Rsisd -+ Lsd% — erqusq (222)
di .
Usqg = Ryigg + qud—tq — W Lgglsg + Wrthm (2.23)
Back-EMF

where R,i4 is the resistive voltage drop in the winding. w, Lt is the steady-state
voltage drop of the inductances and also the cross-coupling terms between the d-
and g-axis. Ls%f is the transient voltage drop of the inductances. The term w, 1,
in the g-voltage is the back-EMF which is a motion induced voltage in the motor’s

winding as described in section 2.4.3.
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Furthermore, the mechanical equations of the IPMSM can be expressed as follows
[19]

3y,

T, = —(Upisg + (Lsa — Lsq)isaisg) (2.24)
2 w_/
Magnet Reluctance Torque
Torque
dw, B
Jdwoe g B, (2.25)
n, dt ny
de.,
—w, 2.26
il (2.26)

where:

o T, is the electromagnetic torque [Nm]
 n, is the number of pole pairs [-]

o J is the inertia of the IPMSM [kgm?|
o T7, is the load torque [Nm)]

o B is the friction factor [Nm/(rad/s)]

Figure 2.9 visualizes the interplay between the electromagnetic torque produced
by the IPMSM, the mechanical rotor speed and the load torque that opposes the
produced torque.

NN
) )Jéj
/ /

17,

Figure 2.9: Electromagnetic torque 7, and mechanical speed €2, [rad/s] produced
by the IPMSM versus opposed load torque T7},.
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Additionally, the following equations can be used to describe the relationship be-
tween electrical and mechanical representations (for one mechanical turn of the rotor
multiple electrical turns are being made dependent on the number of pole-pairs n,)

d, =~ (2.27)

Wr = Q’/‘np (228)

where @, [rad] is the mechanical rotor position and €2, is the mechanical rotor speed.
The output power of the IPMSM is calculated by the mechanical properties as

Py =T.Q, = T." (2.29)
np

where P,,; [W] is active power.

2.4.6 IPMSM Operating Characteristics and Current Vec-
tor Control

The operating range of an IPMSM can be divided into three parts, Maximum Torque

Per Ampere (MTPA), Field-Weakening and Maximum Torque Per Volt (MTPV).

The need of these current/torque control strategies comes from the fact that the mo-

tor operation is constrained by the rated stator current to the motor, and the rated

voltage imposed by the constraints of the inverter (maximum DC bus voltage) [20].

Hence, (2.2), (2.4) and (2.5) can be used to calculate the rated voltage dependent
on the modulation principle being used for the inverter control. The rated current

can be expressed as
Imag = \/ ]2D + Igg < Irated (230>

where I,,4, [A] is the stator current magnitude. The rated voltage can be expressed

as
Unag = VU3 + U3 < Uratea (2.31)

where U,,qy [V] is the stator voltage magnitude.
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By incorporating (2.31) into the IPMSM stator dg-voltage, (2.22) and (2.23) in
steady-state and when neglecting the ohmic voltage drop, the speed-dependent volt-

age limit ellipses in Figure 2.10 can be drawn where the stator currents are the
variables [20].

Ig

¥

Field Weakening MTPA

Current Limat

MTPV

.........

Y

wz-"‘-.__

Voltage Limit
Wy > Wq

Figure 2.10: IPMSM Operating Characteristics.

The available working region for the IPMSM is within the voltage limit ellipses (for
the speeds w; and ws [rad/s]) and the current limit circle. From the origin to point
A in Figure 2.10 the MTPA control strategy is employed to select the appropriate
iq and 7, to generate as much torque as possible while minimizing the stator current
magnitude. The speed at which the rated torque is achieved (where the rated cur-
rent and rated voltage intersect in point A in Figure 2.10) is called rated speed.

To exceed the rated speed while still producing maximum torque the field-weakening
control strategy must be chosen [20]. This region is from point A to B in Figure 2.10.
Subsequently, to obtain speeds up to the maximum point while generating maximum
torque the MTPV control strategy needs to be used. This region is depicted between
point B and w4, in Figure 2.10.
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The above-mentioned regions and current/torque control strategies can be visualized
more intuitively by Figure 2.11 below.

Te
A Constant Constant High Speed
Torque Torque Power
< > »<€ >
(MTPA) E (Field- E (MTPV)

Trated 1+ Weakening)

Speed wr'

Figure 2.11: IPMSM Speed versus torque graph.

It depicts the motor’s operating point and the current/torque control strategy used
at that point.

24.6.1 MTPA

In the first operating region in Figure 2.11, MTPA, the IPMSM produces the max-
imum torque while not trespassing the maximum stator current [15]. This strategy
minimizes the stator current amplitude while producing a certain torque. This oper-
ation is advantageous since the switching losses and conduction losses in the inverter
are reduced as well as the resistive losses in the stator winding [21]. The MTPA
current trajectory can be employed by calculating the stator current angle such that
the stator flux and the magnet flux are at an optimal angle.

The stator currents in the dg-frame can be expressed as

Iy = Lyagcos(f) (2.32a)
I, = Lnagsin(B) (2.32b)

where /3 [rad] is the stator current angle. By incorporating (2.32a) and (2.32b) into
the torque equation (2.24), it can be rewritten as

_ 3

T, = 5 (Urnimagsin(3) + (Lsq — Lsq)imagcos(3)sin(fB)) (2.33)
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By differentiating (2.33) with respect to 5 and putting it equal to zero as
oT.
op

the stator current angle J that maximizes the electromagnetic torque T, can be

found. The MTPA expression of the stator current angle becomes

0 (2.34)

v, 1 v, ?
_ _ 2 2.
COS(B) 4 Lsd - Ls ]ma 2 * 4 Lsd - Ls ]ma ( 35)
q g q 9

and by utilizing this angle the MTPA control method is employed.

2.4.6.2 Field-Weakening

In the second region in Figure 2.11 where the speed is beyond the rated speed (base
speed in the figure) the back-EMF term in (2.23), which is dependent on the ro-
tor speed and the magnetic flux linkage, exceeds the supply voltage which in turn
complicates the functioning of the machine [22]. To overcome this issue such that
the machine can operate beyond base speed the rotor flux linkage is reduced by
decreasing the d-current to a more negative value [22]. To keep the stator current
below the rated current the g-current needs to be decreased to a smaller positive
value.

24.6.3 MTPV

In the third region in Figure 2.11, MTPV, the IPMSM produces the maximum
torque while not trespassing the maximum voltage limit [23]. Thereby (2.31) is
fulfilled where U,qq depends on the battery voltage (Upc) and the modulation
principle being used to control the inverter switches [23].
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2.5 IPMSM Power Losses

In this section the IPMSM power losses will be covered with the corresponding
equations to calculate them.

2.5.1 Copper Losses

Copper losses, or winding losses as they are also referred to, exists both in the stator
and in the rotor (if any which depends on the motor at hand). The copper losses
can be divided into two parts, DC copper losses and AC copper losses [24]. The
DC copper loss is caused by the current flowing through a conductor causing ohmic
losses and is independent of the current frequency [24].

The AC losses however, are present due to the harmonic current components [2] and
are dependent on the frequency. It can be divided into skin and proximity effects,
and circulating current effects as [25]

Pc = PDC + Psk:in & prozimity + Pcirculating current (236)

where P, [W] is the total copper losses. The skin effect is a phenomenon where the
current density is larger at the surface of the conducting wire than at the core. With
increasing AC frequency the skin depth is reduced, hence the effective area of the
wire is reduced and therefore the skin effect is amplified [26]. The proximity effect is
when losses in a conducting wire occurs because of an external electromagnetic field
generated by surrounding wires [25]. The skin effect and proximity effect impose
power losses in terms of Eddy current copper losses [24]. Eddy currents are further
explained in section 2.5.2.

Moving on, in operation some of the armature field flux generated by the winding
in the stator leaks inside the slots. Hence, some wire bundles experience a different
flux linkage which yields a different inductance. This inductance difference between
some wire bundles generate circulating currents and these currents are the main
contribution to the winding copper losses [25]. The DC winding losses of an electric
machine can be calculated as [27]

3 3
Ppe = §(z'§d +i2)Rs = Ziz00 R (2.37)

where R [Q] is the resistance.
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2.5.2 Iron Losses

Iron losses, or core losses as also referred to, are generated by the alternating mag-
netic field in the iron core of the electrical machine. The total loss can be divided
into three categories by utilizing the classical loss separation model of Bertotti [28].
The three parts in this loss model are Eddy current loss, hysteresis loss and excess
loss.

The Eddy current loss originates from Faraday’s law of induction which implies that
a changing magnetic field will induce an electric field in a conductive material. In
turn that electric field induces circulating currents referred to as Eddy currents. The
concept is visualized in Figure 2.12.

Conductive material

Eddy Currents

0 X 7

AC

L~

Figure 2.12: Changing magnetic field and induced Eddy currents.

The direction of the Eddy currents in Figure 2.12 is such that their generated mag-
netic field (Ampere’s law) opposes the magnetic field that generated the Eddy cur-
rents, according to Lenz’s law. These Eddy currents are unwanted currents that
consume power which is dissipated as heat. These losses are conventionally limited
by introducing laminated cores that restrict the flow of Eddy currents [29].

Hysteresis losses on the other hand, are related to the magnetization and demagneti-
zation of the iron core. When a magnetic material is exposed to a magnetic field the
material starts to magnetize. As the magnetic field alternately changes in strength,
that material undergoes magnetization and demagnetization cycles. The relation-
ship between the magnetic field strength and the magnetization of the material is
described by a hysteresis graph and is depicted in Figure 2.13.
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Figure 2.13: Magnetization and demagnetization hysteresis graph.

Essentially, this implies that a stronger opposed magnetic field is needed to demag-
netize the material to the original value and hence energy is lost [29]. The hysteresis
loss which originates from the discontinuous magnetization process can be obtained
by the area of the B-H loop as shown in Figure 2.13 [30].

The total iron loss model and each parts contribution to the total loss, can be
expressed by utilizing Steinmetz’s equation as [28]

Pre = kof?B2, + knf B2 + ko f°BL? (2)

where k., kj, (and «) and k, are the coefficients for Eddy current loss, hysteresis loss
and additional loss respectively. Furthermore, B,, is the amplitude of the magnetic
flux density in the motor and f is the corresponding frequency.

2.6 Control System

Getting an IPMSM to steady-state manually can be time consuming, thus a closed-
loop control system is needed. As mentioned above, the dg-coordinate frame is most
suitable to use when designing the controller and to align the d-axis with the rotor
position (FOC) by utilizing the Clarke and Park transformation as described in
section 2.4.1. In this frame, it is simpler to calculate the dg-voltages needed to get
the desired electromagnetic torque and flux produced in the IPMSM.
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The most common control technique used is the Proportional-Integral (PI) controller
which is able to get the system to the desired operating point and remove steady-
state error while still being fairly simple to tune. The IPMSM:s rotor speed and
dg-currents will be controlled by minimizing the error between the actual value and
the desired reference.

2.6.1 IPMSM Plant Model

The first step of designing the controller is to state the plant model of the system,
in this case the IPMSM. From (2.22) and (2.23) the relation between the applied
dg-voltages and the IPMSMs output dg-currents is Laplace transformed to get

. 1 .
isg = m(usd + wy Lggisg) (2.38)
. 1 .
lsqg = m(usq + erstsd - wr¢m) (239)

which gives the plant models of the IPMSM G 4(s) and G,(s) as

Z‘sd = ch(S) (usd + ersqisq) (240)
isq = GCQ(S) (usq + wTLsdisd - Wﬂvbm) (241)

also visualized in Figure 2.14.
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Figure 2.14: IPMSM plant model.
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2.6.2 Current Controller

To create a closed-loop control system, the output from the IPMSM i, is measured
and compared to a desired reference current i,,.s. The difference between them
becomes the error e, which is fed into the current controller F,(s) that produces the
appropriate voltage u/, for the IPMSM.

To compensate for the cross-coupling inside of the IPMSM, a corresponding voltage
of w, Li, [V] is removed from the controllers output, here L, is the estimated in-
ductances. To further increase the robustness against load disturbances, an active
damping resistance R, is added outside of the IPMSM which reduces the output volt-
age with 74 R,. For the g-current, which is affected by the back-emf, a compensation
voltage of wﬂﬂm is added to the output voltage, zﬁm is the estimated magnetic flux.
These added compensations creates new plant models from the current controllers

perspective, G¢,; and G, which are shown in Figure 2.15.

Glcd(s)

isd,'ref

Current controller

o 1 Fils)

isq,ref

€q

Feq(s)

Gy(5)

Figure 2.15: Block diagram of extended plant model.

Here R, is estimated stator resistance.
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The closed-loop system including the current controller for this model is shown in
Figure 2.16.

Figure 2.16: Block diagram of closed-loop system.

which also can be expressed according to

. is . FC(S)G/c(S)
Ga(s) = iy 15 E(9)GL) (2.42)

2.6.3 PI Controller

A PI controller is a feedback control system that consists of a proportional and an
integral part. The proportional output acts directly proportional to the received
error, creating immediate error correction. It can however not handle steady-state
errors which instead are removed by the integrating part of the controller. This
part continuously sums the error to accumulate a controller output that can handle
residual error from the set operating point.

The mathematical expression for the controller in the complex domain is

kic
FC(S) = kpc +— (243)
s
where k. is the proportional gain, ;. is the integral gain and s is the frequency
of the signal. The parameters k,. are k;. are calculated by making the closed-loop
system G(s) a first order low pass filter which can be expressed as

ac
S+ .
where «, [rad/s| is the chosen bandwidth for the filter. The close-loop system then
becomes

(2.44)

Frp =

- FC(S)GQ(S) Qe
Gals) =1 TR 5)Gie) ~ sta
Fu(s) —%ijl(s) - f(sﬁs YR+ Ry) =
kn
acLs + aC(RSS+ Ra) — kpc + f (245)
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It is desired that the extended plant model G.(s) should have the same bandwidth
as the current controller, which gives

1 7 > c
Gi(s) = (Lo + Ryt Ry) = ——— =
S s+ (0%
Qe = s i He (2.46)
L
Combining (2.45) with (2.46) gives
R, = a.L, — R, (2.47)
kpe = v Ly (2.48)
kie = ae(Ry + Ry) (2.49)

The controller’s output voltage is limited to not exceed the rated voltage from the
inverter depending on the modulating principle being used (2.2, 2.4 and 2.5). This
limit could make the integrating part of the controller accumulate a large error over
time and overload. To compensate for this, a portion of the controllers limited and
unlimited output is fed back and removed from the integrating part, also called
integrator anti windup.

2.6.4 Speed Controller

It not sufficient to only use a current controller, as the current reference i, ,.r needs
to be calculated. The solution is to implement a speed PI controller F,(s) which
outputs the required torque needed to reach a desired operating speed. MTPA,
Field-Weakening or MTPV can then be used to calculate is,.; from the torque.

Due to the much faster dynamics of the electrical closed-loop system, it can be con-
sidered ideal and thus G (s) = 1. Similar to the current controller, an active damp-
ing B, is added to the speed controllers output which compensates for torque load
disturbances. The resulting closed-loop system with the speed controller G, (s) is
shown in Figure 2.17.

Qr,'ref

Figure 2.17: Block diagram of closed-loop system G (s).
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To find the controller parameters in Figure (k,,, and k;,), set the closed-loop system
to a first order low pass filter with bandwidth «,, which gives

. F.(s)G,(s) Gy
Gl RO TS
Fo(s) :%Gg;l(s) - %@J Y B+B,) =
:an4_“injf%>::@W+-h“ (2.50)

Select the active damping B, such that G/ (s) has equal bandwidth as the speed
controller

_ B+B,
- J
Equations (2.50) and (2.51) gives the speed controller gain as

= B, =a,J] — B (2.51)

o7

I (2.52)
ki, = (B + By) (2.53)

32



3

Case Setup

This chapter will go through the chosen model, parameters and methods used to
conduct the study.

3.1 Simulation Model

The simulations and loss calculations for the inverter were conducted in Simulink.
The losses in the IPMSM were then calculated afterwards in JMAG. The losses
were then investigated separately and combined with respect to switching frequency,
modulation principle and Operating Point (OP) to draw conclusions from the sim-
ulations.

3.1.1 Simulink

An overview of the system in Simulink is shown in Figure 3.1.
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Figure 3.1: Block diagram of Simulink model.

The speed controller was implemented as described in section 2.6.4 with active
damping, the mechanical reference speed in Revolutions Per Minute (RPM) along
with the actual speed as the inputs.
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The output from the speed controller, the required torque, was then fed to the cur-
rent look-up tables along with the reference speed as the second input. The look-up
tables were used to find the desired %s4,cf and is5,.¢. The reference currents were
then used as inputs to the current controller along with the actual currents.

The current controller was implemented as described in section 2.6.2 with active
damping, feed-forward of the cross-coupling term, added back-emf and anti-windup.
The current controller also utilized the IPMSM model to calculate the required sta-
tor voltages in d- and g-direction. These voltages were transformed to A, B and C
quantities by the inverse Park-transform to be used as inputs to the PWM signal
generator used to control the transistors in the inverter.

Finally, the three-phase currents from the inverter were sent to the IPMSM model,
described by the equations in section 2.4.5. Since the scope of this study did not
include any estimation methods, the estimated parameters for the controllers were
set equal to the real parameters. Subsequently, new information such as rotor angle,
rotor speed, stator currents and electromagnetic torque could be extracted from the
IPMSM model described in section 2.4.5 to be used in the control system.

The simulation was conducted for a total of 0.7 seconds with a sample time of 1
ps, with zero initial conditions for both the inverter and IPMSM. The controller
adjusted the inverter’s voltage output such that the IPMSM got to steady-state for
the chosen OP. One fundamental period of the electrical frequency of the three-phase
currents in steady-state were then saved and exported as CSV-files to be loaded into
JMAG for a new simulation.

3.1.2 JMAG

JMAG is a Finite Element Method (FEM) based software used for electromagnetic
calculations for electromechanical components. FEM based calculations discretizes
and divides the domain of the problem into smaller elements and finds local solutions
to them [31]. The sum of the solutions to all elements, if made small enough, will
give a good approximation to the real solution. This method is suitable for solving
problems including electromagnetic fields [31].

JMAG has a wide range of usability but for this project it was used to calculate the
Eddy current-, hysteresis-, AC- and DC copper losses in the electrical machine. A
complete model of the IPMSM with realistic materials and winding was constructed
in the program. JMAG was used for the IPMSM losses as it is capable to calculate
more precise IPMSM losses than Simulink and Matlab.
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3.2 Operating Points

In this work four OP:s for the system were considered, which were regarded as
a point at which the electrical machine operates. Hence, the speed that the rotor
rotates at and the torque that it produces is the parameters determining the OP. The
working points will be referred to as 1, 2, 3 and 4 where OP 1 represents city driving
speed where the car is accelerating (low speed and high torque), OP 2 represents
highway cruising (high speed and low torque), OP 3 represents country road cruising
(moderate speed and low torque), and OP 4 represents highway acceleration (high
speed and high torque). The OP:s are numerically represented in Table 3.1.

Table 3.1: OP scenario and numerical representation.

| OP | Condition | Speed [RPM] | Torque [Nm] |
1 | City Driving Acceleration 2500 150
2 Highway Cruise 8000 35
3 Country Road Cruise 5500 30
4 Highway Acceleration 8500 160

These OP:s were chosen since they represent typical operating scenarios of the elec-
trical machine.

3.3 Inverter

Figure 3.2 below illustrates the model of the inverter developed in Simulink.
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Figure 3.2: Inverter in the Simulink model

Components from the Simscape library were used to capture the electrical properties
of the model. The transistors in the model were MOSFET':s of the model Wolfspeed
CAB450M12XM3 with built in anti-parallel diodes [32]. The parameters for these

components are presented in Table 3.2.
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3. Case Setup

Table 3.2: Wolfspeed CAB450M12XM3 parameters [32].

Parameter Symbol  Value Unit OoP
Drain-Source Voltage Vbsmaz 1200 %4

Drain Current IDmaz 450 A

Internal Diode Resistance Rp.on 2.5 mS

MOSFET Resistance Rpson 2.6 ms2

Turn-On Switching Energy E,, 3.43,1.89,1.69, 3.60 mJ 1,2,3,4
Turn-Off Switching Energy Eyrr 1.00, 0.015, 0.01, 1.15 mJ 1,2, 3,4
Internal Diode Reverse Recovery Energy Ep,, 0.2 mdJ

A parallel connection of each power device (MOSFET and anti-parallel diode) was
utilized in order to increase the current capability of the inverter. Within these elec-
trical power device blocks, the conduction resistance of the transistors and diodes
were added. The parallel connected resistance and capacitor were used to reduce
high-frequency noise. Furthermore, the blanking-time was added to the gate signals
(Ap, Ay, By, B, Cp, and Cj in Figure 3.2) as discussed in section 2.1. As also men-
tioned, that introduces a voltage error between the desired voltage suggested by the
PWM and the actual voltage out from the inverter. To mitigate this issue (2.1) was
used to calculate the signals to be added with the modulation waves.

The signals at the transistor gates were square waves PWM signals, generated ac-

cording to the SVPWM and DPWM methods described in sections 2.2.2 and 2.2.3.
In Figure 3.3, the PWM signal for OP 1 with the SVPWM method is shown.
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Figure 3.3: Modulation waves for comparison with the carrier wave for the inverter
for OP 1, SVPWM at 10 kHz switching frequency.

The carrier wave to be compared with these modulation waves oscillates between 0
and 1 in amplitude. Multiple carrier wave frequencies, i.e. the inverter’s switching
frequency, were tested for each operating point. More precisely 2.5 kHz, 5 kHz, 7.5
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kHz, 10 kHz and 12.5 kHz. In Figure 3.4 the three phase currents coming out from
the inverter are visualized.
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Phase Currents [A]
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Figure 3.4: Phase currents from the inverter for OP 1, SVPWM at 10 kHz switch-
ing frequency.

The currents in Figure 3.4 are the stator currents that induces the rotating magnetic
field that the rotor aligns with to produce the electromagnetic torque. In Figure 3.5
the corresponding phase to neutral voltages for phase A and B are depicted.

Phase-to-Ground Voltage [\V]

] 2 4 6 8 10 12 14 16 18 20
Time [ms]

Figure 3.5: Phase-to-Ground voltages from the inverter for OP 1.

Note that the amplitude of the phase voltages in Figure 3.5 are in alignment with
Table 2.1 values presented in section 2.1 depending on the switch states.
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3.4 Electrical Machine

In the simulation model which was constructed in Simulink the IPMSM block de-
picted in Figure 3.1 was incorporated through a JMAG_RT block which can be seen
in Figure 3.6.

JMAG_RT_pmsm

Figure 3.6: IPMSM block in Simulink from the machine model in JMAG.

This block utilizes the torque equation, (2.24), the stator voltage equations in dg-
frame (2.22) and (2.23), the mechanical equations (2.25) and (2.26) to describe the
electrical and mechanical behavior of the machine. Additionally, it takes into ac-
count that the inductances in the dg-frame are dependent on the current and that
the inductances and magnetic fluxes are dependent on the stator current angle .

The electrical machine was first constructed and simulated in JMAG with FEM. The
result of this simulation was then converted to a RTT-file to be used by the Simulink
block. This block then served as a highly accurate process model and look-up table
that holds motor characteristics such as varying inductances, magnetic fluxes and
torque. The electrical signals coming from the inverter were sent as inputs to this
block and it then provided outputs that holds stator currents, stator voltages, rotor
speed, rotor angle, electromagnetic torque, magnetic fluxes and inductances.

One fundamental period of the three-phase AC in steady-state that were fed to the
IPMSM block in Simulink was also recorded and saved in a CSV-file by Matlab. The
current series in this CSV-file was then imported to JMAG for a new simulation used
to get more precise loss behaviour of the IPMSM.
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3.5 Control System

The control system used was developed according to section 2.6. Due to the large
difference in the operating points, different bandwidths o, and «,, were used respec-
tively. The references for the controllers were supplied through look-up tables.

3.5.1 Look-up Tables

Instead of calculating the required dg-current references i, ,.s at every time step,
look up-tables were used to reduce calculation time for the simulation. The two look
up-tables consists of the d- and g-currents required for different speeds and torque
outputs for the IPMSM. They were generated from earlier simulations conducted on
the IPMSM and then normalized with respect to the maximum speed and torque
of the IPMSM such that they range between 0 - 1. The resulting look up-tables are
shown in Figures 3.7 and 3.8.
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Figure 3.7: Look-up table for isqf.
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i current
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Figure 3.8: Look-up table for iz ,f.
The stator currents are normalized in these plots. The points above the rated torque

at each RPM were filled with the rated torque. This is because the look-up table
blocks in Simulink needed the input as arrays with values at each point.

3.5.2 Controller Parameters

The current controller and speed controller gains were selected according to the
method in section 2.6. The numerical values for the current controller and speed
controller are presented in table 3.3 and 3.4 respectively.

Table 3.3: Current Controller parameters

OoP Ko | Kpg | Kig | Kiy | a. [RPM]
1 - City Driving Acceleration | 0.079 | 0.22 | 75.3 | 207.3 954.9
2 - Highway Cruise 0.79 | 2.17 | 7526 | 20732 | 9549.3

3 - Country Road Cruise 0.79 | 2.17 | 7526 | 20732 | 9549.3
4 - Highway Acceleration 0.79 | 2.17 | 7526 | 20732 | 9549.3

Table 3.4: Speed Controller parameters

OoP Ky | Kiw | o [RPM]
1 - City Driving Acceleration | 0.58 | 4.17 7.16
2 - Highway Cruise 0.26 | 0.85 3.24

3 - Country Road Cruise 0.24 | 0.71 2.96
4 - Highway Acceleration 0.3 | 1.09 3.66
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The controller bandwidths for the current and speed controller, o, and «,, respec-
tively, were found through a trial and error method by analyzing the system behavior
for a certain bandwidth. In Figure 3.9 the reference currents versus the actual cur-
rents in dg-coordinates are shown.
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Figure 3.9: Reference vs. actual dg-current for OP 1.

Note that the actual currents stagnates after some time which implies that the
IPMSM has reached steady-state and is operating at the desired condition. In
Figure 3.10 below the speed characteristics for OP 1 (city driving acceleration) are
depicted.
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Figure 3.10: Reference vs. actual mechanical rotor speed for OP 1.

The blue line is the actual mechanical rotor speed in RPM whereas the orange one
is the reference.

3.6 Inverter Loss Calculation

The inverter losses were calculated according to the method presented in section
2.3 in Matlab. After the simulation, the variables needed for loss calculation were
extracted for one fundamental period in steady-state.

For the conduction losses the current flowing through the Drain and Source (D &
S) ports in Figure 3.2 were measured and extracted. When the current is positive
(flowing from D to S) it flows through the MOSFET only since the anti-parallel
diode blocks in the opposite direction. However, when the current flows in the other
direction both the MOSFET and anti-parallel diode conducts current if the voltage
across the diode exceeds its threshold voltage. The current flowing through the
MOSFET and diode were in such scenarios be calculated by

R
Iy=1Ipg- ——2 (3.1)
RD + RDS,OTL
Rps for [DS<0&VDS < -Upg
Ip=1Ipg  ——22 3.2
b s RDS,on + RD ( )
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Recalling that Upq is ON state zero-current voltage for the anti-parallel diode, I is
the diode current, Rp is the diode resistance, Rpg o is the MOSFET resistance. In
these equations Ipg is the current through the D and S ports in Figure 3.2, note that
Ips in section 2.3 was the current through the MOSFET D and S gates. The RMS
value of the current through the MOSFET and diode were calculated by squaring
all samples, summing them, dividing by the number of samples for one fundamental
period and then taking the square root. The average diode current was determined
by adding all instantaneous diode current values and dividing by the number of
samples. Hence, with the currents calculated, (2.8b) and (2.10b) were applied to
get the total conduction losses.

For the switching losses the gate signals controlling the MOSFET:s were extracted
for the same fundamental period in steady-state as the other variables, see variable
Ay in Figure 3.2. The number of times this signal went from OFF to ON and ON to
OFF were counted. Thereafter (2.11) and (2.12) were used where respective energies
were retrieved from the data sheet.

3.7 IPMSM Loss Calculation

For the losses in the IPMSM, JMAG was utilized as previously mentioned in section
3.1.2 above. One fundamental period of the three-phase AC in steady-state from
Simulink were used as inputs to the electric machine model in JMAG. JMAG divides
the resulting losses into three categories; Eddy current losses, hysteresis losses and
copper losses. The copper losses are the combined DC- and AC copper losses.
JMAG calculates all losses based on FEM, except for the DC copper losses which
are calculated according to (2.37).

3.8 Powertrain Energy Efficiency

To determine the energy efficiency n [%] of the entire electric drive system the
following equation was used
POU
=% £100% (3.3)
where P, [W] is the electrical power supplied to the EDU and P, [W] is the
mechanical power generated by the PMSM. Thereby (2.29) was used for the output
power calculation. The input power to the EDU was calculated as

where U;, and I;, are the voltage and current supplied by the battery to the inverter.
Since one fundamental period of data was extracted the input power was obtained
by taking the mean input power of that period.
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The energy efficiency of the power train was also computed through the combined
loss model of the inverter and the IPMSM. Hence

o Pout o Pz - Pim)erter - PIPMSM o Pz - Pconduction - Psw - PFe - Pcopper

T Pu P, P,

(3.5)
where Pjperter [W] is the inverter losses, Prparsy [W] is the IPMSM losses, Pronduction
[W] is the inverter conduction losses, Py, [W] is the inverter switching losses, Pp,
[W] is the IPMSM iron losses and Peopper [W] is the IPMSM copper losses.

3.9 Physical Test Rig

Real physical tests have been conducted on the EDU that the model of this study
is built on. The tests were conducted in a lab on an IPMSM, controlled by an
inverter which was fed DC from a machine that emulates an EV battery. Sensors
were attached to measure the current and voltage fed to the inverter and torque and
RPM produced by the IPMSM. Similar to this study, the test rig were set to reach
a specified torque and RPM, when steady-state was reached, the power in and out
were recorded.

The physical tests were in some ways not as extensive as the tests done in this study.
They were only conducted on SVPWM, so there was no available data for DPWM.
Additionally, low switching frequencies were not used for higher RPM:s; thus there
was no available data for OP 2 and 4 with 2.5 kHz. It were no measurements made
between the inverter and IPMSM, therefore the isolated efficiency of the inverter or
IPMSM was not available, only the total power consumption for the entire EDU.
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Results

The results gathered from the simulations are presented in three parts. Firstly, the
inverter simulation result from Matlab/Simulink is provided to compare the perfor-
mance of the different modulation principles (section 4.1). Subsequently, the [PMSM
simulation result from JMAG will be presented to view the machine losses in relation
to the switching frequencies, modulation principles and OP:s (section 4.2). There-
after, these results will be combined to supply the total EDU losses and efficiency
with respect to switching frequencies, modulation principles and OP:s (section 4.3).
Finally, the simulation results from the entire EDU will be compared with the tests
conducted on the physical rig to validate the simulation models accuracy (section
4.4). Recalling the OP:s in Table 4.1.

Table 4.1: OP scenario and numerical representation.

OP Speed [RPM] | Torque [Nm]
1 - City Driving Acceleration 2500 150
2 - Highway Cruise 8000 35
3 - Country Road Cruise 5500 30
4 - Highway Acceleration 8500 160

4.1 Power Losses in the Inverter

The results from the simulations for the different PWM principles are presented in
sections 4.1.1 and 4.1.2. An overall comparison between the PWM principles are
then investigated in section 4.1.3.

The losses taken into account were the switching and conduction losses of the MOS-
FET (Pswar,Poar), and the switching and conduction losses of the anti-parallel diode
(Pst; Pc )
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4.1.1 SVPWM Simulation Results

In Figure 4.1 the inverter losses for the different OP:s are shown where the SVPWM

principle was utilized to control the inverter.
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(a) Inverter losses for OP 1 with SVPWM.
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Figure 4.1: Inverter losses for different OP:s with SVPWM.

The total power losses for all OP:s increases proportionally to the switching fre-
quency as expected, with an outlying switching frequency of 2.5 kHz for the OP:s
2, 3 and 4. It can also be seen that the conduction losses for the diodes increase
linearly with increasing switching frequency. The OP:s with higher torque (1 & 4)
requires a larger current which is seen in their increased conduction losses.
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4.1.2 DPWM Simulation Results

In Figure 4.2 the inverter losses for the different OP:s are shown where the DPWM
principle was utilized.
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Figure 4.2: Inverter losses for different OP:s with DPWM.

This modulation principle has an overall similar loss behaviour as for SVPWM. The
2.5 kHz outliers for OP:s 2, 3 and 4 have much larger power losses. The switching
losses increases with the switching frequency, same as for the SVPWM results, since
it generates more ON and OFF switches of the MOSFET:s and diodes in the inverter,
which in turn is associated with energy consumption.
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4.1.3 Inverter Loss Comparison

Figure 4.3 shows a total inverter loss comparison of the two PWM principles from
the simulations.
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Figure 4.3: Total inverter losses for different OP:s and investigated PWM princi-
ples.

At 5 kHz and above, DPWM has lower losses for all OP:s, except OP 4 where this

happens at 7.5 kHz. SVPWM has a more linear behaviour compared to DPWM,
excluding 2.5 kHz for OP:s 2, 3 and 4.
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4.2 Power Losses in the IPMSM

The losses taken into account in the electrical machine were Eddy current losses,
hysteresis losses and the combined DC- and AC copper losses.

4.2.1 SVPWM Simulation Results
The losses with SVPWM for the IPMSM are shown in Figure 4.4.
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Figure 4.4: IPMSM losses for different OP:s with SVPWM.

The large copper losses in OP 1 and 4 is due to the higher currents for these OP:s.
The Eddy current- and hysteresis losses for OP 2 and 4, with high RPM, are larger
since these are dependent on the electrical frequency of the rotor.
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4.2.2 DPWM Simulation Results
The different losses in the IPMSM for DPWM principle is shown in Figure 4.5.
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Figure 4.5: IPMSM losses for different OP:s with DPWM.

The graphs shows a pattern similar to SVPWM except that the overall machine
losses are larger for DPWM because of more phase-current ripple.
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4.2.3 TPMSM Loss Comparison
Figure 4.6 shows a comparison between the two PWM principles total IPMSM losses.

—e— SVPWM 2600 1 —e— SVPWM
—6— DPWM 2400 | —6— DPWM
2,3000 | =3
0 w 2200 -
[} [0}
3 @
S S 2000 r
- 2500 -
[} [}
1800
g g
s s 1600 -
g 2000 g
T T 1400 ¢
1500 | 1200 r
2.5 5 7.5 10 12.5 2.5 5 7.5 10 12.5
Switching Frequency [kHz] Switching Frequency [kHz]
(a) IPMSM loss comparison for OP 1. (b) IPMSM loss comparison for OP 2.
2000 | —e— SVPWM 6500 [ —e— SVPWM
—6— DPWM —6— DPWM
E' g 6000 -
w @
o © 5500 -
& 1500 | &
- — 5000 +
2 2
5 O 4500 1
= L =
1000
n 9 4000
= =
o o
3500
500 ; ‘ : ; ; 3000 ¢ i ‘ I ‘ i
2.5 5 7.5 10 12.5 2.5 5 7.5 10 12.5
Switching Frequency [kHz] Switching Frequency [kHz]
(c) IPMSM loss comparison for OP 3. (d) IPMSM loss for comparison OP 4.

Figure 4.6: Total IPMSM loss comparison for different OP:s.

It is clear that SVPWM has smaller losses in the electrical machine for all OP:s and
switching frequencies.
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4.3 Total Power Loss Comparison

The total losses for the entire EDU is presented and compared in this section.

4.3.1 SVPWM

Figure 4.7 shows the inverter, IPMSM and combined power losses for all for OP:s

with SVPWM.
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Figure 4.7: Total losses for different OP:swith SVPWM.

As expected the inverter losses increase linearly with the switching frequency whereas
the machine losses decrease with increased switching frequency.
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4.3.2 DPWM

The total EDU losses for the different OP:s with DPWM is shown in Figure 4.8.
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Figure 4.8: Total losses for different OP:s with DPWM.

The same behavior as for the EDU losses with SVPWM can be seen in Figure 4.8
but with overall larger machine losses and smaller inverter losses.
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4.3.3 SVPWM vs DPWM

Comparisons of the total EDU loss for the two PWM principles are shown in Figure

4.9.

—6— SVPWM
—&— DPWM

Total Power Losses [W]
N N W w w W
(o)) Qo o N B [o)]
o o o o o o
o o o o o o

2.5 5 7.5 10 12.5
Switching Frequency [kHz]

(a) Total loss comparison for OP 1.

2400 —&— SVPWM
—&— DPWM

2200

2000

1800

Total Power Losses [W]
N B D
o o o
o o o

1000

800 : ‘ ; : :
2.5 5 7.5 10 12.5
Switching Frequency [kHz]

(c) Total loss comparison for OP 3.

3000 r

Total Power Losses [W]

7,

2500 r

2000 r

—6— SVPWM
—&— DPWM

1500

2.5

5 7.5 10 12.5

Switching Frequency [kHz]

(b) Total loss comparison for OP 2.

10000 1

9000 r

Total Power Losses [W]

7

5000 r

4000

Figure 4.9: Total loss comparison for different OP:s.

8000 -

7000 r

6000 r

—&— SVPWM
—&—DPWM

2.5

5 7.5 10 12.5
Switching Frequency [kHz]

(d) IPMSM loss for comparison OP 4.

SVPWM is more power efficient for almost all OP:s and switching frequencies, the

difference gets smaller for higher switching frequencies.
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4.4 Efficiency Comparison

A comparison with physical tests is shown in Figure 4.10. The residual is displayed
as the difference in percentage points between the total EDU power efficiency of the
physical tests and simulations. As mentioned in section 3.9, no data is available
for OP 2 and 4 with a switching frequency of 2.5 kHz so these points have been
excluded from the graph.
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Figure 4.10: Total efficiency comparison for all OP:s with 10 kHz SVPWM.

One trend that can be seen is that the residual increases with the switching fre-
quency. Another trend is that the overall residual is lower for OP:s with lower

torque. Arranging the OP:s from highest to lowest torque gives the order 4, 1, 2,
and 3, the same order which can be seen in the graph.
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Analysis

The results from the study are further analysed in this chapter. Some recommenda-
tions on future studies that can be conducted based on this thesis are also presented.

5.1 Switching Frequency

Both modulation principles show similar behavior in how their losses depend on
the switching frequency. For the inverter it is a linear behaviour with the total
power loss increasing with the switching frequency when disregarding the 2.5 kHz
outliers. The outlying losses at 2.5 kHz are likely due to that the PWM signals
fundamental frequency, which correlates to the electrical frequency, is too large for
the switching frequency to match. This mismatch generates a lot of redundant ON
and OFF switches which brings the large amount of switching losses. This reason
also explains why this behavior is not present for OP 1 since the electrical frequency
is small enough for this OP compared to the 2.5 kHz switching frequency.

As mentioned in the results the diode conduction losses increase linearly with the
switching frequency. This originates from the fact that when the switching frequency
increases, more ON and OFF switches occurs. Between each transition a blanking
time is present during which the diodes conduct current, hence, the increase in diode
conduction losses is correspondent to the decrease in MOSFET conduction losses.

The losses in the electrical machine decrease with increasing switching frequency.
This is expected as a higher switching frequency generates smoother three-phase
currents for the IPMSM that has less high frequency noise which gives smaller Eddy
current- and AC losses. The total losses in Figure 4.9 shows that the optimal switch-
ing frequency is 7.5 kHz for OP 1, with lowest RPM. A switching frequency of 10
to 12.5 kHz were more power efficient to use for the other OP:s.

The results show that having a switching frequency that varies depending on driving
conditions is beneficial for power efficiency. However, more OP:s and switching
frequencies needs to be examined before a control system for dynamic switching
frequency can be developed. The main limitation on how many OP:s that were
studied in this thesis were the long simulation times for the IPMSM losses in JMAG.
Five different switching frequencies for one OP took around 30 hours to simulate,
so a future project would be to simulate more OP:s and switching frequencies.
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5.2 Modulation Principle

The results clearly show that DPWM is overall more power efficient for the inverter,
with lower losses at switching frequencies above 2.5 kHz. However, it results in
greater power losses in the electrical machine, creating a trade-off between inverter
and machine losses. The total loss comparison in Figure 4.9 show that DPWM gen-
erally has smaller total losses for higher switching frequencies. Although, the lowest
total loss is found with SVPWM for all switching frequencies and OP:s.

During the development of the EDU it was noticed that DPWM was harder to con-
trol, since the controller values required more fine-tuning. This is not unexpected
as the discontinuous "jumps" in the DPWM signal yielded spikes in the three-phase
currents that the controller acted on. Further development of the controller could
lead to less noisy currents for the IPMSM which in turn gives lower IPMSM losses,
making it desirable to investigate in further studies.

As stated in section 2.2.3 it should also be noted that different types of DPWM
principles exists, which differs in how much the modulation wave is phase-shifted
with respect to the original phase reference. Studies show that they are more or less
power efficient at different operating conditions. Therefore a further development
of this thesis could be to compare the efficiency of the different DPWM principles
with each other.

5.3 Comparison with Physical Model

The overall agreement between our simulation model and the real physical tests are
quite good, with an average difference of 3.5 % points. The first trend observed
in the results is that the simulation model has lower total losses with increasing
switching frequencies, since the difference to the physical results increases. This is
an indication that the model has an error that depends on the switching losses in
the inverter and/or Eddy current- and AC copper losses in the IPMSM.

The other trend show that the curves are shifted down depending on the torque
required for an OP, a lower torque gives an overall lower shifted curve in the graph.
This indicates that the losses in our models that are dependent on current, i.e. con-
duction losses in the inverter and copper losses in the IPMSM, are lower than the
same losses in the physical tests.

Since it does not exist any loss data for the inverter and IPMSM individually, we
cannot further identify in which parts of the model these errors happens. Further
development of the simulation model would require more test data from the physical
rig. To enhance the performance of the model, further studies could also incorporate
the thermal behavior of the inverter to more accurately capture the inverter losses.
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Conclusion

The results show that a switching frequency of 7.5 kHz is more energy efficient at
lower RPM:s, whereas for higher RPM:s it is more efficient to use higher switching
frequencies of 10 to 12.5 kHz. It can be concluded that having a varying switching
frequency is beneficial in terms of total EDU power efficiency. It also shows that
there is a trade-off situation regarding the losses in the inverter versus the losses in

the electrical machine. Higher switching frequencies gives increased inverter losses
but the losses in the IPMSM decrease.

By comparing the modulation principles the conclusion drawn is that SVPWM
brings total less losses compared to the DPWM principle in the entire drive system
for all examined OP:s and switching frequencies. DPWM is more power efficient
for high switching frequencies in the inverter but has larger losses in the electrical
machine.

The results from the simulation has a mean difference of 3.5 %-points from the
physical tests, with an error that increases with switching frequency and an offset
dependent on torque. Due to the lack of precise loss data in the physical tests it
cannot be further concluded on which parts of the model that yields this difference.
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Ethics & Sustainability

The main focus of this thesis work has been to examine and further develop the
power efficiency of EV:s. While there are many positive aspects of EV:s, such as low
to zero emission of both pollution and noise, there are also some negative aspects in
regard of ethics and sustainability.

The production of the high duty batteries needed is as of today not very environmen-
tally friendly. The batteries usually consists of minerals such as lithium, nickel and
cobalt whose mining process can lead to water pollution and habitat destruction for
local wildlife and communities [33]. There are also numerous reports of bad working
conditions and the exploitation of child labour in the mines where these minerals
are gathered. Similar concerns exists in gathering the materials for the permanent
magnets used in the electrical machine. A transparent supply chain where all steps
are scrutinized is crucial for a fair production.

Additionally, the proper disposal of these batteries when they have reached their
end of life is a costly process in terms of money and energy [34]. Due to this, the
problem of toxic waste and insufficient recycling of these minerals exists as well and
is something that would be beneficial to further develop.

Comparing the complete life cycle analysis between a traditional Internal Com-
bustion Engine Vehicle (ICEV) to that of an EV, the EV generally has less total
greenhouse gas emission than the ICEV [35]. This holds if the EV:s battery is recy-
cled properly, another important part is how the electricity used to charge the EV is
generated. Using fossil free sources of electricity is a key part of reducing emissions
and greatly affects the total emission of the EV.
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