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Abstract

In this Licentiate thesis, various solutions to improve the efficiency in the
electrical vehicle drive drive line such as in the propulsion inverter and in the
electric machine, are proposed and their benefits are quantified from an energy
efficiency point of view. The efficiency analysis is based on modeling of a power
electronics inverter, an electric machine and a battery in various drive cycles
of an electric vehicle.

A solution to improve the efficiency in the electric machine is proposed.
A loss minimizing optimized current vector control is suggested for a PMSM
which minimizes the total machine losses. The solution has for the investigated
electric machine up to 8% efficiency improvement or 1.5% improvement in
average efficiency of various drive cycles such as ECE, EUDC and US06.

Several solutions are studied for the propulsion inverter. It is shown that by
replacing the ordinary silicon pn freewheeling diodes in the propulsion inverter
with SiC diodes, an average efficiency improvement of about 0.5 percent can be
expected in various drive cycles. Furthermore by replacing the Silicon IGBT's
in the inverter with SiC MOSFETSs, the drive cycle efficiency in various drive
cycles can be increased between 4 to 6 percents.

Finally a controllable dc-link voltage for the propulsion inverter is inves-
tigated in order to qualify the energy efficiency gain for the inverter and the
motor. Their drive cycle energy efficiency improvement is 0.5 to 1 percent when
using a SiC based inverter and 4 to 6 percents for an IGBT based inverter.

Keywords

Energy efficiency, Loss calculation, Vehicle applications, Power electronics,
Electric machines, Silicon carbide, Dc-link, Drive cycles, Nonlinear Optimiza-
tion, Current vector control
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Chapter 1

Introduction

The first electric car was invented more than a century ago. However it was
soon suppressed by conventional cars with combustion engines [1]. Never-
theless the recent environmental awareness, continuous oil price increase and
national or European legislations such as the 20-20-20 target [2], have driven
the research on new solutions to decrease the emissions and to improve the
efficiency of the vehicles.

1.1 Background and previous work

Electric motors and power electronic devices such as dc to ac inverters are in-
herent parts of any electrified vehicles. Through the use of new materials, new
topologies and new control strategies, it is possible to improve the efficiency of
the electric machine and the power electronic components located in the elec-
tric vehicle. Since both the electric motor and power electronic devices have
already relatively high efficiency, any efficiency improvement solution may not
be extremely high. However, the electricity used by these components is stored
in the battery and batteries in general are the most expensive electric compo-
nents in the electric vehicles. This means that the electric energy available in
the car is highly valuable and should be used with utmost care.

All electric vehicles should have at least one electric propulsion machine.
Regarding its control strategies, an efficient control strategy for an electric
machine should apart from having high performance dynamic, also minimize
the losses in the machine. In permanent magnet synchronous machines, the
Maximum Torque Per Ampere(MTPA) control method is a popular choice
in many applications [3]. However, a question is how energy efficient this
method performs when the core losses are also considered. There have been



2 CHAPTER 1. INTRODUCTION

different suggestions to compensate for its deficiency. In [4,5] a model of a
PMSM including the core loss is used to derive an analytical equation for the
calculation of the current vectors. In [6,7] the same model of a PMSM is used
and a weighting factor is proposed to get the current vectors which produce
even lower losses. However, a fully optimized model based current vector
control and quantification of how much energy that could be gained by using an
energy optimized control instead of a MTPA strategy for various drive cycles,
is missing. In this thesis the use of a nonlinear programming optimization and
an ordinary MTPA control are compared and the efficiency and losses in an
electric vehicle for some selected driving cycles are quantified [§].

Design consideration of the power electronic components used in a propul-
sion inverter is an area with substantial research interest. In [9] for instance,
different topologies, switching frequencies, voltage levels are investigated for a
propulsion inverter in an electric vehicle. New semiconductor materials such
as SiC, GaN have emerged and are suggested for vehicular applications [10,11].
As a result, it is crucial to further investigate the possibility of new technolo-
gies and solutions to improve the efficiency and to lower the costs. Since SiC
components have different characterization in comparison with Si devices such
as higher band gap and thermal conductivity and the possibility for quicker
switchings, it is important to characterize these devices. In [12] a SiC Shottky,
in [13-15] SiC MOSFETSs, JFETs and BJTs and in [16] a combinations of both
Si and SiC devices are characterized. In [17], the total losses for two different
JFET SiC based inverters are evaluated, however, the results are not put in
a vehicular content. In [10] the impact of using SiC devices for propulsion
inverters used in hybrid vehicles is investigated using a comprehensive vehicle
model from the drive cycle to the battery, however, the switching losses are
assumed to be solely dependant on the current. In this thesis a wider loss
model is presented which includes the diode reverse recovery and switching
dependency on the applied voltage. Moreover, the inverter operating points
are established using an appropriate electric motor whose control strategy is
also developed and optimized for the vehicle application.

With respect to new topology solutions, a DC/DC converter can be used
between the battery and the inverter. Depending on the configuration, this
converter adds an extra flexibility to the electric system. It will be possi-
ble to connect a low voltage battery to a high voltage drive system including
an inverter and a motor. It will also make it possible to control the input
dc-link of the inverter regardless of the battery voltage to ensure higher effi-
ciency in the inverter, or higher performance of drive system. Several DC/DC
converter topologies are designed and proposed in [18-21] In this thesis the en-
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ergy efficiency consequence of using a controllable dc-link voltage, which can
be achieved by a DC/DC converter, is studied for the propulsion inverter and
the electric machine.

1.2 Purpose of the thesis and contributions

The main objective of the work reported in this thesis is to present methods in
which the energy efficiency in an electric drive system of an electrified vehicle
can be evaluated and to establish the energy efficiency of various technologies.
The contributions in this work can be listed as

e Mathematical modeling of an electric machine and power electronic con-
verters in an combined approach for system level loss analysis.

e Quantification of energy efficiency improvement in an electric drive sys-
tem by deriving the current reference vectors using a optimized loss min-
imizing method which accounts for iron losses.

e Quantified energy efficiency comparison of various semiconductor tech-
nologies for a propulsion inverter of a vehicle.

e Establishing the energy efficiency and performance consequences of using
a variable dc-link voltage in the propulsion inverter in the electric drive
system.

1.3 Thesis outline

In this thesis the theoretical background of modeling different components
in an arbitrary electric vehicle is explained in Chapter 2. In Chapter 3 all
components that are used in this thesis are parameterized. In Chapter 4 an
optimized control method is proposed for the chosen electric motor to improve
the motor efficiency. Furthermore the improvement is quantified for various
drive cycles for an electric vehicle and the loss model is also used for calculation
of the total electric system losses including the propulsion inverter in Chapter
5. In Chapter 5 different semiconductor technologies and voltage levels for the
inverter are compared with each other and its impact is studied for different
drive cycles for the vehicle. Finally the possibility of using a variable voltage
level for the dc side of the propulsion inverter is also investigated.
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Chapter 2

Theory and Modeling of the
Electric Drive System

In this chapter the components which are investigated later in the thesis are
modeled.

2.1 Permanent Magnet Synchronous Machine

To find a small and economical electric machine to fulfill the driving require-
ments for different vehicle application is an ongoing research. As of today
permanent magnet synchronous motors (PMSM) are widely used in electric
and hybrid vehicles due to their high power and torque capacities. A PMSM
is a rotating electric machine where the stator is a classic three phase stator
like that of an induction motor and the rotor has permanent magnets. In this
respect, the PMSM is equivalent to an induction motor, however the air gap
magnetic field is produced by permanent magnets instead. PM synchronous
motors offer a number of advantages in designing modern motion control sys-
tems. The use of a permanent magnet to generate substantial air gap magnetic
flux without any excitation current makes it possible to design highly efficient
PM motors [22].

2.1.1 Steady state model of a PMSM

Using d-q component theory is a convenient way for performing various kinds of
analyses in the PMSM. Since the loss analysis is not dependent on the dynamic
behavior of the machine, it is sufficient to model the machine in steady state. In
steady state the terminal voltages of a PMSM machine, can in dg-component

>
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form analysis(Uyy and Uy,) be written as a function of terminal currents (/4
and [,,) as

Usd = RsIsd - wequIsq (21)

Usq = RsIsq + welLdIsd + welqjm (22)

R, stator resistance

we;  electrical angular speed

L, equivalent g-axis inductance
L, equivalent d-axis inductance
U,, permanent magnet flux density

The torque is formed as

3
T, = §p[\IfmISq + (Lg — L) Lsq1sd] (2.3)

2.1.2 Steady state PMSM model considering the core
losses

Core losses in a PMSM machine generally consists of hysteresis losses, eddy
current losses that can be formulated as [23]

ppe = khysth2 + keddnyBz + kexPex (24)

where

f electrical frequency

B amplitude of the flux density
knhyst hysteresis constant

Kedqy eddy current constant

Kex excessive core loss constant
P.,  excessive core losses

It is convenient to model the core losses as a parallel resistor in the equiva-
lent circuit. The core loss resistance(R.) can simply be calculated by dividing
the back EMF by the power loss for a given speed as

(welqjm>2

R.=3
PFe

(2.5)
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The steady state equivalent circuits of the PMSM in the d-q system considering
core losses are illustrated in Fig. 2.1.

]sd

q oq
RS ] od

Figure 2.1: Equivalent d-q circuits of PMSM in the steady state considering
core losses

The equations corresponding to the equivalent circuits are written as

Usd - Rs]sd - weququ (26)
Usq = Rslsq + welLdIOd + w\IJm (27)
and Iy
Iod = Isd - ch = Isd - M (28)
R.
welLdIod + wel\Ijm
Loy = Loy — Loy = Iy - (2.9)

By using (2.8) and (2.9) as well as (2.6) and (2.7) and some simplification, the
following expressions are found
R,

2
wi LgWo,

o (2.10)

Usd = (Rs + )Isd - wequIsq +
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R,

The expression for the torque in this model is

Usg = (Rs + ) sq + werLalsa + we¥pm (2.11)

3
T, = §p(\11mloq + (La — Ly) Loalog) (2.12)

2.2 Power electronics converters

Power electronics converters have the duty of transforming the electrical power
from a certain voltage-current form into another one. The resulting losses
in the converters are mainly due to conduction losses and switching losses
in the semiconductors making up a converter. In a vehicle, a three phase
propulsion inverter, converts the electric energy from the dc side(battery or
DC/DC converter) to the ac side which is the electric motor. In Fig. 2.2 a
conventional three phase inverter is shown.

Electric
Motor

From the battery 1
Or a DC/DC Converter ~— |

Figure 2.2: A conventional three phase inverter.

2.2.1 Conduction losses in switches

Conduction losses in semiconductors are the losses which occur during the
static operation of the switches. The time length is long enough so that the
components can be modeled by their forward characterization (vgs = f(ias))
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and the dynamics of the switches can be neglected. Furthermore the for-
ward characteristic can be linearized and be modeled as a constant voltage
drop(Vysp) and a resistor(R,,) and still obtain a good representation of the
forward characterization in the switch as

Vas = V;ls,OZ.ds + Ronizs (213>

The inverter conduction loss will, however, depend on the power factor(¢)
as well as the modulation index(m,) in the PWM modulator. The conduction
loss for one switch and one diode shown in Fig. 2.2 is determined in [24] as

Vds,o[m

T
PConduction,Switch = T(l + Zma COoS ¢) +

R, I?
27

2m
3

(% + —2cos¢) (2.14)

where [, is the peak value of the phase current. Similarly, the freewheeling
diode can be modeled as

vy = Viois + Ronit (2.15)

where Vy is the constant voltage drop of the diode. Finally the conduction
losses can be calculated as

Vds OIm ™
PConduction,Diode = 2’7_‘_ (1 - Zma : COs (b) +

T 2m,

Rl 7
2r 4 3

cos @) (2.16)

2.2.2 Approximate modeling of the switching losses

In order to make a loss analysis of power converters on a system level we need
to have an approximate model for the switching waveforms which can provide
switching losses in different operating conditions.

A first base approximation of switching losses is shown in Fig. 2.3 for a
switch used in a half bridge with highly inductive load where currents and
voltage rise and fall linearly between zero and their rated values.

While in turn off we might simply assume that the current and voltage
change linearly from zero to their maximum value linearly, the turn on is
affected by the current due to the reverse recovery of the freewheeling diode.
As it can be seen in Fig. 2.3, the switching process during the turn-on can be
divided into three parts.
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Vs

1t

v

Figure 2.3: Approximate switching curves for a) the MOSFET b) the free-
wheeling diode

The turn on switching loss energy can be calculated in three steps for the
three time intervals shown in Fig. 2.3.

tl t2 t3
Eon = / Vdslds = / Vdslds = / Vdslds
t0 tl t2

_ Vds]ds(tl - tO)

2 ; (2.17)
+ ‘/ds<Ids + %)(tﬁ - tl)
I S ]’I‘T‘
+ Vds(% + ?)(tS — 1)

Switching loss occurs when there is a non-zero voltage and current over
the component. As a result the reverse recovery energy loss in the diodes only
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occurs during the ¢, to t3. The integration over this time interval leads to

t3
Err :/ Ufif
£2 (2.18)
Vit

6

The turn off loss is similarly calculated by

Vaslastosy

: (2.19)

Eofy =

Finally the obtained switching energy loss, which are calculated for a spe-

cific Vys ey and Igsref, can be predicted for other voltages vy, and current i4q
using

Vds k Z.ds k
Eon = Eonpef - (7)o - () n 2.20
el <‘/ds,ref> (Ids,ref) ( )

Vds \k lds \k
Err = Lippref * o b 2.21
! <V;is,ref Ids,ref) ( )

Vds ids

Eopr = Eogpres - ( vt s (== )frers (2.22)

Vs ref Lis rey

where kvon, Evorss kvier, Erons k1ofr and kg, are coefficients that relate the
losses calculated in the reference current and voltage to other currents and
voltages. If such information exists in the datasheets, these coefficients can
sometimes be derived from datasheets otherwise they are assumed to be one.
This assumption leads to a linear dependence of switching losses on the current
and voltage level.

2.2.3 Switching process in MOSFET

A good understanding of the switching losses requires a good understanding
of the transients in semiconductor switching devices. IGBTs and MOSFETs
are the most frequently used components in power electronic devices in an
electrified vehicle. Besides, IGBTs and MOSFETSs posses similar switching
transient with one exception which is the tailing of the current in an IGBT
during the turn off process. However the majority of IGBT datasheets include
a sufficient switching loss date which are presented as a function of current
and sometimes voltage. Hence this section focuses on MOSFET switching
transients [25].
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@
Lo Highly
Df /\  Inductive
Load
+
Vdc ng l —
Rg i Hpr— L
Veg 83 — Cds
I +
Ces T Vds
Vgs
- Y ids -
[ 4

Figure 2.4: MOSFET transient modeling circuit

The transient model of a MOSFET which is described in [25] can be seen
in Fig. 2.4. The model is a substantial simplification of more complex object.
Furthermore L, which is the lumped parasitic inductance in the circuit is
also included in the model. Cqys, Cys and Cyq are internal capacitances of the
MOSFET. The values of these capacitances can vary depending on the applied
voltage and can be expressed in terms of the datasheet parameters Cjgq, Coss,
and C,,, as

Cga = Ciss (2.23)
Cys = Ciss — Cras (2.24)
Cas = Coss — Crss (2.25)

(2.26)

2.2.4 Turn-on process

The turn on process waveforms based on the model illustrated in Fig. 2.4 is
shown in Fig. 2.5.

At the beginning, the device is off and the load current is passing through
the free-wheeling diode. The initial conditions are: vys = 0 V', vg4s = V. and
Gas = lgs = 0 A. At t = to, Vi, is applied and the internal (and externally
added) capacitors across the gate-source and gate-drain, starts to be charged
through the gate resistor R?,. The gate-source voltage increases exponentially
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A

N AN

\ ids

Vgs,th [~ / .
Ig
\ Vds

bty Lts U

Figure 2.5: MOSFET turn-on waveforms

with the time constant 7 = R, - (Cys + Cyq). The drain current remains zero
until vgs reaches the threshold voltage(Vjs.,). The threshold voltage is the
minimum gate-source voltage required before the drain-source current stats to
increase during the turn on. The equations describing the current and voltage
relations in the time interval ¢ty — ¢; are

i Vg — Ugs
gs — Rg
dv d(Vyg — vgs)
— 0 Y _ o 99 — Ygs
95t 9 gt
Vg — Vgs dvgs d(Vyg — Vgs)
=C, C 2.27
R, $odr T dt (2.27)
— Vg = Vg1 — e~ 710)/T) (2.28)

The delay time, which is the time that it takes for the gate-source voltage
to reach the threshold voltage(vys(ta) = Vysn), is
‘/gs,th
Vg

When vy, reaches the threshold voltage, the drain current starts to increase
linearly causing the MOSFET’s voltage to drop. At the same time the diode

tg = —7in(1 — ) (2.29)
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becomes reverse biased and turns off. The equations during the time period
t1-ty are

dids

Vis = Vdc - (LO' + Ld) dt

(2.30)

ids = gm(vgs - V;Sh) (231)

where g¢,, is the MOSFET forward transconductance and is a nonlinear factor
which can be extracted from the datasheet of the switch. 74, increases until it
reaches the load current I, or in case of having diode reverse recovery, until it
reaches I, + I,,. The rise time of the drain current can be calculated as [26],

gm(vgg - V;]s,th)
gm(‘/gg - ‘/gs,th> - (IO + I'r'r)

t2 — tl = ton = Tln( ) (232)

During the time interval ¢, to t3, the reverse recovery takes place while v,
decreases from vgs = Vs + I";:i” to vgs = Vgsin + gl—;

At t3, the MOSFET reaches the plateau level, the gate voltage and current
become constant, all the gate current passes through the gate-drain capacitor,

therefore the gate current will be

: dvgs
lgs = _ngd_;l (233)
Thus the drain-source voltage is
Vg — Vs
Vgs = =29 () 4V, (2.34)

R,Cya

As soon as the drain-source voltage reaches the input voltage, v, increases
to Vg4 while ¢, decreases until it reaches zero.

Finally at t,, the MOSFET enters the steady state mode and operate ac-
cording to its forward characteristic.

Vds — Rds[o (235)

where Ry, is the resistive behavior of the MOSFET according to its forward
characteristic.
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ts ts t7
Figure 2.6: MOSFET turn-off waveforms

2.2.5 Turn-off process

The turn-off waveforms are shown in Fig. 2.6. The initial conditions for the
turn-off period are vgs = Rysly, Vgs = Vyg,igs = 0 and i45 = I,.

The turn-off process starts when the applied gate voltage falls, making
the gate-source and gate-drain capacitors to discharge through R,. 74, can be
obtained by

Vi
gs — R
g J (2.36)
Vgs
= (Cgs + ng) di
Hence vy, will be
Vgs = Vyge 17107 (2.37)

vgs continues to decrease until it reaches the plateau level at ¢ = t5, while
the drain current remains at the same level as the load current. The gate-
source voltage at igs = I, is

I,
Vgs =~ + Vyaun (2.38)

m

From (2.37) and (2.38) the time that it takes for vy, to reach a constant
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value can be obtained by

V,
Vgs = T—— (2.39)
g_:l + ‘/gs,th

In the time interval t5-tg since, the gate-source voltage is constant and all
the current is taken from the gate-drain capacitor according to

. dvgd
for = Corgy
d(vgs — Vgs
dvds
= ~Coagy
The gate current can be found as

ig = V%;h = Rig(g[_; + Vis.in) (2.41)
The drain-source voltage will be achieved by combining (2.40) and (2.41)
1 I,

By Coa g

Vds — Rds[o + -+ ‘/gs,th,)(t - t1> (242)

At the time tg the drain-source voltage reaches the dc voltage, forcing the
free-wheeling diode to be turned on. Hence the drain-source current iy4, starts
falling and it is described according to

ids = gm(vgs - ‘/;ls,th) (243)
where v, is obtained from the following equation,
I, (-
Vgs = (— + Vgsin)e (=) (2.44)

The current fall time is calculated by having the time constant and the
threshold voltage over V,, at load current

‘/gs,th

tfi = —RgC’issln (245)

gs,lo

While the current is falling, the parasitic inductance in the circuit(L,) case an
overshoot in v, as

digs
vas = Ve + (Ly + L) ;;1 (2.46)
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where the rate of changes of the current(%) in the device is achieved by

dividing the MOSFET load current over the current fall time.
dids [o

p—— 2-47
At tp (2.47)

However it should be noted that the ¢4, may not be necessarily decided by
the MOSFET itself if the parasitic inductances in the drain-source loop are
big enough to force a slower rate of current on both turn-on and turn-on.

Finally during the time interval t¢-t; the gate-source voltage reaches the
threshold voltage( vys(t7) = Vgsn). The gate-source voltage goes to zero and
the MOSFET is fully turned off.

2.3 Electrical modeling of battery

Dynamic battery models are highly complex. The voltage source is a function
of temperature and SOC, whereas the resistor is only a function of temperature.
In this thesis the electric model consists of a voltage source and a resistance
whereas the voltage source Open Circuit Voltage(OCV) is dependent on the
State Of Charge(SOC), giving

Vi=0CV + R, - 1 (2.48)
dSOC
— k.7 2.4
=k 1) (2.49)
where
1
k (2.50)

" Qrated - 3600

2.4 Static relation of the electric machine ver-
sus the vehicle movement

In a vehicle model, torque and speed references from the drive cycle are trans-
formed to torque and speed references for the electric machine through

1
F =ma+ EPCdAerQef + C,mg + mgsina (2.51)

F- Twheel
Tootor = ——hee 2.52
' Regp (2:52)
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60
Vmo or — ‘/re R 2.53
t ! GB3.6 -2 Twheel ( )

where F'is the traction force, m is the vehicle mass, a is the vehicle acceleration,
p is air density, Cy is air drag coefficient, A is the vehicle frontal area, V,.;
is drive cycle speed reference in km/h, C, is rolling resistance coefficient, « is
the road angle slope, T},00r 1S the torque on the machine, Rgp is the gearbox
ratio and V.- is the machine speed in revolutions per minute.



Chapter 3

Case Setup

In this chapter all the components that are used in other chapters are intro-
duced.

3.1 Electric Machine

The electric machine used in this thesis is based on the machine developed
in [27] with the parameters found in Table 3.1.

Table 3.1: Machine Parameters
| Parameter | Value from [27] |

R, 0.0079 Q
Lsq 0.23 mH
L 0.50 mH
v, 0.104
p 2 pole-pairs
Inas 360 A
[maxcontinious 180 A
Unmaz 320/V/3 V
R, variable

3.1.1 Scaled electric machine

The electric motor specified in Section 3.1 is used for the analysis. However the
original machine is built for a de-link voltage of 320 V' and in this thesis, electric

19
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machines for a dec-link of 400V and 800V are required. This leads to scaling
factors of 1.25 and 2.5 for the 400V and 800V dc-link systems respectively.

The scaling method ensures that the output characteristics of the motor
like the maximum torque, speed and losses remain constant. This can be
achieved by changing the motor parameters as specified in Table 3.2.

Table 3.2: Scaled machine parameters

Parameter H Scaled value ‘
R 0.0079-ScalingFactor-ScalingFactor (2
L 0.23-ScalingFactor-ScalingFactor mH
Ly, 0.50-ScalingFactor-ScalingFactor mH
v, 0.104-ScalingFactor
p 2 pole-pairs
R, Variable
Lo 360/ScalingFactor A
Lacontinious 180/ScalingFactor A
Umaz(Phase voltage) 320*ScalingFactor/v/3 V

3.1.1.1 Electric machine for a system with 400 dc-link voltage

The resulting current and voltage levels as functions of torque and speed for
the 1.25 scaled machine which is suitable for a 400 V' dc-link voltage and the
2.5 scaled machine which is suitable for an 800 V' dc-link voltage are shown in
Fig. 3.1 and 3.2 respectively.
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Figure 3.1: Magnitudes of the electric motor required phase current and voltage
for a 400V dc-link voltage.



22 CHAPTER 3. CASE SETUP
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Figure 3.2: Magnitudes of the electric motor required phase current and voltage
in a 800V dc-link voltage.

3.1.1.2 Electric machine for a system with a variable dc-link voltage

The electric motor specified in Section 3.1 which is scaled for an 800 V' dc-
link voltage in Section 3.1.1 is in this section calculated for a variable dc-link
voltage. The resulting current and voltage levels as functions of torque, speed
and dc-link voltage is shown in Fig. 3.3 and 3.4 respectively.
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3.2 Inverter

The dc-link voltage level of the electric system on the battery side is chosen to
be 400 V or 800 V for power electronic components with breakdown voltage
of 600 V' and 1200 V respectively. This 200 V' /400 V safety margin is chosen
to give room for switching overvoltages due to parasitic inductances in the
commutating circuit.

The components which are used in the converter for different analysis are
listed below.

e 600V silicon IGBT with pn diode (FS600R07A2E3)

e 600V silicon IGBT with SiC schottky diode (FS600R07A2E3 with SCS220AG)
e 1200V silicon IGBT with pn diode (CM3000EXS-24S)

e 1200V SiC MOSFET with SiC diode (SCH2080KE)

The parameters required for loss calculation for each component is gathered
in Table 3.3.

In order to obtain an identical power rating for all components, some com-
ponents are put in parallel to reach the desired power rating. However those
components in parallel are assumed to be one module. So the technical issues
regarding the use the parallel components are ignored. The name of these new
modules consists of the name of the module they are made of, followed by a
number and 'X’. This means for example that, MOSFET (SCH2080KE)10X
, is one module which consists 10 MOSFET (SCH2080KE) in parallel. Con-
sequently the forward and switching characteristics values mentioned in Table
3.3, are for the resulting module.

E,f; and E,, shown in Table 3.3 for MOSFET (SCH2080KE)10X, are
calculated in (3.6).
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Table 3.3: Components characteristics based on datasheet and calculation
QT; = 120C — 150C' [28-32]

Components Breakdown Forward Switching
Voltage Characteristics Characteristics
Si IGBT 600V Veeo = 0.7V E,, =11.omJ, Eyp = 18.5mJ
(FS600R07A2E3) R,, = 1.75 mQ) @V, = 300V,@l,. = 400A
Si pn diode for 600V Vio=0.9V E,.. =85mJ
(FS600R07TA2E3) R,, = 0.9 m{2 QVx = 300V, QI; = 400A
SiC schottky diode 650V Vio = 0.9V E.. =0.093mJ
(SCS220AG)30X R,, = 2.6 mf} QVy =400V, QI = 3004
Si IGBT 1200V Veeo = 0.8V E,, =41mJ, Ey 5 = 32mJ
(CM3000EXS-24S) R,, =2 mf @V, = 600V,@l,. = 3004
Si pn diode for 1200V Vio = 0.6V E,.,. =22mJ
(CM3000EXS-24S) R,, = 4.5 m{2 QVx = 600V, QI; = 300A
SiC MOSFET 1200V Visp = 0V Eon = 3.1mJ, Eypp = 0.56mJ
(SCH2080KE)10X R,, = 14.3 mQ) QVys = 400V, @Q1,;, = 300A
SiC diode for 1200V Vio = 0.8V E,.. =0.03mJ
(SCH2080KE)10X R,, =6 m{2 QVy =400V, QI = 3004
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3.3 Switching losses in the used SiC MOSFET

The circuit shown in Fig. 3.5 is used for measuring the switching waveforms.

°
7 Highly
4D40120D Inductive
Load
\Y T —
dc
Gate Driver J > Vds SCH2080KE
+ -
Is
\/gs
Shunt
® - Resistor

Figure 3.5: Measurement circuit

A SiC MOSFET(SCH2080KE) has been used in an evaluation circuit for
measurement of the switching process. The freewheeling diode is a SiC Schot-
tky diode(C4D40120D).

Instead of using a Rogowski coil for measuring the drain current a shunt
resistor is chosen. Since the dc value of the current ¢4, as well as the accurate
delay time between vy, and i4s are very important for loss calculations, the use
of a shunt resistance is preferred over a Rogowski coil. The voltage over the
resistor is interpreted as current, as long as the measured Rgpyn: - 145 1S much
higher than L, - dfi‘i“’. The shunt resistor used in this measurement is measured
around Rgpunt = 1 Q, Lgpune = 5 nH. Thus with a measurement of i3, = 3 A
and %= = 30A/pus, it is assured that the shunt resistor is behaving sufficiently

L at
resistive.

3.3.1 Measurement and simulation of turn on process

The simulation is based on the equations explained in Section 2.2.3 with
the dynamic parameters of the MOSFET and the diode extracted from their
datasheets and initial conditions of V,, = 12 V' and R, = 10.



28 CHAPTER 3. CASE SETUP

Table 3.4: Switching loss comparison
Case Datasheet parameters [32, 33]

MOSFET Crosto = 50 pF, Cragpy = 100pF
(SCH2080KE) | Ciasp = 4500 pF, Ciggpy = 1850 pF
Vietn =3V, g = 0.8, Ry = 6.50

Diode Q. = 130 nC
(C4D40120D)

The datasheet parameters are converted to the parameters used in the
theoretical equations needed in the simulation. However the capacitances of
a MOSFET have a non-linear relation with the voltage. To avoid the effect
on non-linearity in the simulation, two constant values for each capacitors are
chosen. One constant value is used for high voltages, one constant value is
used for low voltages. The border between the high and low voltage is 10 V.

ng,lv = Crss,l’u =50 pF (31)

ng,hv = Ursshv = 100pF (32)

C’gs,lv - Oiss,lv - Orss,lv = 445OpF (33)

Cgs,hv = Uiss,hv — Crss,hv = 1750pF (34)

I, depends on the @), of the freewheeling diode and % = t}’—o" It can be

assumed that % remains constant until @), in the diode is discharged. So by

knowing the area of a triangle @), and the relation between its two sides %,
the height I, can be calculated as

I, ~3 A (3.5)

The simulated turn-on waveforms are calculated using (2.28) to (2.35). In
Fig. 3.6 the turn on switching process and losses are illustrated for both the
measurement and the simulation based on the theory explained in Section 2.2.3
with values extracted from the datasheet. It can be seen that the simulation
can predict the actual waveform and losses relatively good during the turn-on.

In Fig. 3.7 the turn-off switching process is illustrated for both the mea-
surement and the simulation. As it can be seen in Fig 3.7, the current falls
earlier than predicted in the simulation. This could be due to the fact that
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Figure 3.6: Measured and simulated turn on switching process

the simulation process does not take into account the effect of the capaci-
tance of the diode and that the MOSFET output capacitors which behave like
capacitive snubbers in ZVS(Zero Voltage Switching) circuits.

Finally the switching losses obtained from the measurement, detailed mod-
eling and approximate modeling based on datasheet values are compared with
each other and the results are shown in Table 3.5. The approximate switching
losses for the reference values(Vys .y = 400V and I;; = 10A) are evaluated
for the SiC MOSFET(SCH2080KE) based on (2.17) to (2.19) and the scaled
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Measurement Turn Off
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Figure 3.7: Measured and simulated turn off switching process

switching losses are calculated based on (2.20) to (2.22).
Eores = 311 ]
Eoffrer =56 pJ (3.6)
Errrer =3 uJ
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Table 3.5: Switching loss comparison
Case Measurement || Simulation | Approximated
method

Turn on for
Ve = 300, Iz = 2 52 uJ 53 ud AT pJ

Turn on for
Ve = 150, 145 = 2.5 25 uJ 23 uJ 29 uJ

Turn off for
Vs = 300, Iz = 2 10 pJ 19 pJ 8.5 uJ

Turn off for
Vs = 150, I4s = 2.5 4 uJ 8.5 puJ 5 pud

The simulation and approximate method give a good approximation of
switching losses during the turn-on while the turn-off loss is overestimated.

3.4 Battery specification

A battery with the specifications given in Table 3.7 is used in this thesis.

Table 3.6: Battery Specification

’ Parameter H Value ‘
Internal resistance(R;,) 0.2 Q
Rated charge capacity(Qateq) || 12.5 A-h
Initial voltage(m) 800 V
Initial SOC(SOC;,;) 90 %

3.5 Vehicle specification

The vehicle used as a reference for simulations throughout the report is a
typical midsize sedan vehicle specified in Table 3.7.
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Table 3.7: Vehicle Parameters
’ Parameter ‘ Value ‘
Air density (p) 1.225 kg/m?
Air drag coefficient(Cy)-Frontal area(A;) | 0.6758 m?
Rolling resistance coefficient(C,) 0.009
Wheel radius(W,) 0.3 m
Vehicle mass(m) 1700 kg
Gear box ratio(Rgp) 10

3.6 Drive cycles

The drive cycles used in this thesis are shown in this section. ECE drive cycle
shown in Fig. 3.10 is a relatively slow and low power demanding drive cycle
while EUDC shown in Fig. 3.9 is more demanding and reaches the tops speed
of 120 km/h. These two drive cycles, together form a drive cycle called NEDC
which is a standard European drive cycle used in various legislations. US06
drive cycle shown Fig. 3.8 takes as much time as ECE and EUDC combined but
has more realistic driving pattern with both urban and city driving combined.
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Figure 3.8: Drive cycle US06
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Chapter 4

Energy Efficiency Improvement
in Salient Permanent Magnet
Synchronous Machines

The main source of energy losses in an electric motor is the copper and the
core losses. Depending on the control strategy, we can get different losses and
consequently different efficiencies. The main objective of a motor controller
is to obtain a certain speed at a certain torque. A secondary objective could
be to maximize the torque per ampere used, or to minimize the total copper
and core losses. The former is called Maximum Torque Per Ampere and the
latter, is here referred to loss minimization strategy. There are some more basic
strategies that simply ignore these secondary requirements and only satisfies
the primary requirement of torque and speed references.

In order to control the speed of an electric motor, a speed controller is
needed to receive the speed reference and compare it with the actual speed.
Then it transforms it to a torque reference which is used by the current con-
troller. A current vector controller for an electric motor will require d-q current
references and compares them with the actual d-q currents. Then it will pro-
vide the voltage references for the motor. However the torque reference needs
to be related to the current references. In a non-salient PMSM this can be
achieved easily since torque is only related to the g-current. However in a
salient PMSM, the torque is related to both the d-current and the g-current as
it was shown in (2.12). There are different ways to relate the torque references
to the d-q currents on basis of the secondary requirements explained in the
beginning of this chapter.
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4.1 Zero d-current control strategy

This is perhaps the easiest way to solve the problem. By simply putting the d-
current to zero, torque becomes dependent on the g-current As a result, (2.12)
turns into

3
Te = ép(\IfmIOq) (4.1)

So the current references will be

Lires =0 (4.2)
2T,
s = 3,5~ (4.3)

In surface mounted PMSMs, where Ly and Lg are equal it is sufficient to
use zero d-current control strategy but in other PMSMs zero d-current control
strategy is far from good.

It is worth mentioning that it is actually I; and I, which are controlled
and not the I,; and I,,. So already from the beginning we are introducing an
error. This method neither guarantees the maximum torque per ampere nor
provides the lowest losses.

4.2 Maximum torque per ampere control strat-
egy

In this strategy d and q current references are extracted using the equations
for an ideal PMSM model without core loss in order to find the maximum
torque for a given current.

4.2.1 Extraction of ideal current vector of PMSM

In order to work easier with the mathematical expression, the equations can
be stated with respect to an angle called « instead of /; and I,. « is the angle
between I; and I,. So I, and I, are rewritten as

Iy, = I,cos(a) (4.4)

Iq = Isin(a) (4.5)
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where [, is the current magnitude vector. Now the torque equation can be
rewritten as

T, = gp[\lfm[acos(a) + (Lg — L)1 1,cos(a)sin(a)] (4.6)

which also can be expressed as

1
T, = gp[\llmfacos(oz) + §(Ld — Ly)I}sin(20)] (4.7)
dr, 3 ,
o= 5p[—\IJmIasm(oz) + (Lg — Lg)I2cos(20)] (4.8)

By expanding the cos(2«a)-term the expression becomes

Zz _ gp[_\pmzasm(a) + (La — L) I2{1 — 2sin*(a)}] (4.9)

This is a second order equation, and by putting the derivative to 0, the
following expression is obtained

0=—V,,I,sin(a) + (Lg — L,)I? —2(Lg — Ly)I2sin*(a) (4.10)

by changing signs

0=V, I,sin(a) — (Lg— L)I? +2(Lg — Ly)2sin®(a) (4.11)

putting it into the form of a second-order equation gives

v, 1 1
_ .92 mia .
0= sin (Oé) -+ Q(Ld_—WSZTL(Oé> — 5 (412)
removing i,
U 1
0 = sin? — s — = 4.13

which gives the solution
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in(a) Yo n 1 (4.14)
sin\a) = ————————— — .
WLa— L)l, ~\ 16(Lg — Ly22 " 2

of which it is the second solution that is the valid one.

n(a) U, w2 1 (4.15)
sm\lo) = ——————— — + - .
4(Lg — Ly)1, 16(Lg — L,)%212 2
q q a

The ideal current vector can be used as a good guess for calculation of loss
and efficiency map in the motor. However it cannot guarantee the maximum
efficiency since the maximum torque per ampere is derived from the ideal
model of the machine. Besides, the maximum torque per ampere strategy
cannot lead us to find the suitable I; and I, in the field weakening area.

4.3 Loss minimization strategy

The aim of the current vector control method presented in this Section, is
to minimize the total electrical losses in the motor. This can be achieved by
minimizing both core and copper losses for a given torque reference. However,
in a practical solution, it is important that the method fulfills all constraints
and includes all the losses.

The PMSM model shown in Fig. 2.1 can be used to find the current vectors
which can satisfy all current and voltage constraints while keeping all electrical
losses minimal with the help of non-linear programming.

4.3.1 Non-linear programming

A problem needs to be solved by non-linear programming when the function
which is supposed to be optimized is at least quadratic and more and the con-
straints to this functions are not linear. If all constraints were linear, quadratic
or polynomial programming can be used. The main purpose of the optimiza-
tion is to minimize the target function f(z).

minf(x)

with the following constraints
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A-X =B Linear equality

C-X <D Linear non-equality
E(X)=0 Non-linear equality
F(X) <0 Non-linear non-equality

The target function f(z) consists of the copper losses and core losses which
can be introduced as,

f(ﬁ) = Peore + Pcozope?“ = RS(Iszd + ]qu) + Rc{lsd - [od)2 + (Isq - [oq)Q) (4-16)

The state matrix X is chosen to be

X:[Iod ]oq Lsq ISq Usd Usq ]T

The relations between the states can be represented by the linear equa-
tions in matrix A and B or the non linear equations in matrix F. Thus, the
equivalent circuit equations will be rewritten for all four loops in the d and q
equivalent circuit which was shown in Fig. 2.1.

—R. g — R.Igq — wTLq]Oq =0 (4.17)
“Rulpy — Relsy — wrLalyg = 0 (4.18)
R.I,q— (Rs + RC)ISd — U,y =0 (419)
Ry — (Ry+ R) Ly — Uy = 0 (4.20)

All the above equations are linear hence they can be included in the A and
B matrixes.

R, wL, R, 0 00

A_ | ~wla —R 0 ~R, 00
| R, 0 —(R.+R) 0 10
0 —R, 0 —(R.+R,) 0 1
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Equality equations are vital in order to decrease the degree of freedom for
the optimization and it can also make the optimization faster. All constraints
between the states should be represented in the linear and non linear non-
equalities in matrix C,D and F'. In this case, the constraints can be specified
so that the optimization is done in motoring mode.

E(X> - [ TTGf - %p(qlm[oq + (Ld - Lq)[odqu) }

Ve + UL+ U,

F<X> = — Loz + \/ Ifd + ng

- Is2d+152q

The main constraints which are assigned in this algorithm are maximum
voltage and current limits of the machine. Besides, the constraints can be
defined so that the results are obtained for both motoring and generating
mode.

4.4 Comparison of different control strategies

The machine with the specifications described in Section 3.1 is used to compare
the different control strategies in this paper.

4.4.1 Comparison of different control strategies for an
ideal machine without core loss

In this section an ideal PMSM with no core loss is selected to compare the
current vectors provided by the MTPA strategy and the proposed nonlinear
loss minimization strategy. The efficiency map achieved by both methods is
shown in Fig. 4.1. It can be seen that the current vectors derived by the loss
minimization optimization method are identical to the ones obtained using the
MTPA strategy.

This is due to the fact that the MTPA automatically provides the minimum
losses if the machine has no core losses. So the only controllable loss is the
copper losses and it is minimized by maximizing the torque for a given current
magnitude.
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Figure 4.1: Efficiency map for minimum loss minimization control and MTPA
strategies in a PMSM without core losses

4.4.2 Comparison of different control strategies for a
machine with core loss

In reality there is no PMSM without core loss. As a result, the ideal machine
needs to include core losses. This can be done by introducing R. = 402
which in this case is a constant resistance for all operating points. R. = 4012
corresponds to the core losses of the investigated machine at maximum speed.

In order to compare the loss minimization method with the MTPA, a lim-
ited operating range is chosen for a more detail investigation. A constant
speed of 6000 RPM and a torque range of 10 to 40 N - m are chosen. Fig. 4.2
shows that the loss minimization method is providing better efficiency than
the MTPA. It can also be seen in Fig. 4.3 that the loss minimization method
is, as expected, providing higher copper losses in comparison with the MTPA |
however it provides a lower core loss so that the total losses becomes lower in
the end.

By looking at the current vector references shown in Fig. 4.4 provided by
both strategies it can be seen, as was anticipated, that the loss minimization
method suggests higher absolute value of the Iy, reference current and lower
I, reference current at higher speeds so that the core losses decreases more
than the amount the copper increases while the output torque is kept constant.

Now the full operating range can be compared for both strategies. The
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Figure 4.2: Efficiency comparison at a constant speed of 6000 rpm for a PMSM
with core losses which are represented by R. = 40¢)
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Figure 4.3: Loss comparison at a constant speed of 6000 rpm for a PMSM
with core losses which are represented by R, = 40(2
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Figure 4.4: Current vector comparison at a constant speed of 6000 rpm for a
PMSM with core losses which are represented by R. = 402

efficiency map is derived for both control strategies in Fig. 4.6 and 4.7. The
difference between the efficiency maps (Fig. 4.8) shows the areas where the
loss minimization method provided better efficiency than the MTPA. The dis-
continuity in the efficiency map of the MTPA (Fig. 4.6) is due to the change
of method from MTPA to constant maximum voltage operation. The MTPA
strategy doesn’t include any limitation of the output voltage. So once the
maximum voltage is reached, the voltage reference magnitude are kept con-
stant and current vectors are calculated based on the equations provided in
(2.6) to (2.12). It can be seen that the loss minimization method provides a
better efficiency in comparison with MTPA, especially at higher speeds.

The corresponding I,; and Iy, currents for both strategies in the entire
operating range are shown in Fig. 4.5.

Consequently the differences between the copper losses, core losses and the
total losses are shown in Fig. 4.9 to 4.11.

4.4.3 Implementation of a variable R. in loss minimiza-
tion optimization method
Since the core losses of an electric machine varies through the electric frequency;,

it would be favorable that the loss minimization method use a variable R, to
further improve the modeling and the optimization result.
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Figure 4.5: I, reference for current vectors for minimum loss minimization
and MTPA control strategies in a PMSM with core losses

The efficiency maps for the loss minimization method for the machine with
a variable R, is shown in Fig. 4.12. It can be noted that the difference
compared to Fig. 4.7 where a constant R. was used is not substantial. However
it provides a more realistic model especially in the low speed low torque region.

4.4.4 Comparison of different drive cycles in simulation
of an electric vehicle with nonlinear loss minimiza-
tion strategy

The vehicle explained in Chapter 2 is used in the ECE and US06 drive cycles
and the resulting loss differences due to the control strategy is shown in Fig.
4.13 and Fig. 4.14 respectively.
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Figure 4.7: Efficiency map for minimum loss minimization control strategy in
a PMSM with core losses
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I:)Cu—MinLoss_ I:)Cu—MTPA(W)
400
150" |
100 300
. 100
= 100 | 200 200
z ‘ . 200
() \
= \
50 100\ 2%%
\\ 200 100
| 300
\“ 400
0 ‘ | L ‘ 0
0 2000 4000 6000 8000 1000012000

Speed (rpm)

Figure 4.9: Copper loss map difference between the minimum loss minimization
and MTPA control strategies
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Figure 4.10: Core loss map difference between the minimum loss minimization
and MTPA control strategies

I:)TotaI—MinLoss_ I:)Total—MTPA(\N)
‘ ‘ 0
150
0 0_100
-100
= 100 0 ~200 0
g%) -100 = -100 -200
- o
50 AN 1
0 R -100 ®-300
-200|
Lo -200
-100 {2003QS
0 - \ ~400

0 2000 4000 6000 8000 1000012000
Speed (rpm)

Figure 4.11: Total loss map difference between the minimum loss minimization
and MTPA control strategies
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Figure 4.13: Torque-Speed characterization in ECE drive cycle
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Table 4.1: Energy loss decrease due to the use of loss minimization optimiza-

tion method over MTPA and the percentage of energy loss decrease over the
total energy required by different drive cycles

Drive cycle H Energy loss decrease (kJ) H Percentage (%) ‘
EUDC 73.9 1.69
ECE 2 0.37
NEDC(ECE+EUDC) 75.9 1.54
US06 66.1 1.46

It can be seen that at higher speeds, the benefit of the proposed loss mini-
mization method is more pronounced as it was expected. It is due to the fact
that the loss minimization method takes into account the core losses which are
higher at higher speeds.

The average power loss decrease in each drive cycle is shown is Table 4.1.
The results show that the efficiency is increased in the whole operating region,
in particular in the high-speed region, where an improvement of up to 8%
can be achieved. This method is simulated for a PMSM in a vehicle for the
NEDC (ECE+EUDC) and US06 driving cycles. The loss minimization control
strategy provided 1.54% less loss compared to the MTPA method in NEDC
drive cycle.
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Chapter 5

System Level Efficiency
Analysis of using different
components and voltage levels

In this chapter, different inverter solutions such as using semiconductor com-
ponents with different materials or different reverse blocking voltage levels are
evaluated for a vehicle propulsion inverter. Furthermore the energy efficiency
consequence of using a controllable dc-link for the propulsion inverter in order
to minimize the total drive system losses is studied.

The investigations are based on efficiency calculation of the vehicle ex-
plained in Section 3.5 for various drive cycles discussed in Section 3.6. The
vehicle is assumed to be equipped with the electric machine presented in Sec-
tion 3.1.1, the battery specified in Section 3.4 and an inverter with various
semiconductor components. The loss model of the inverter is calculated based
on the approximate switching loss model derived in Section 2.2.2 and the con-
duction loss model discussed in Section 2.2.1.

The scenarios to be investigated are

e Section 5.1 : Effect of using a SiC diode in a 600 V' dc-link system

e Section 5.2 : Effect of changing the dc-link voltage level from 400 V to
800 V

e Section 5.3 : Effect of using a SiC MOSFET in a 1200 V' dc-link system
e Section 5.4 : Effect of over-dimensioning the semiconductor components

e Section 5.5 : Effect of using a variable dc-link voltage for the propulsion
inverter

o1
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The semiconductor components chosen for different studies in this section
are found in Section 3.2. In order to have fair comparisons, some criteria have
been set for choosing the components. The components are chosen due to their
low losses in their own semiconductor material, class or voltage level. Besides,
the components chosen for each investigation, have similar power levels. In
case the desired rated module is not available for a component, several of the
same components are bundled in parallel and are treated as one module.

5.1 Silicon Carbide Schottky freewheeling diode
instead of a Silicon pn diode

Schottky diodes in general have relatively lower losses than pn diode, however,
they withstand lower breakdown voltages. SiC Schottky diodes can provide
both high breakdown voltages and lower losses. As a result they can be con-
sidered as an alternative to ordinary freewheeling diodes. In this section the
energy efficiency consequence of choosing such a diode over an ordinary silicon
diode is evaluated.

In this section, the chosen modules for the inverter are

e Setup 1: A 600 V silicon IGBT module with a built-in pn diode (FS600R07A2E3)
in a 400 V' dc-link system

e Setup 2: A 600 V silicon IGBT module(FS600R07A2E3) with a SiC
schottky diode module (SCS220AG)30X in a 400 V' dc-link system

For each setup, a three phase inverter is evaluated in combination with the
machine presented in Section 3.1.1.1. The conduction losses for the inverter is
calculated based on the equations found in Section 2.2.1 for the entire operating
region of the motor. As it can be seen in Fig. 5.1, the conduction losses for
both setups are roughly the same for the most part of the operating region
of the motor. However in the very high power region, the SiC schottky diode
is causing more conduction losses which is mainly due it its higher on-state
resistance in comparison with the original pn diode.
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Figure 5.1: Conduction loss map for a 600V silicon IGBT(FS600R07A2E3)
with a pn silicon diode versus a 600V silicon IGBT(FS600R07A2E3) with a
SiC Schottky diode module(SCS220AG)30X in a 400V de-link system

Switching losses for each inverter is calculated by the approximative switch-
ing loss method explained in Section 2.2.2. The switching frequency is chosen
to be 10 kHz. The result is shown in 5.2. It can be seen that the setup with
a SiC diode has reduced switching losses in the entire operating region. This
is mainly due to a significantly lower reverse recovery loss of the SiC diode.
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Figure 5.2: Switching loss map for a 600V silicon IGBT(FS600R07A2E3) mod-
ule with a pn silicon diode versus a 600V silicon IGBT(FS600R07A2E3) mod-
ule with a SiC Schottky diode module (SCS220AG)30X in a 400V dc-link
system with a switching frequency of 10 kHz

The conduction and the switching losses for each setup are now added,
making up the total power loss of the inverter. The total power loss for each
setup are subtracted from each other and the result is shown in Fig. 5.3.
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Figure 5.3: Total power loss of an inverter using a 600V silicon IGBT
FS600R07A2E3 module with a SiC Schottky diode module (SCS220AG)30X
minus the total power loss of the same inverter using a 600V silicon
IGBT(FS600R07A2E3) with built-in pn diode in a 400V dc-link system with
a switching frequency of 10 kHz

As it can be seen in Fig. 5.3, the total power loss for the setup with a SiC
freewheeling diode is better in the entire region. However the main question
is how much this improvement affect the energy efficiency of the inverter in
various drive cycles. It can be seen in Table 5.1, that the inverter with the SiC
freewheeling has an average of about half a percent improvement in drive cycle
efficiency by changing the diode from silicon pn to SiC. It should also be noted
that the only difference between these two setups is the freewheeling diode. As
a result the inverter gate driving and other components will remain unchanged.
So the only additional cost for this setup is the SiC diode themselves and they
can lead to an efficiency improvement of around 0.5% in the propulsion inverter
regardless of drive cycle.
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Table 5.1: Drive cycle efficiency(energy losses of the inverter divided by the
input power) for 'Setup 1’ with a pn diode and ’Setup 2’ with a SiC Schottky

diode
| Drive cycle | Efficiency for Setup 1(%) || Efficiency for Setup 2 (%) |

EUDC 94.77 95.24
ECE 91.72 92.54
US06 93.30 93.89

5.2 Change of the dc-link voltage level from
400V to 800V

In this section the effect of choosing a higher dc-link voltage is investigated.
The components that were used to tolerate a maximum voltage of 600V in
a 400V dc-link system, are changed to 1200V component in a 800V dc-link
system.

To make a fair comparison, the PMSM motor is scaled for two different
voltage levels of 400V and 800V in Section 3.1.1.1. The 400V scaled motor is
used to operate the inverter using the module in ’Setup 1’ and the 800V scaled
motor is used to operate the inverter using the module in ’Setup 2’.

e Setup 1: A 600V silicon IGBT module with built-in pn diode (FS600R07A2E3)

e Setup 2: A 1200V silicon IGBT module with built-in pn diode (CM3000EXS-
24S)

Conduction loss for the both inverters is calculated based on the equations
found in Section 2.2.1 for the entire operating region of the motor. As it can
be seen in Fig. 5.4, the 1200V IGBT has slightly lower conduction loss in
comparison with the 600V IGBT.

Switching losses for each inverter is calculated by the approximated switch-
ing loss method explained in Section 2.2.2. The switching frequency is chosen
to be 10 kHz. The result is shown in 5.5. It can be seen that the switching
loss in the setup with the 1200V IGBT has much higher switching loss in the
entire operating region. This higher switching loss in the 1200V IGBT has
canceled the benefit of lower conduction loss and the total power loss in the
1200V inverter has shown to be higher than the 600V inverter in Fig 5.6. As
it is shown in Table 5.2 this results in a 0.5 % to 1.4% decrease in drive cycle
efficiency.
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Figure 5.4: Conduction loss map for a 600V silicon IGBT(FS600R07A2E3)
in a 400V dc-link system versus a 1200V silicon IGBT(CM3000EXS-24S) in a
800V dc-link system with a switching frequency of 10 kHz
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Figure 5.5: Switching loss map for a 600V silicon IGBT(FS600R07A2E3) in a
400V system versus a 1200V silicon IGBT(CM3000EXS-24S) in a 800V system
with a switching frequency of 10 kHz
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Figure 5.6: Total power loss of an inverter using a 1200V silicon
IGBT(CM3000EXS-24S) minus the power loss of the same inverter using
1200V silicon IGBT(CM3000EXS-24S)

Table 5.2: Drive cycle efficiency(energy losses of the inverter divided by input
power) for 'Setup 1’ with a 600V IGBT and "Setup 2’ with a 1200V IGBT
| Drive cycle | Efficiency for Setup 1(%) || Efficiency for Setup 2 (%) |

EUDC 94.77 94.06
ECE 91.72 90.43
US06 93.30 92.35

5.3 Silicon Carbide MOSFET as main switch-
ing device

In this section the energy efficiency consequence of choosing a SiC MOSFET
instead of an ordinary silicon IGBT is evaluated.

e Setup 1: A 1200V silicon IGBT module with built-in pn diode (CM3000EXS-
248S)

e Setup 2: A 1200V SiC MOSFET module with built-in SiC diodes (SCH2080KE)10X
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For each setup, a three phase inverter is evaluated in combination with the
machine presented in Section 3.1.1.1. The conduction losses for the inverter is
calculated based on the equations found in Section 2.2.1 for the entire operating
region of the motor. As it can be seen in Fig. 5.1, conduction losses for SiC
MOSFET is slightly higher than the IGBT. The difference is a bit more visible
in the high power region.
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Figure 5.7: Conduction loss map for a 1200V silicon IGBT(CM3000EXS-24S)
module versus a 1200V SiC MOSFET(SCH2080KE)10X module in a 800V
dc-link system
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Switching losses for each inverter is calculated by the approximated switch-
ing loss method explained in Section 2.2.2. The switching frequency is chosen
to be 10 kHz. The result is shown in 5.8. It can be seen that the setup with
the SiC MOSFET has much lower switching loss in the entire operating region.
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Figure 5.8: Switching loss map for a 1200V silicon IGBT(CM3000EXS-24S)
module versus a 1200V SiC MOSFET(SCH2080KE)10X module in a 800V
dc-link system with a switching frequency of 10 kHz

The conduction and the switching losses for each setup are added, making
up the total power loss of the inverter. The total power loss for each setup are
subtracted from each other and the result is shown in Fig. 5.9.
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Figure 5.9: Total power loss of an inverter using a 1200V SiC MOS-
FET(SCH2080KE)10X module in parallel minus the total power loss of the
same inverter using a 1200V silicon IGBT CM3000EXS-24S module

As it can be seen in Fig. 5.9, the total power loss for the setup with a SiC
MOSFET is significantly lower than the IGBT in the entire operating region.
However the main question is how much this improvement affect the inverter
in various drive cycles. It can be seen in Table 5.3, that the inverter with
a SiC MOSFET has on average, 4 to 6 percents improvement in drive cycle
efficiency. It should also be noted that a change from a silicon IGBT to a SiC
MOSFET would require a significant change in the inverter design from the
gate driver to issues regarding the higher voltage and current overshoots such
as EMI problems.

Table 5.3: Drive cycle efficiency(energy losses of the inverter divided by the
input power) for 'Setup 1’ with a silicon IGBT and ’Setup 2’ with a SiC
MOSFET with a switching frequency of 10 kHz
| Drive cycle | Efficiency for Setup 1(%) || Efficiency for Setup 2 (%) |
EUDC 94.06 97.85
ECE 90.43 97.00
US06 92.35 97.33
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5.3.1 Effect of switching frequency on the component
selection

The impact of using a SiC MOSFET instead of a silicon IGBT was shown in
Section 5.3. The calculation of the switching loss was conducted for a switching
frequency of 10 kHz which led to much lower switching loss in the SiC MOSFET
than in the silicon IGBT. However when the switching frequency is set to 5
kHz, the total loss difference is not as much and this can be seen Fig. 5.10.
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Figure 5.10: Total power loss of an inverter using a 1200V silicon IGBT
CM3000EXS-24S module minus the power loss of the same inverter using a
1200V SiC MOSFET (SCH2080KE)10X module in a 800V dc-link system with
a switching frequency of 5 kHz

As in it can be seen in Table 5.4, the average drive cycle efficiency for the
inverter with the SiC MOSFET is still 3 percents higher than the inverter with
silicon IGBT. However comparing with the case with the switching frequency
of 10 kHz, shown in Table 5.3, the benefit is lower. It should also be noted
that it is not preferable to decrease the switching frequency to increase the
efficiency of the IGBT as it will increase the magnitude of the harmonic cur-
rents and will eventually requires bigger and more expensive filters.
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Table 5.4: Drive cycle efficiency(energy losses of the inverter divided by the
input power) for ’Setup 1’ with a silicon IGBT and ’Setup 2’ with a SiC
MOSFET with a switching frequency of 5 kHz

’ Drive cycle H Efficiency for Setup 1(%) H Efficiency for Setup 2 (%) ‘

EUDC 96.49 98.28
ECE 94.40 97.70
US06 95.49 97.89

5.4 Overdimensioning of components in the
inverter

Overdimensioning of the inverter in this section, refers to the use of switching
components with higher current ratings. This can be achieved by either choos-
ing higher rated components or putting several components in parallel. The
aim is to reduce the on-state resistance of the switching components to reduce
the conduction loss and eventually increase the efficiency. The best outcome
would be to reduce the total loss per chip area of semiconductors so much as
the need for a liquid cooling of the inverter is eliminated. In this section, the
previously used components are chosen to be overdimensioned.

5.4.1 Overdimensioned Silicon IGBT

In this section, the overdimensioned device is a silicon IGBT. The setups to
be compared are

e Setup 1: One 600V silicon IGBT module with built-in pn diode (FS600R07A2E3)

e Setup 2 : Two parallel 600V silicon IGBT modules with built-in pn diode
(FS600R07TA2E3)

As it can be seen in Fig. 5.11, the conduction loss is only reduced in the
very high power region whereas the switching losses shown in Fig. 5.12 has
remained unchanged.
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Figure 5.11: Conduction loss map for a 600V silicon IGBT(FS600R07A2E3)
module versus over-dimensioned two silicon IGBT(FS600R07A2E3) module in

a 400V system with a switching frequency of 10 kHz
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Figure 5.12: Switching loss map for a 600V silicon IGBT(FS600R07A2E3)
module versus over-dimensioned two silicon IGBT(FS600R07A2E3) modules
in a 400V system with a switching frequency of 10 kHz

The total power loss difference of these two setups is shown in Fig. 5.13 and
the impact of using the overdimensioned IGBT on the efficiency of the drive
cycle can be seen in Table 5.5. There is about 0.2% to 0.5% improvement in
the total efficiency depending on the drive cycle. Considering the fact that
twice as much IGBT modules were used to achieve this improvement, this
seems very unlikely to be a suitable solution.
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Figure 5.13: Total power loss of an inverter using a 600V silicon
IGBT(FS600R07A2E3) minus the power loss of the same inverter using two
600V silicon IGBT modules (FS600R07A2E3) in a 400V dc-link system with
a switching frequency of 10 kHz

Table 5.5: Drive cycle efficiency(energy losses of the inverter divided by the
input power) for ’Setup 1’ with a silicon IGBT and ’Setup 2’ with the same

component but overdimensioned
| Drive cycle | Efficiency for Setup 1(%) || Efficiency for Setup 2 (%) |

EUDC 94.77 95.02
ECE 91.72 91.98
US06 93.30 93.59

5.4.2 Overdimensioned SiC MOSFET

In this section, the overdimensioned device is a SiC MOSFET. The setups to
be compare are

e Setup 1: A 1200V SiC MOSFET module with built-in SiC Schottky
diode (SCH2080KE)10X

e Setup 2: Two parallel 1200V SiC MOSFET modules with built-in SiC
Schottky diode (SCH2080KE)10X
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As it can be seen in Fig. 5.14, the conduction loss is only reduced in the
very high power region whereas the switching losses shown in Fig. 5.15 has
remained unchanged.
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Figure 5.14: Conduction loss map for a 1200V SiC MOSFET module with
built-in SiC diode (SCH2080KE)10X versus over-dimensioned two 1200V SiC
MOSFET module with SiC diodes(SCH2080KE)10X in a 800V de-link system
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Figure 5.15: Switching loss map for a 1200V SiC MOSFET module with built
in SiC diode(SCH2080KE)10X versus over-dimensioned setup with two similar
modules in a 800V dc-link system with a switching frequency of 10 kHz

The differential total power loss for these setups is shown in Fig. 5.16.
It shows that the losses decreases due to overdimensioning in the high power
region. As it can be seen in Table 5.6, this results in about 0.5% to 0.7%
improvement in the total efficiency depending on the drive cycle. This im-
provement is higher than in the investigating the overdimensioned IGBT.
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Figure 5.16: Power loss of an inverter using a 1200V SiC MOSFET module
with built-in SiC diode(SCH2080KE)10X minus the power loss of the same
inverter using an over-dimensioned setup with two similar modules.

Table 5.6: Drive cycle efficiency(energy losses of the inverter divided by the
input power)for ’Setup 1’ with a SiC MOSFET and ’Setup 2’ with the same
component but overdimensioned
| Drive cycle || Efficiency for Setup 1(%) || Efficiency for Setup 2 (%) |
EUDC 97.8 98.34
ECE 97.00 97.50
US06 97.33 97.89
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5.5 System level efficiency analysis in a propul-
sion inverter with a controllable dc-link
voltage

In the previous sections the dc-link voltage of the inverter was strictly constant
and was chosen in accordance with the maximum allowed blocking voltage of
the components. In an electric vehicle, the inverter is fed by a battery and
the battery has a variable voltage. This would lead to a different loss model
for the inverter which is investigated in Section 5.5.1. On the other hand,
the possibility of minimizing the total motor and inverter loss by having a
controllable variable dc-link voltage is also explored in Section 5.5.2.

The vehicle specified in Section 3.5, the electric motor specified in Section
3.1.1.2 and the battery specified in Section 3.4 are used for the system efficiency
analysis. The inverter loss model is essentially based on the approximate loss
model derived in Section 2.2.2. Based on the comparison made in Chapter
5 for different components, the SiC MOSFET module with a built-in SiC
diode (SCH2080KE)10X as a prospective technology for the vehicle propulsion
inverter and the silicon IGBT with a built-in pn diode (CM300EXS-24S) are
chosen for the inverter.

The resulting efficiency map in three different voltage levels for the SiC
MOSFET and the silicon IGBT are shown in Fig. 5.17 and 5.18 respectively.
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Figure 5.17: Inverter efficiency in different torque, speed and dec-link voltages
using the SiC MOSFET module with built-in SiC diode(SCH2080KE)10X.
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Figure 5.18: Inverter efficiency in different torque, speed and dec-link voltages
using the silicon IGBT module with built-in pn diode(CM300EXS-248S).
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5.5.1 Ordinary system without a possibility to control
the dc-lick voltage

In this section the vehicle presented in Section 3.5, the inverter explained in
Section 3.2, the battery explained in Section 3.4 and the machine explained
in Section 3.1.1.2 are used to evaluate losses on all components and on the
system voltage levels for different drive cycles.

The EUDC drive cycle is run for 5 times so the battery is discharged from
an 80% initial value, to a 23% value. The current and voltage of the battery as
well as the SOC are shown in Fig. 5.19. The resulting instantaneous efficiency
of the components for one drive cycle is shown in Fig. 5.20 All operating points
during the entire drive cycle can be found in the full loss map shown in Fig.
5.21.
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Figure 5.19: Battery current and voltage, and SOC during six consequent
EUDC drive cycles
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Figure 5.20: Instantaneous efficiency of different components for two conse-
quent EUDC drive cycles
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Similar experiment has been done for ECE and US06 drive cycles and the
results are shown for the SiC MOSFET in Table 5.7 and the silicon IGBT in
Table 5.8 .

Table 5.7: Drive cycle efficiency of components in various drive cycles without
controllable dec-link voltage using the SiC based inverter
| Drive cycle || Total efficiency(%) || Inverter(%) || Motor(%) || Battery(%) |

EUDC(6x) 91.74 97.91 94.53 99.31
ECE(56X) 91.42 97.10 94.61 99.72
US06(6X) 90.71 97.42 93.78 99.51
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Figure 5.21: Torque - Speed - Dc-link voltage trajectory of running six con-
sequent EUDC drive cycles with a dc-link voltage only varied by the battery,

illustrated in different power loss plains

Table 5.8: Drive cycle efficiency of components in various drive cycles without
controllable de-link voltage using the silicon IGBT based inverter

| Drive cycle | Total efficiency(%) | Inverter(%) || Motor(%) || Battery(%) |

EUDC(6x) 88.21 94.37 94.53 99.31
ECE(56X) 85.24 90.92 94.61 99.72
US06(6X) 86.07 92.78 93.78 99.51
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5.5.2 Ordinary system with a controlled variable dc-link
voltage system

In this section, the dc-link voltage can be controlled regardless of the battery
voltage. In each drive cycle and each operating point in the vehicle, the dc-
link voltage which minimizes the total inverter and machine loss is chosen.
The resulting instantaneous efficiency of the components for one drive cycle is
shown in Fig. 5.20.

All operating points during the entire drive cycle can be found in the full
loss map shown in Fig. 5.21. It can be seen in Fig. 5.21 how many operating
points that have been moved to a lower voltage level to decrease the losses due
to the switching losses.
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Figure 5.22: Instantaneous efficiency of different components using a control-
lable de-link voltage when running two consequent EUDC drive cycles
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Figure 5.23: Torque - Speed - Dc-link voltage trajectory of running six conse-
quent EUDC drive cycles when using a controllable dc-link voltage, illustrated
in different power loss plains

Similar experiment has been done for ECE in an US06 drive cycle and the
results are shown for the SiC MOSFET in Table 5.9 and the silicon IGBT in

Table 5.10 .

Table 5.9: Drive cycle efficiency of components in various drive cycles with
controlled variable dc-link voltage using the SiC based inverter

Drive cycle Total Inverter(%) || Motor(%) | Battery(%)
efficiency (%)
EUDC(6x) 92.21 98.23 94.53 99.30
ECE(56X) 92.58 98.16 94.59 99.71
US06(6x) 91.38 97.95 93.75 99.51
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Table 5.10: Drive cycle efficiency of components in various drive cycles with
controlled variable dc-link voltage using the silicon IGBT based inverter

Drive cycle Total Inverter(%) || Motor(%) | Battery(%)
efficiency (%)
EUDC(6x) 89.26 96.17 94.53 99.30
ECE(56X) 89.54 96.13 94.59 99.72
US06(6x) 88.20 95.75 93.75 99.51

As it can be seen from Table 5.7 to 5.10, having a controllable variable dc-
link voltage can improve the total efficiency of the electric drive system. This
can be achieved by having a DC/DC converter between the battery and the
propulsion inverter. In the SiC MOSFET inverter the drive cycle efficiency is
improved between 0.5 to 1 percent whereas in the silicon IGBT based inverter,
the efficiency is improved between 1 and 4 percents. This indicates that this
controllable variable dec-link method has a bigger impact on the silicon IGBT
based inverters. This is mainly due to the fact that a variable dc-link would
benefit by decreasing the switching losses. On the other hand a DC/DC con-
verter itself has some losses so the efficiency improvement should be at least
as much as the loss introduced by the DC/DC converter. As a result a SiC
based inverter with a controllable dc-link system cannot improve the total sys-
tem efficiency. However for an IGBT based inverter, if the efficiency of the
additional DC/DC converter is high enough, this controllable dc-link system
can improve the total electric system efficiency.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this Licentiate thesis, the efficiency improvement potential of using SiC
materials, different voltage levels, use of overdimensioned components and a
variable dc-link in the propulsion inverter is studied. Furthermore an improved
current vector control strategy in order to improve the efficiency of the electric
drive system is proposed.

The improved current vector control which is obtained from a nonlinear
optimization method, increases the motor efficiency in the whole operating
region, in particular in the high-speed region, where an efficiency improvement
of up to 8% can be achieved. As it can be seen in Table 4.1, for a vehicle
equipped with such a motor and current vector control, an average efficiency
improvement of about 1.5% is expected in various drive cycles such as NEDC
(ECE4+EUDC) and US06.

As it was discussed in Chapter 5, by merely replacing the ordinary free-
wheeling pn diodes in the propulsion inverter with SiC diodes, the average
efficiency is improved about 0.5% in various drive cycles. In another study
where SiC MOSFETSs are replacing the silicon IGBTSs, the average efficiency
is increased between 4% to 6% depending on the drive cycle. Furthermore
it is shown that by increasing the voltage level of the electric drive system
from 400V to 800V may not have a great impact on efficiency for IGBT based
inverters. Although the conduction loss may decrease at higher voltages, the
switching loss can become more dominant and increase the total loss of the
inverter. Overdimensioning the components in the inverter decreases the con-
duction loss but at the same time it will increase the switching loss. As a result
in a SiC MOSFET based inverter with low switching loss, overdimensioning is

81
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shown to improve the average drive cycle between 0.5% to 0.7% percent while
in an IGBT based inverter, the improvement is between 0.2% to 0.5%
Finally it is shown that by using a controllable dc-link voltage, the the
combined motor and propulsion inverter efficiency can be improved from 0.5%
to 1% for a SiC based inverter and 4% to 6% percents for an IGBT based
inverter in various drive cycles. Such a controllable dc-link can be achieved by
a DC/DC converter between the battery and the propulsion inverter. In the
SiC based inverter, the efficiency improvement is not high enough to offset the
the losses associated with a new DC/DC converter. So having a controllable
dc-link to reduce losses in such inverts is not feasible. However, in the IGBT
based inverter with an efficiency improvement of 4%, there is room to add a
DC/DC converter without totally offsetting the efficiency improvement.
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6.2 Future Work

The following items are few examples for continuation of this thesis, either as
an complementary solution or in addition to the issues raised in this thesis.

e The PMSM analytical model can be replaced by a FEM model to achieve
a more detailed iron loss mapping which will further improve the loss
minimization optimization. Furthermore a variable d-q inductance model
which is dependent on the current magnitude, would give a more accurate
optimization current vector.

e The power electronics components selected for comparisons in this thesis
are chosen from already available components in the market. To cre-
ate in-house developed theoretical designs for comparisons, would be an
interesting next step.

e Improving the switching loss modeling by making more measurements
and in this obtain a better understanding of switching phenomena, is
undoubtedly valuable.

e Since cooling is one the major challenges of electric drives, study of the
thermal consequence of different solutions is definitely of great interest.
Any solution that improves the efficiency to a level where a cooling sys-
tem can be simplified or eliminated, can be very valuable from system
perspective.

e A complementary Life Cycle Assessment for all efficiency evaluations
gives provides a better picture of whether a solution can be commercial-
ized.

e Dc-link capacitors remain a major components in inverters both from
weight and cost perspective. A thorough analysis of the dc-link voltage
and current is a very beneficial task.

e Investigation of using different frequencies, modulation strategies, vari-
able frequencies.
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