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Abstract

In this PhD thesis, various solutions to improve the energy efficiency in the elec-
trical drive-train of an electrified vehicle such as modifications of the propulsion
inverter or control of 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 for an electrified vehicle.

Several solutions are studied for the propulsion inverter. It is shown that
by replacing a Silicon pn freewheeling diode in the propulsion inverter with
a Silicon Carbide (SiC) diode, an average of up to 1.5 % improvement in the
drive cycle efficiency can be expected. Furthermore, by replacing the Silicon
IGBTs in the inverter with SiC MOSFETsS, the drive cycle efficiency in NEDC
can be increased between 2 to 5 percent.

Several solutions to improve the efficiency in a PMSM (Permanent Mag-
net Synchronous Machine) are investigated. An improved MTPA (Maximum
Torque per Ampere) is implemented accounting for the variable nature of the
machine parameters due to saturation and temperature. Moreover, the iron
losses are accounted for in the derivations of an appropriate maximum torque
per ampere angle. It is shown that the low-speed and standstill torque char-
acteristics of a selected PMSM with high current density can be improved by
7 % when using a proposed MTPA algorithm instead of an ordinary MTPA
algorithm where the equivalent circuit parameters of the PMSM are updated
online outside the optimization algorithm. Furthermore, the efficiency can
also be improved up to 5 % at the low-speed and high-torque operating region.
However, the overall energy efficiency improvement for a certain drive cycle is
not significant and can be up to 0.2 %.

Finally a controllable dc-link voltage for the propulsion inverter is inves-
tigated in order to quantify the energy efficiency gain for the inverter and
the motor. Their drive cycle energy efficiency improvement is up to one per-
cent when using a SiC based inverter and up to 4 percent for an IGBT based
inverter.
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Chapter 1

Introduction

Electric motors and power electronic devices such as inverters are inherent
parts of any electrified vehicle. Through the use of new materials, new topolo-
gies and new control strategies, it is possible to improve the efficiency of the
electric machine and the power electronic components located in the electric
vehicle. Since both the electric motor and power electronic devices have al-
ready relatively high efficiency, any efficiency improvement solution will not
be very high. The electricity used by these components is stored in the bat-
tery and batteries in general are the most expensive electric components in
the electric vehicles. This means that the electric energy available in the car
is highly valuable and should be used with utmost care.

1.1 Background and previous work

All electric vehicles should have at least one electric propulsion machine. Re-
garding its control strategies, an efficient control strategy for an electric ma-
chine should apart from having high dynamic performance, also minimize the
losses in the machine.

In a Permanent Magnet Synchronous Machines (PMSM) with saliency, a
certain output torque can be obtained by an infinite combination of current
vector references in the direct-quadrature (d-q) system. A good current vector
reference should for instance either provide the maximum possible torque for
a given magnitude of the current or it should minimize the total losses in
the electric machine. The combination of d-q currents which gives the lowest
current magnitude for a given torque or the one with the least total loss, is the
most favorable one. These objectives can be achieved by using an appropriate
control strategy with Maximum Torque Per Ampere (MTPA) as a widely used
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algorithm.

A traditional approach is to use the equivalent circuit of the PMSM in the
d-q system, based on constant parameters of the machine. The parameters are
typically the inductances in d and q-axes (L; and L, ), as well as the permanent
magnet flux linkage constant (V,,). An optimization equation is then used to
minimize the torque equation with respect to the magnitude of the current [1].

In [2,3] a model of a PMSM including the iron loss is used to derive an
analytical equation for the calculation of the current vectors. In [4,5] the
same model of a PMSM is used and a weighting factor is proposed to get
the current vectors which produce even lower losses. 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 demonstrated in [6].

However, the equivalent circuit parameters (L4, L, and ¥,,) are not con-
stant and can sometimes vary significantly over a wide operating range of
the machine [7]. An improvement of the MTPA-point derivation as suggested
in [8,9] is that these parameters are updated online depending on the operating
condition of the machine before each MTPA operating point is calculated.

Another group of solutions are based on obtaining the current vector tra-
jectory taking into account the variable nature of these parameters. In these
solutions, a Lagrangian multiplier method is used to minimize the torque equa-
tion with respect to the current magnitude [10]. Various levels of parameter
dependencies are considered in these solutions. In [11], the temperature depen-
dency of ¥,, is considered in the derivation of the MTPA trajectory and in [12]
the temperature dependencies of both ¥,, and the stator winding resistance
(R;) are considered.

In other proposed solutions, the temperature is ignored and the dependen-
cies of the equivalent circuit parameters (Lq and L,) are considered either as
a function of just the amplitude of the d-q current such as in [13] or d- and
g-currents separately as in [14] and [15]. In these papers, the parameters are
obtained from the Finite Element Analysis (FEA) of the PMSM with differ-
ent levels of approximation and simplification. Missing in available literature
is an algorithm that accounts for variations in L4, L, and ¥,, as function of
operating points, the quantification of the impact that these methods have on
the MTPA angle, the resulting torque ability for various current levels as well
as the drive cycle energy efficiency consequence.

Thus, it would be of high value to investigate the impact of an improved
Maximum Torque Per Ampere (MTPA) algorithm accounting for core sat-
uration and cross coupling d- and g-axes magnetic flux for a PMSM. The
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improved MTPA algorithm should takes into account the variable nature of
the equivalent circuit d- and g-axes parameters such as Lg4, L, and ¥, directly
in the optimization algorithm rather than updating these parameters outside
the optimization algorithm, which is often proposed in such control strategies.

The previously mentioned algorithms provide the maximum torque per am-
pere, however, it would be of interest to obtain the current trajectory which
provides the maximum torque per power loss unit rather than the ampere unit.
In this case, the iron losses must be modelled and be included in the optimiza-
tion process. The iron losses are generally modelled as a parallel resistance
in the equivalent circuit as in [2,4,16]. An improved model suggested in [6]
includes the speed dependency of the iron losses. However, the assumption
of using a resistance representative of the iron losses have some limitations,
such as not accounting for the change in harmonic composition of flux density
in various operating point of the machine. Therefore, using a FEA iron loss
calculation in order to account for this effect would be of interest, particularly,
for obtaining the loss minimization control algorithm.

Design consideration of the power electronic components used in a propul-
sion inverter in an electric vehicle is an area with substantial research interest.
In [17] for instance, different topologies, switching frequencies, voltage levels
are investigated for the propulsion inverter. New switching devices based on
wide band gap materials such as SiC (Silicon Carbide), GaN (Gallium Nitride)
have emerged and are suggested for vehicular applications [18,19]. As a result,
it is crucial to further investigate the possibility of new technologies and solu-
tions to improve the efficiency and to lower the costs. Since SiC components
have different properties compared to Silicon devices, such as higher band gap
and thermal conductivity and the possibility for a faster switching, it is impor-
tant to carefully characterize these devices. In [20] a SiC Schottky, in [21-23]
SiC MOSFETs, JFETs and BJTs and in [24] a combinations of both Silicon
and SiC devices are characterized.

Out of several advantages of SiC MOSFETSs over Silicon IGBTS, one is
the absence of the pn junction in the drain-source (main current path) of
the device. Thus, paralleling of these devices will decrease the conduction
losses more effectively compared to pn junction containing components. In a
study conducted in [25], it has been shown that even with a five times higher
switching frequency, the SiC solution is able to achieve a maximum efficiency of
99.3 % at 100 kHz. However, a very fast switching may result in EMI (Electro-
Magnetic Interferences) issues. Therefore, a trade-off between the switching
losses and the EMI generation may be necessary for an optimum design [26].
On the other hand, paralleling of two or more similar switches may cause other
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challenges, such as random mismatch of the on-state resistance (Rys ) and the
threshold voltage (V) in two similar switches [27], or a mismatch in the circuit
layout leading to two different stray inductances for the paralleled switches.
This leads to an unproportionate dynamic behaviour during the switching
of parallel MOSFETs [28]. These differences, however, may not hinder the
use of paralleling, as in [29,30] several different SiC switches in parallel are
demonstrated, and in [31] a Silicon device in parallel with a SiC MOSFET is
proposed in order to maintain the advantages of both SiC and Silicon devices
at different operating conditions.

In order to utilize the fast switching behaviour of SiC devices and to mini-
mize the switching losses, a good knowledge of its performance under different
operating conditions is necessary. In this thesis some measurement techniques
that can affect the measurement results such as load inductor and voltage
probes are also explained. Furthermore, switching loss influence due to par-
alleling of two discrete SiC MOSFETs is quantified and explained for various
load currents and dc-link voltages for two different SiC MOSFETs.

In [32], the total losses for two different JFET SiC based inverters are
evaluated, however, the results are not put in a vehicular content. In [18] 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 and
load current.

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 possible
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 efficiency
in the inverter, or higher performance of the drive system. Several DC-DC
converter topologies are designed and proposed in [33-36]. In this thesis the
energy 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.
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1.2 Purpose of the thesis and contributions of

the PhD work

The main objective of the work reported in this thesis is to present methods
through which the energy efficiency in an electric drive system of an electrified
vehicle can be evaluated and then accordingly enable the quantification of the
energy efficiency consequence of a certain change in the electric drive system
components. The target is to improve the ideal current angle derivation in
the PMSM and prediction of the switching losses in a SiC MOSFET-based
propulsion inverters.
The main contributions in this PhD work are listed below.

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

A Maximum Torque Per Ampere method providing an ideal MTPA as
well as a comparison with other approaches (Papers IX)

Established the energy efficiency improvement in an electric drive system
by deriving the current reference vectors using a optimized loss minimiz-
ing method which accounts for iron losses.

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

Quantified the switching losses of a SiC phase leg and verified these with
an appropriate experimental setup (Paper IIT).

Established the consequence on the switching losses, when using a double
versus a single MOSFET configuration (Paper III).

Demonstrated the importance of using a well designed load inductor and
voltage probe when performing switching loss measurements (Paper I11).

Quantified the usability of an approximate switching loss model (Paper

V).

An analysis of the DC-link current ripple of an inverter over a wide fre-
quency range, modulations and load power factors which are analytically
derived and verified in Paper IV.*
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e The switching and conduction loss approach used in this thesis is applied
to Paper VIIL.*

*These contributions are presented in the respective articles only.

1.3 Thesis outline

In Chapter 2, an electric machine is first modelled using Finite Element Analy-
sis (FEA) and then an analytical model suitable for energy efficiency evaluation
is extracted. In Chapter 3, the required model for energy loss of a converter
using switching devices is presented based on experimental results. In Chapter
4, three new machine control strategies are developed and compared with each
other. In Chapter 5, the energy efficiency is evaluated for the entire vehicle
model using various inverter solutions.



Chapter 2

Modelling of the Permanent
Magnet Synchronous Machine
for energy efficiency
investigations

In this chapter, the permanent magnet synchronous machine is selected and
modelled for energy efficiency analyses. First a representative PMSM for ve-
hicular applications is implemented in a FEA programme (Maxwell). Then
an equivalent analytical model of the machine is proposed for the purpose
of energy efficiency evaluations in various control algorithms in Chapter 4.
The model is also used for the studies dealing with the comparison of various
semiconductor technologies in Chapter 5.

2.1 Modelling of the machine in the Finite El-
ement Analysis programme (Maxwell)

A two-dimensional cross section of the selected PMSM simulated in Maxwell is
illustrated in Fig. 2.1. The machine is inspired from the Toyota Prius machine,
with the exception that the stator yoke thickness has been reduced in order
to make it more similar to a propulsion electric motor for a Plug-in hybrid
vehicle [37,38]. The physical dimensions and parameters in the machine are
presented in Table 2.1.

For further studies in this thesis, a machine with a higher voltage rating
is also required. However, the output power, torque and performance need to

7
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be identical. Therefore, the same machine is rewound in two configurations to
achieve the required ratings. In the first configuration (Machine I), the stator
has 6 conductors per winding leading to a maximum allowed peak current
rating of 565 A with the specified maximum allowed conductor current density
and in the second configuration (Machine II ) the stator has 12 conductors per
winding leading to a maximum allowed peak current of 282.5 A.

Eme=] o 2 %0 (mm)

Figure 2.1: A two-dimensional picture of the selected PMSM modeled in
Maxwell, where the copper is shown in orange, the iron in gray and the magnets
are shown in violet colour.

With an assumption of using a Pulse Width Modulation (PWM) pattern
with third harmonic injection, the required dc-link voltage becomes 400 V and
800 V for Machine I and II respectively.

The electric machine which is modelled in a FEA programme (Maxwell),
is excited with three-phase currents of various magnitudes, phase shifts and
rotational speeds in the range from 1000 up to 12000 RPM. The FEA pro-
gramme then calculates the flux density in the whole machine as well as the
three-phase flux linkages for each of the windings. Furthermore, the three-
phase voltages for the windings as well as the torque produced by the machine
will be generated by FEA calculations for the given current excitation.

The three phase alternating currents (AC), flux linkages and voltages in
the machine can, with the help of the rotor position and mathematic equations
be transformed to a rotating reference system called direct-quadrature (d-q)
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system where only two direct current (DC) variables are needed to represent
the quantities in all three phase windings. The transformation procedure from
a three phase system (AC) to a d-q system is thoroughly explained in [39].
Hereafter, only the transformed d-q values and parameters are identified for
further analysis. Throughout the work, amplitude invariant transformations
will be used, i.e. all currents, flux linkages, voltages in the d-q system has the
same value as the peak phase values in the three-phase system.

Table 2.1: The machine parameters with two winding configurations. Ma-
chine I with 6 conductors per winding and Machine IT with 12 conductors per
winding.

| Parameter || Value |
Active length 150 mm
Stator gap diameter 135 mm
Stator yoke diameter 200 mm
Rotor gap diameter 133.5 mm
Number of poles 8
Magnet material NMX 37F
Magnet thickness 4.55 mm
Magnet relative permeability 1.03
Magnet coercivity @20°C' || -943-103A /m
Magnet coercivity @70°C' || -904-103A /m
Magnet coercivity @120°C' || -864-103A/m
Iron material NO30
Iron mass density 7872 kg/m3
Hysteresis loss coefficient K}, 443
Eddy current loss coefficient K. 0.202
Excess loss coefficient K, 0
Copper bulk conductivity @20°C' || 59.2-10° S/m
Copper mass density 8933 kg/m?
Slot area 101.13 mm?
Fill factor 0.45
Current density | 26.34 A/mm?
Number of parallel branches 4
DC-voltage of inverter (Machine I) 400 V
DC-voltage of inverter (Machine II) 800 V/
Rotational speed limit || 12000 [RPM]
Stator resistance incl. end winding @20°C' 0.0143 Q
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The resulting torque obtained from the FEA for various d-q currents, and
temperatures are shown in Fig. 2.2. These results are used as map data in this
thesis wherever the actual electromagnetic is required for instance investigating
a certain control algorithm in Chapter 4.

400
300

Q500 _ 0

%d

Figure 2.2: The resulting torque of the reference machine I in various ¢4, for
three different temperatures of 20°C , 70°C and 120°C from left to right
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As it can be seen in Fig. 2.2 the resulting torque may not change enor-
mously by the temperature except in the high current rating operating region
of the machine. It can be seen that a higher maximum torque can be achieved
with a lower operation temperature. Therefore, the temperature dependency
is considered in this thesis.

2.2 Modelling of the machine parameters in
the direct-quadrature system for analyti-
cal studies

Traditionally, in an electrically steady state operation of the machine, the
relations between the voltage, flux and currents in the d-q system is modelled
as [40]

Usqd = Rsisd - wellllq (21)
Usqg = Rsisq —+ wel\Ifd (22)

where w,; is the angular electrical rotor frequency, usq and uy, are the stator
voltages in the d-q axes, 754 and i, are the stator currents in the d-q axes and
U, and U, are the flux linkages in the d-q axes.

However, it has been shown that the flux linkages for a certain operating
point depends on the currents in the d-q axes [13]. Moreover, the operating
temperature of the machine influence both the flux linkages and the stator
resistance [11,12].

Therefore, a more extended version of the equations above with these vari-
ations included is

usd(isda Z.sqa T) = Rs (T)st - wel\I[q (isda isqv T) (23>

usq(isda isqa T) - RS(T)Z.sq + wel\pd(isda Z.sqa T) (24)

Consequently, the resulting torque formed from the flux linkages and cur-
rents is

3 o : . :
Te = §p(\1[d(lsda qua T>qu — \Ilq@sda qua T)%d) (25>
In order to conveniently determine the performance of the machines, an
equivalent circuit model can be created with the help of some machine param-
eters mainly known as Ly, L, and W, in the d-q system. These parameters can
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be obtained from W 4(isq4, isq), ¥4 (454, is4) Which are obtained from the FEA por-
gramme (Maxwell). In an electrically steady state operation of the machine,
these relations are

\IId(Z.sda 'L.sq) = Ld(isda isq)isd + \I/m(Ta isda 'L.sq) (26)
\I'q(isdv isq) = Lq@sda Z'sq)isq (2-7)

where Ly and L, are the equivalent inductances in d-q axes and ¥, is the
permanent magnet flux linkage constant. Therefore, the voltage and the torque
equations(2.3-2.5) can be rewritten as

Usd = RS(T)iSd — wequ(iSd, 'L.sq)'isq (28)
usq - Rs (T)qu + welLd(isda Z.sq)l.sd + C'L)ellllm(,-z—‘a isq) (29)
T, = 5p(\Ifm(T, isq)isq + (Ld(zsd,zsq) — Lq(zsd,zsq))zsdzsq) (2.10)

The g-axis inductance (L,) can be determined from the knowledge of the
flux linkage which is obtained from the FEA and the current in the g-direction.
However, in order to obtain L, first ¥,,, must be determined by the knowledge
of the flux linkage (¥,) at zero current which makes ¥,, and W, equal. Then,
by subtracting ¥,, and ¥, and dividing the result by is4, Ly can be determined.

An initial approach for modelling a PMSM using the equivalent circuit
model in the d-q system, is to use one set of constant values for the parameters
Ly, Ly and ¥,,. This, however, leads to a circuit based model that can only
provide an accurate result at the operating point where L;, L, and V¥, were
initially determined. The more detailed approach is to use look-up tables for
all combinations of affected parameters. However, a drawback is that theses
tables become very extensive since there are various variables affecting their
values. Besides, the look-up tables cannot be directly used in an analytically
derived control algorithm. Therefore, a polynomial surface fitting will be used
to approximate the coefficients a;, b;, ¢;,d; (1 =0,1,2,3,4).

L = a4 Qrisq + Gnisg + Agisgisg + asis, (2.11)
Ly = by + bisg + baisg + b3isaisg + baizy (2.12)
W, = co + Crigg + Caisy + Cai, (2.13)

The goodness of fitting for each parameter is measured by the ratio of the
sum of squares of the regression and the total sum of squares and is maintained
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above 97 %. The actual results of the fitting for L4, L, and U, can be seen
in Figs. 2.3 to 2.5. The actual coefficient values are provided in Table 2.2.
However, some coefficients become very low and are therefore neglected.

250 250

-400. -200 0 -400.
Isd [A] ! sd

(a) Actual Ly (uH) from Maxwell (b) Approximated Ly (pH)

=200

Figure 2.3: L, obtained from the FEA and approximated by the polynomial
function 2.11 for reference machine I

700 700
600 600
500 500
400 400
300 300
0 -400, -200 0 0 -400, -200 0
i 4[Al g
(a) Actual Ly (nH) from Maxwell (b) Approximated L, (pH)

Figure 2.4: L, obtained from the FEA and approximated by the polynomial
function 2.12 for reference machine I

When the temperature varies, the magnetic flux linkage constant is reduced
as seen in Fig. 2.5. This is very obvious when the two figures are compared,
where more current is needed in case of higher temperatures to achieve the
same torque level. Moreover, it can be noted that since the flux linkage con-
stant goes down with an increasing temperature, more operating points can be
achieved with the same available voltage from the viewpoint of the currents.
In spite of this, the achievable torque is reduced as the temperature increases.
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0.11

— @20C
Yy @20C fitted ||
—W_@70C
W @70C fitted |
—W_@120C
o @120C fittedH

Figure 2.5: Approximated and actual ¥,,

obtained from the FEA for reference

machine I
Table 2.2: Machine I parameters coefficient
| a; | =0 | i=1 | i=2 | i=3 | i=4 |
Ly [pH| 267 | -10-1073 | -326-1073 | -81-107°% | 170-107°
L, [nH] 800 | 197-1073 | -1111-1073 | -309-1076 | -947-106
U,,(20°C) [W] | 0.095 6-1076 -22.1078 | 22.1071 0
v, (70°C) [Wb] || 0.090 | 14-107 -23-107% | 23.107 1 0
,,(120°C) [Wb] || 0.085 | 21-107° -24.1078 | 24-1071 0

2.3 Losses of the electric machine

There are copper (ohmic), iron (core), magnet and mechanical losses in a
PMSM. The mechanical losses in an electric machine is electrically uncontrol-
lable for a given torque and speed. In a PMSM with interior magnets, the
magnet losses are as low as 0.2 % [41] and cannot be avoided. Therefore, both
the mechanical and the magnets losses are neglected in this thesis.

The copper losses P,., are proportional to the currents squared and can be

calculated by
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P = =R, (%, +1i2). (2.14)

where R; is this thesis includes and the resistance of the stator winding which
includes the end windings.

The iron loss in a PMSM is composed of three elements; the hysteresis loss
(Py), the eddy current loss (P.) and the excess loss (P,) [42].

Pje =Py + P.+ P. = Ki,fp(Bn)* + K(f5Bn)* + Ke(f5Bn)'®  (2.15)

where fp is the frequency of the flux, B,, is the amplitude of the AC flux
component and the coefficients K}, K. and K, are extracted using curve fitting
on the measured losses from the datasheet of the used steel. In the datasheet,
the iron loss are given for a number of frequencies and magnetic field strength
levels.

The iron losses in this work is obtained the FEA programme (Maxwell).
The built-in function in Maxwell is utilized to extract the iron loss coefficients.
The coeflicients are related to the iron material found in Table 2.1.

The resulting iron losses end up as 4-dimensional maps that are function
of the d-q currents, speed and temperature. The iron loss for various speeds
of 3000, 6000, 9000 and 10000 RPM are depicted in Fig. 2.6 for all possible
d-q current combinations. As it can be seen, the iron loss is increasing with
both d- and g-currents.
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(a) Iron losses @3000 RPM (b) Iron losses @6000 RPM
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Figure 2.6: Total iron losses (Py.) for different ¢4, and speed values

In order to utilize the iron losses for the development of a control algorithm,
an equation based modelling of irons losses is required. In literature, the iron
loss is typically modelled as a parallel resistor in an equivalent circuit model.
This modelling approach has been popular in previous works in order to obtain
the equivalent circuits which is required for the extraction of various control
algorithms [2,4,43,44].

In Paper II, an improvement to this model is made by making the parallel
resistor supply frequency dependant. However, as the FEA result presented in
Fig. 2.6 shows, the above mentioned approach is still a rough approximation
which does not include the effect of harmonics which lead to an increase of
irons losses with an increasing d-axis current. Therefore, in this thesis by
using the FEA, a more realistic iron loss determination is achieved, accounting
for the impact of the load current in both d-q directions.

In order to utilize the iron losses for the development of the control algo-
rithms in Chapter 4, the iron loss values obtained from the FEA are modelled



2.3. LOSSES OF THE ELECTRIC MACHINE 17

as several polynomial expressions in various rotational speeds. Each iron loss
map is approximated by a second order polynomial equation as

Pfe = PfeO + PfelOisd + PfeOlisq + PfeQOZZd + Pfellisdisq + PfeOZqu (216)

The resulting approximation and the actual iron loss obtained from the
Maxwell calculation are shown in Fig. 2.7 for a single speed. The results of
the other speeds are provided numerically in Table 2.3.

®P:. WI| Baoo0 ®". W1} Ba000

_ 40 3000 _ 400 3000
< <
3 2000 g 2000
=" 200 =" 200

% 1000 /,@e‘aﬁ 1000

0 ‘ ‘ 0 0 A 0
~400. 200 0O ~400. 200 0O
g [Al g [Al

(a) Actual iron loss @6000 RPM from (b) Approximated iron loss @6000 RPM
Maxwell

Figure 2.7: Total iron losses obtained from Maxwell compared with an approx-
imated model using a polynomial function

Table 2.3: Machine parameters coefficient
| Preo|  Preio | Prot | Preo|  Prenn Preoa
Pre @sooorpnr || 285 | -39-1072 | 159-1072 | 5-10~* | 14-10~* | -10-10~*
Pre @sooorpar || 502 | -34-1072 | 4221072 | 20-10~* | 31-107* | -29-10~*
Ppe agooorpn || 867 | 141072 | 654-1072 | 32:107* | 41-107* | -45-10~*
Pre @12000rpy || 1164 | 72:1072 | 976:1072 | 54-10~* | 50-10~* | -71-10~*
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2.4 Resulting torque from the Finite Element
Analysis for the entire direct-quadrature
current map including the current and volt-
age limit

The resulting torques for all combinations of i,4 and i, obtained from the FEA

are given in Fig. 2.8 for a certain operating temperature of 120 °C.

The current limit is shown as a black line where any torque above that will
exceed the maximum allowed peak current rating.

e 400
(@ T, IN.m @120C
o | =565[A] | 350
o Umax @5000rpm
o UmaX @7000rpm H 300
‘ Umax @9000rpm 250
'<_E| Umax @12000rpn]
= 200
(%]
1150
‘ 1100
- \ — 150
o \ L]

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

0

Figure 2.8: The resulting torque contours obtained from Maxwell in different
d-q currents along with current and voltage limit lines

The maximum voltage limit is represented with several lines since it varies
depending on the rotational speed. Each voltage limit line is shown with a
unique colour in Fig. 2.8 and represents the operating points where the d-q
currents above that line would lead to a terminal voltage beyond the maximum
allowed limit at the given rotational speed. These limits originate from the
maximum allowed dc-link voltage of the inverter. For any speed below 4000
RPM, the voltage will always be sufficient for any combination of d-q current.
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However, as the speed increases above 4000 RPM, the back EMF (Electro-
Magnetic Force) increases leading to an an increased d-q voltage which, affects
the current references for the higher rotational speeds (field weakening).
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Chapter 3

Modelling of the losses in
converters for electric drive
system investigations

Power electronics converters have the duty of transforming the electrical power
from a certain voltage-current form into another. In a vehicle, a three phase
propulsion inverter, converts the electric energy from the de-link (battery or
DC-DC converter) to the load which is the electric motor, or vice versa during
the retardation. In Fig. 3.1 a conventional three phase inverter is shown.

* EF B Bt

Electric
Motor

From the battery 1
Or a DC/DC Converter |

Figure 3.1: A conventional three phase inverter.
The resulting losses in the converters are mainly due to the semiconductors

21
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making up a converter. The power loss in a semiconductor is essentially the
product of the voltage over the device and the current through it. During
the switching of the device, the value of this power loss can be relatively high
(as high as the power rating of the component) while the time period when
it occurs is relatively short (often less than a p second). However, during the
rest of the time when the switch is conducting, this power loss is relatively low
(as low as a hundredth of the power rating) and the time period is relatively
long (about 1/switching frequency minus the dead time). As a result, it is
convenient to separate the power losses into two pieces for calculation of the
energy losses where the latter is called conduction loss and the former is called
switching loss.

Furthermore, the main influencing factors including the load current, dc-
link voltage, modulation index and load power factors which are governed by
the conditions outside the converter in the electric drive system, need to be
related to the converter losses both for the switching losses and the conduction
losses.

3.1 Conduction power losses in Pulse Width
Modulated inverters

During the conduction, the time length is long enough so that the compo-
nents can be modeled by their forward static voltage drop characteristics
(vas = f(igs)) and the dynamics of the switches can be neglected.

Therefore, the forward characteristic can be linearized and be modeled
as a constant voltage drop (Vyso) and a resistor (Rgs.,) and still maintain a
good representation of the forward characterization in the switch. The forward
voltage drop can then be expressed as

Vs = V;is,O + Rds,onids (31)

The inverter conduction losses of the whole inverter 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 freewheeling diode in
an inverter shown in Fig. 3.1 is determined in [45] and can be expressed as

1 T 1 m,
PConduction,Switch = Vds,OLn(% + gma COs (b) + Rds,onﬁi(% + § COos (b) (32)

where [, is the peak value for the fundamental of the phase current. Similarly,
the forward characteristics of the freewheeling diode which relates the diode
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current (iy) and voltage the voltage (vs), can be modeled as
Vy = Vfo + Rf,onif (33)

where Vg is the constant voltage drop of the diode.

Finally the diode conduction losses can be calculated as

1 Mg,

s 1
PConduction,Diode = Vf,O[m(% - gma COs (b) + Rf,onlfn<§ - 3_7'(' COs (b) (34)

To have a broader view of the conduction loss dependency on the modula-
tion index, current magnitude and the power factor, the conduction losses are
calculated for a three phase inverter using the MOSFET (SCT2080KE) [46]
as the switching device. As it can be seen in Fig. 3.2, the conduction losses
is mainly increasing with the current magnitude. Furthermore, it can be seen
that an increasing modulation index intensifies the effect of the power factor.

In order to utilize more of the available dc-link voltage, in practice, third
harmonic injection method is typically used [47]. This leads to a slightly
different conduction losses [48].

1 T
PConduction,Switch (3rd h) :‘/ds,OIm(% + gma COS ¢)+

1 a a.
Rds,onlfn(g + T;—W cos ¢ — nf—; cos 3¢) (3.5)
P Voln(oe — Ty cos )+
Conduction,Diode (3rd h) —V f,04m o 8ma COs
1 m, M3
J o p—— — .
Rt on m(8 . cos ¢ + 5 Cos 30) (3.6)

where mg,3 which is the amplitude of the third harmonic is chosen to 1/6 to
maximize the utilization of the dec-link voltage [47,49].
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(a) Conduction power loss (W) - Modulation index=0.1
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(b) Conduction power loss (W) - Modulation index=0.9
Figure 3.2: Conduction power loss for an inverter using the SiC MOSFET

(SCT2080KE) as switching device for various current magnitudes and power
factors in degrees
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3.2 Switching power losses in Pulse Width Mod-
ulated inverters

In order to perform an efficiency analysis for an inverter, a good knowledge of
the switching losses is required.

Switching power losses are simply the switching energy losses multiplied by
the switching frequency. First, the switching energy losses (E,,, Eofr and E,;)
for a MOSFET are obtained for a specific Vs ey and Igs ., either through
the measurement or it can be approximated from the switching behaviour of
the device. A basic approximation of switching losses is shown in Fig. 3.3.
The switching device is used in a half bridge with highly inductive load where
currents and voltage rise and fall linearly between zero and their rated values.

Vs

v

Figure 3.3: Approximate switching curves for the switching (top) device the
freewheeling diode (bottom)
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During the turn-off, it can be assumed that the switching current and the
voltage change linearly from zero to their maximum values. However, the
turn-on is affected by the reverse recovery current of the freewheeling diode.
Therefore, as it can be seen in Fig. 3.3, the switching process during the turn-
on is divided into three parts and the turn-on switching loss energy can be
calculated in three steps for the three time intervals.

tl t2 t3
Eon - / vdsids - / 'Uds'ids = / vdsids
t0 tl t2

_ Vaslas(t1 — to)

2 , (3.7)
+ ‘/ds(jds + g)(tQ - tl)
I S '[7’7’
+ Vi (o7 + )t — 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
occurs during the t5 to t3. The integration over this time interval leads to

t3
EM = / Ufif
£2 (3.8)

Vil
==
The turn-off loss is similarly calculated by
V;isldsto
Eoff - % (39)

Now that the switching losses are available the reference values (145 ref, Vis ref)
the switching losses can be adjusted for other voltages vy and current ¢4, using

Vds k ids k
Eon = Eon,re ()" () e 3.10
! <‘/ds,ref) ([ds,ref) ( )
Vds \k lds \k
Err - Err ref * . Lrr 3.11
el (V;is,ref) (Ids,ref) ( )
Vds Z.ds
Eoss = Eogprer - (5; )fwets . (— )Eress (3.12)
ds,ref ds,ref

where kvon, kvors, kvier, Erons krofr and kp . are coefficients that relate the
losses calculated or measured in the reference current and voltage to other
currents and voltages.
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3.3 Simplified model of the switching transients
in MOSFETSs

In order to investigate the switching losses, understanding of the switching
behaviour is necessary. In this section, the theory of the parameters that
influence the switching process are provided. These parameters and their im-
pact on the switching process are not necessary visible in simulations such as
Spice/LTSpice.

The transient model of a MOSFET which is described in [50], is shown in
Fig. 3.4. The model is a substantial simplification of a more complex object.
Furthermore, Lgyqr, which is the lumped parasitic and stray inductances of the
circuit is also included in the model. Cys, 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 parameters Cj,,, Css, and
C)ss which are the parameters provided in datasheets by the manufacturer.

ng - Crss
Cgs = Ciss - Crss
Cds - Coss - Crss (313)
[
Lstray Inductive
Df /N Load
+
Ve ng i —
Re ; b L
Veg Igs — T Cds
I +
Cgs T Vds
Vgs
- Y ids -
[

Figure 3.4: MOSFET transient modeling circuit
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3.3.1 Turn-on process

The turn-on process waveforms based on the model illustrated in Fig. 3.4 is
shown in Fig. 3.5.

A

Vgs,th — 7

to t4 t, t3 ts
Figure 3.5: MOSFET turn-on waveforms

At the beginning, the device is off and the load current is passing through
the freewheeling diode. The initial conditions are: vys = 0V, vgs = Vg and
tas = 1igs = 0 A. At t =1y, V,, is applied to the gate-source and the internal
(and externally added) capacitors across the gate-source and gate-drain, start
to be charged through the gate resistor I2,. The gate-source voltage increases
exponentially with the time constant 7 = R, - (Cys + Cyq). The drain current
remains zero until v, reaches the threshold voltage (Vis4,). The threshold
voltage is the minimum gate-source voltage required before the drain-source
current starts to increase during the turn-on. The equations describing the
current and voltage relations in the time interval ¢y — ¢; are

P = Vag — Vgs
gs — Rg
dv,s AV, — Vg
== Cgs ;)_2] - ng ( dit ,UQ ) (314)
Vag — Vgs dvgs d(Vyg — Vgs)
- e Yes) 1
— Rg Cgs dt ng i (3 5)
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— gs = V(1 — e~ 710)/T) (3.16)

The delay time, which is the time that it takes for the gate-source voltage
to reach the threshold voltage (vgs(t2) = Vysin), is

ty —to =tqg= —7in(l — @) (3.17)
Vag

When vy, reaches the threshold voltage, the drain current starts to increase
linearly causing the drain-source voltage to drop. At the same time the diode
becomes reverse biased and turns off. The equations during the time period

t1-t9 are
digs
Vds = ‘/dc - LStrayd—;l (318)

Z.ds == gm<vgs - V;fh) (319)

where g, is the MOSFET forward transconductance and is a nonlinear factor
which can be extracted from the datasheet of the switch. The drain current
increases until it reaches the load current I,. However, in case of having a
diode reverse recovery current (I,.), it increases up to I, + I, instead. The
rise time of the drain current can be calculated as [51],

gm<vgg — Vgs,th)
gm(‘/gg - V;;s,th) - (IO + Irr)

) (3.20)

tg—tlzt”‘:Tl’l’L(

During the time interval ¢, to t3, the reverse recovery takes place while v,
starts from vy, = Vs + % and finishes at vgs = Vo + gl—:; when reserve
recovery ends.

At t3, the gate voltage reaches the plateau level, the gate voltage and
current remain constant and all the gate current passes through the gate-drain
capacitor. Therefore the gate current is

: dvgs
lgs = _ng d: (321)
and the drain-source voltage is
Vg — Vs
Vds = —M(t — tg) + ‘/;jc (322)

R,Clya

As soon as the drain-source voltage reaches the input voltage, vys starts to
increase toward V;, while 7, decreases until it reaches zero.
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Finally at t4, the MOSFET enters the steady state mode and operates
according to its forward characteristic.

Vds = Rds,onjo (323)

where Rgs o is the resistive behavior of the MOSFET according to its forward
characteristic and I, is the load current passing from the drain to the source.

3.3.2 Turn-off process

The principle of the turn-off is similar to the turn-on. The turn-off waveforms
are shown in Fig. 3.6. The initial conditions for the turn-off period are vg, =
Rds,onjoa Vgs = ‘/gga Z.gs =0 and Z'ds = Io-

ts t t;

Figure 3.6: MOSFET turn-off waveforms

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

’l _@
gs — Rg
dvgs
= (Cos + Coa) =~ (3.24)

Vgs = Vyge 107 (3.25)
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The gate-source voltage continues to decrease until it reaches the plateau
level at t = t5, while the drain current remains at the same level as the load
current. The gate-source voltage at i4s = I, is

I,
Vgs = — + Visun (3.26)

From (3.25) and (3.26), the time that it takes for the gate-source voltage
to reach a constant value can be obtained by

Vg

R E— 3.27
gI_::L + ‘/gs,th ( )

Vgs

In the time interval t5-tg , the gate-source voltage is constant. Therefore,
the entire gate current is discharged through Cg,y. The gate current can ex-
pressed as,

) dv

B d(vgs — Vas)

BT
d’l}ds

—_¢, s

99" gt

The gate current can also be expressed as

- ‘/gs th 1 [o
L= st (o iy 3.29
Zg Rg Rg(gm + g 7th) ( )

(3.28)

Therefore, the drain-source voltage will be achieved by combining (3.28)

and (3.29)
1 I
= Rysl, + ———(—= + Vo)t —t 3.30
Ud d R,Coa (gm g ) 1) ( )
At the time tg the drain-source voltage reaches the dc-link voltage (Vj.),
forcing the free-wheeling diode to be turned on. Hence the drain-source current
starts falling and it is described according to the MOSFETSs transconductance

as
Z.ds = gm(vgs - ‘/gs,th) (331)

where v, is obtained from the following equation,

I, (-
Vgs = (=% + Vgsn)e 2T (3.32)

m
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The current fall time (tf;) is calculated by having the time constant and
the gate-source voltage at the load current (Vs 1,).

‘/gs,th

gs,lo

f}fi = —RgC'Z-ssln

(3.33)

While the current is falling, the lumped parasitic stray inductance in the circuit
(Lstray) causes an overshoot in vgs as

digs
Vs = Vige + LU% (3.34)

where the rate of changes of the Current(dil%) in the device is achieved by
dividing the MOSFET load current over the current fall time.

dige 1,
=2 35
At ty (3.35)

However, it should be noted that the ¢;; 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 during the turn-on or turn-on.

Finally during the time interval t4-t7 the gate-source voltage reaches the

threshold voltage (vys(t7) = Vysun). The gate-source voltage goes to zero and
the MOSFET is fully turned off.

3.4 Switching losses in paralleled Silicon Car-
bide MOSFET's

The theory of switching transients based on the theory and during the turn-
on or turn-off is compared with an experiment in Section 3.3. In this section
an experimental evaluation of switching losses is carried out to determine the
actual switching loss of SiC MOSFET devices in various current and voltage
levels.

In MOSFETSs and SiC MOSFETSs in particular, a discrete component has
usually low current capability for vehicle applications. Therefore, either several
discrete components are paralleled directly in the circuit board or a modular
unit consisting of several components in parallel is used. Therefore, a better
understanding of the consequence of parallel operation of these components
and its impact on losses, is necessary. The power loss implication of paralleling
is also evaluated.
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Two separate SiC MOSFETs [46,52] and a SiC freewheeling diode [53] are
chosen for this experiment. The general characteristics of the MOSFETSs are

found in Table 3.1. In the circuit diagram shown in Fig. 3.7 , the circuit used
for this experiment is illustrated.

Table 3.1: SiC MOSFETSs used in the measurement
MOSFETS

Rds,on Rds,on ‘/th Rg,in Ciss Coss Crss
(mQ) @25 °C (mQ) @135°C (V) (Q) (pF) (pF) (pF)

CMF20120 (Cree) 80 95 2.45 ) 1915 170 15
SCT2080KE (Rohm) 80 125 3 6.3 2080 120 20

The actual setup used to perform this experiment is show in Figs. 3.8 and
the circuit layout is shown in Fig. 3.9.

SiC Schottky Diode
TO-247

.
11l 2], ST T
DUT g
Double Pulse — <
I Rg2 4 | Vos
|_
Gate
Driver N Vs

SiC MOSFET
TO-247

v

Figure 3.7: Circuit diagram
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Figure 3.8: The laboratory setup

(a) Circuit layout(Top) (b) Circuit layout(Bottom)

Figure 3.9: Circuit layout for the evaluation of paralleled SiC MOSFET losses

3.4.1 Measurement considerations

The measurements of the switching behaviour should be performed with high
accuracy since the result is highly dependent of the measurement setup and
equipment. It is shown in this section that the choice of the inductor load can
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affect the switching current during the turn-on and the choice of the voltage
probe ground can change the measured overvoltage during the turn-off.

To measure the very fast switching voltage transients of SiC MOSFETSs,
a high bandwidth (1 GHz) passive voltage probe in combination with a high
bandwidth oscilloscope is used. The drain source voltage of the SiC MOSFET
during the turn-off is measured by two identical voltage probes, one with the
standard ground wire (Case 1) and one with a BNC to tip adapter where the
ground is directly connected to the probe through the BNC connection.

As can be seen in Fig. 3.10, the use of a standard ground cable for measur-
ing the voltage (Case 1) mistakenly records a higher overshoot of 50 V during
the switching than exists in reality. As a result, a BNC to tip adapter is used
very close to the measuring point (Case 2) to minimize the measurement error.

40

350
300
250
200

150-
100-

_VdS[V] - Case 1
_Vds[v] — Case 2

— 1 [A

0 100 200 300 400 500
Time [ns]

Casel>

(a) Voltage probe placement (b) Measured Vs

Figure 3.10: Voltage measurement influence on the switching

In a double pulse switching test, the load inductor should act as a constant
current source that keeps the current flowing during the turn-on and turn-off of
the switch. Three different inductors, which are shown in Fig. 3.11, are exam-
ined for this experiment. Inductor 1 has an iron core whereas inductor 2 and
3 have an air core configuration. The influence of the different load inductors
on the switching transients is shown in Fig. 3.12.
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3

X

(a) Inductor 1 (Iron Core)  (b) Inductor 2 (Air Core) (¢) Inductor 3 (Air Core)

Figure 3.11: Selected Load Inductors

4 4 4

20 —V 10[V] 0 —V 10[V] 0 —V 10V]

20 _Ids (Al 20 _Ids (Al 201 _Ids (Al

10 10 10-/L

0 0 0
-1 -1 -1
- 500 1000 - 500 1000 - 500 1000
Time [ns] Time [ns] Time [ns]
(a) Inductor 1 (b) Inductor 2 (¢) Inductor 3

Figure 3.12: Switching behaviour obtained from the experimental results using
the selected load inductors

An inductor has a parasitic capacitance at higher frequencies, which can
be due to inner winding parasitic capacitance and/or core capacitance. The
parasitic capacitance can cause oscillations during the switching. As can be
seen in Fig. 3.12 (b), these oscillations are more significant in the iron core
inductor, which also has several layers of winding. It is also observed that
inductor 2 results in some disturbances, whereas inductor 3 gives the most
smooth switching behaviour. Therefore, inductor 3, which is a single layer air
core inductor, is chosen as the load in all the measurements during the tests.
It can be seen that an unsuitable inductor can also lead to an oscillation of up
to 10 % of load current during the turn-on.
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3.4.2 Switching transients of paralleled Silicon Carbide
MOSFETSs
The switching transient obtained from the lab experiment is compared with the

LTSpice simulations for a similar current/voltage rating in Fig. 3.14. These
parasitics are included in the simulation model which is shown in Fig. 3.13.

Ldclink
/\ Load
D
C4D30120D
>
(=]
o
X (3}
£ +
Ld1 % Ld2 To <>
Q _
CMF20120— 2 —
R M1| < =
Mﬁ — —
Rg1 Rg2
Gate Driver
Signal Ground Ls1 Ls2
Power Ground

Figure 3.13: Equivalent circuit model in LTSpice used for the simulation of
the switching behaviour

Fig. 3.14 (c¢) and Fig. 3.14 (d) show the turn-on and turn-off switching
transients from laboratory test at a dc-link voltage of 300 V and a drain-source
current of 10 A in each SiC MOSFET (CMF20120) at 25 °C.

The current and voltage probes are fully compensated prior to the measure-
ment, and the phase delays between the probes are compensated. A current rise
time of 21 ns and a voltage rise time of 18 ns are measured. Correspondingly,
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(¢) Turn-on transient from the lab experi- (d) Turn-off transient from the lab experi-
ment ment

Figure 3.14: Turn-on and turn-off curves from the simulation and the lab
experiment

dv/dt and di/dt are calculated to be 14 kV/us and 404 A/us respectively.

Additionally, a second SiC MOSFET (SCT2080KE) is also tested in order
to observe the difference in performance between the two SiC MOSFETs. The
current and the voltage rise times for the SCT2080KE MOSFET are observed
to be 26.2 ns and 24 ns respectively. Likewise, the dv/dt is 11 kV/us and the
di/dt is 396 A/us with a low overshoot and almost no ringings.

It can be seen that the CMF20120 MOSFET is switching faster than the
SCT2080KE MOSFET, however, the SCT2080KE has a smaller overshoot and
less ringing.

The total stray inductance (Lgqy) is the sum of Lge—jink, La1/Lae and
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L1/ Lgy which are depicted in Fig. 3.13. It is evident from Fig. 3.14 (d) that
the voltage overshoot during the turn-off caused by the total stray inductance
and di/dt of 769 A/us is about 50 V. Thereby the switching loop inductance
is estimated to be 50/0.769 = 65 nH. This stray inductance limits the di/dt of
the drain current during the turn-on and reduces the drain to source voltage
across the device by the factor of Ly, -di/dt. The stray inductance effectively
works as a turn-on snubber and reduces the turn-on losses while increasing it
during the turn-off due to the voltage overshoot.

3.4.3 Switching loss and overvoltage in discrete versus
paralleled MOSFETSs

The study of switching process is mainly intended to obtain the switching
losses for energy efficiency analysis. Therefore, the switching losses for the two
aforementioned SiC MOSFETSs are measured in various load currents. The
experiment is repeated for both the discrete SiC MOSFETs (SCT2080KE)
and the paralleled ones (two SCT2080KE). The results are shown in Fig. 3.15.

30

——Turn off losses - single
Turn on losses - single
— Total switching losses - single
- -Turn off losses — parallel
Turn on losses - parallel
- e-Total switching losses — parallel

N
a1

N
o

Energy loss|iJ]
=
g

=
o

10
Load current [A]

Figure 3.15: Comparison of the switching losses when using a single discrete
MOSFET (SCT2080KE) or two parallel ones are used

However, it should be noted, the study of switching losses in SiC MOSFET's
is irrelevant without considering the impact of the overvoltages since generally
a lower switching loss is achieved by lowering the gate resistance which results
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in a higher overvoltage. Therefore, an overvoltage requirement should be put
in place before any attempt to reduce the switching losses. In Fig. 3.16, the
overvoltage values related to the switching losses shown in Fig. 3.15.

10 ‘ ——
— Overvoltage - Single
-e-Qvervoltage - Parallgl
S! 807
L
2 60
= -
S
5 40- i
> .
O
20

0 5 10 15 20
Load current [A]

Figure 3.16: Switching losses and overvoltages and their dependencies on the
load current when using a single discrete MOSFET (SCT2080KE) or two par-
allel ones

Apart from the load current, the switching loss is greatly dependent on
the operating switching voltage. The switching energy loss of a SiC MOSFET
(CMF20120) in various switching voltages is shown in Fig. 3.17.

The switching loss coefficients kv.on, kvorf, kvier, Er.ons kroff and kg, that
relate the losses calculated in the reference current and voltage to other cur-
rents and voltages are extracted by measuring the switching losses for various
currents and voltages and are presented in Table 3.2.

The switching losses can be reduced by decreasing the switching time
through the gate resistor (Rg). The switching energy loss for a lower gate
resistance and higher one are shown in Fig. 3.18.

Finally, the total switching losses is shown to increase with an increasing
load current and dc-link voltage. However, it is shown to be higher than a
linear first order increment. As a result, two parallel SiC MOSFETSs have
lower total switching losses than a single one for a given load current. On the
other hand, this paralleled configuration leads to a higher overvoltage which
can be mitigated by increasing the gate resistance, which eventually increases
the switching loss.
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Figure 3.17: Switching energy losses and its dependency on dc-link voltage for
two paralleled MOSFETs (CMF20120) with 10 A in each MOSFET

Table 3.2: Experimentally determined switching loss coefficients
‘ Switching device H krofs ‘ kron ‘ kvors ‘ kv.on ‘

CMF20120 (Cree) - Paralleled 1.3 14 1] 15

SCT2080KE (Rohm) - Paralleled 1.3 14 1] 15
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Figure 3.18: Switching energy losses of paralleled SiC MOSFETs and their
dependencies on the load current for a lower and a higher gate resistor



Chapter 4

Energy efliciency improvement
of the electric machines using
various control algorithms

In this Chapter, several algorithms for current vector control using MTPA are
presented and compared with each other. The main objective of a current
vector control is to obtain the required torque reference through a desired
current from the machine. However, a secondary objective can be to obtain the
required reference torque with the minimum magnitude of current to minimize
the copper losses or to obtain the required reference torque with the minimum
total losses including both the copper and iron losses.

Furthermore, the vehicle dynamics and a case setup including the param-
eters of a vehicle and various drive cycles are provided in Section 4.7.2 and
4.7.1 for energy efficiency evaluation of various control strategies.

4.1 Derivation of an ordinary Maximum Torque
Per Ampere equation using constant equiv-
alent circuit parameters

A general MTPA control method without the voltage and the current con-

straints is often derived with the knowledge of the parameters of the PMSM

such as Lg, L, and V¥, including an approximation of the torque obtained

using these parameters.
The torque equation (2.10) can be simplified using constant parameters

43
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and be rewritten as

3 . .
T.=Sp (\Ifmzsq 4 (Lg— Lq)lsdzsq> (4.1)

The d-q currents and torque can be expressed as a function of current angle
by

isqa = 1qc08(0) (4.2)

isq = lasin(f) (4.3)

where 17, is the current magnitude vector and f is the angle toward the d-axis.
Consequently the torque equation can be rewritten as

3

T.=3p <\I'miasin(ﬁ) 4 (Ly— Lq)iaiacos(ﬁ)sin(ﬁ)). (4.4)

The torque can then be maximized by

T,
s

Finally the current vector angle as a function of current magnitude can
then be obtained as

cos(B) = —L, + \/ v — + E (4.6)

0. (4.5)

A(Ly— Ly)ia ~ \[16(Lg— Ly)%i2 " 2

a

However, an inverted fed PMSM has some constraints due to the limitations
of the inverter and the supplying DC source. The key limitations are the
maximum current and voltage of the machine [54].

Umaz > £/ U2y + 12, (4.7)
Taw > 112+ 12, (4.8)

Therefore, the required torque-speed in the entire operating region of the
electric machine cannot be achieved by only using (4.6).
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4.2 A procedure to evaluate a control algo-
rithm above the maximum voltage limit

In this section a procedure to obtain MTPA-values for the whole operating
region using the ordinary MTPA structure, is presented. Due to the non-
linearity of the machine, it is not sufficient to apply only the initially obtained
current vectors to the FEA model. The following issues should be addressed.

1) The current reference obtained from the control algorithm (MTPA or
any other suggested algorithm) may not lead to a torque sufficiently close to
the reference torque desired. In order to achieve sufficient accuracy an iterative
procedure has to take place to resolve this problem.

2) Moreover, the MTPA algorithm does not include any voltage limit which
is often set due to the converter limitations. Therefore, the current references
obtained from the control algorithm might lead to that the maximum voltage
values are exceeded in the field weakening area or close to the field weakening
area (due to the mismatch between the model anticipated by the algorithm
and the actual model used in FEA).

The algorithm flow shown in Fig. 4.1 can resolve the aforementioned issues
when using an ordinary MTPA control structure to find the desired current
values.

As it can be seen in Fig. 4.1, a compensation is made using the knowledge
of the torque reference to make sure that the torque reference is achieved.
Besides, a complementary algorithm provides the current vector references
when the maximum voltage is reached. The complementary MTPA box uses
(4.9-4.12) resulting in 4 equations with 4 variables, which can then provide the
isq and ig, references.

Ugd = Rsisd — wequisq (49)

Usqg = Rsisq —+ welLdisd -+ wel\Ifm (410)
3 . .

T, = §p(\I!mzsq + (Lg — Ly)isaisq) (4.11)

Unaz = \Ju2; + u?, (4.12)
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Figure 4.1: The proposed process to evaluate an MTPA algorithm including
the complementary MTPA section for obtaining the operating points where
the maximum allowed voltage is reached.
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4.3 Torque maximization algorithm consider-
ing saturation, cross coupling and temper-

ature using Lagrangian method - method
|

With the help of the Lagrange multiplier, a function of f; can be minimized
with subject to the equality of (g, — c¢) = 0 [13-15,55].

In this case, the minimizing function (fy, = 42, +i3,) is the current magni-
tude and the subjected equality is the produced torque. Therefore, ¢, = T}.cf
and g; = 7, which is

3 o : o :
T, = ép(\lld(zsd, isqs T)isqg — Volisas isqs T)zsd). (4.13)

The variables are ¢4, i5, and T'. However, temperature is not a state that
should be minimized. Therefore, it is assumed constant for a single optimiza-
tion and a new optimization is performed for a new temperature reference.

The Lagrangian function(A) can, therefore, be expressed as

A=f+XNg,—cL) = z§d+zgq+)\ (§p<\lfd(zsd, isq)lsq — \Ifq(zsd,zsq)zsd) — Tref)

(4.14)
Partial derivatives of A with respect to the variables ¢4, 75, and A which is
an extra variable called Lagrange multiplier are obtained and are then put to

zero.
oA 3 0V, ov
= 20gq+ A fog — ———igg — Wy) =0 4.15
Dy~ 2 T AP e~ e V) (4.15)
A 3 0¥y ov
= gy + Aop(o—igg — ——igqg + Wy) =0 4.16
o isq T 2]9(82,3(1@ a 3iqu a+ ¥a) (4.16)
oA 3
oy = gPYaisg = Vyisa) = Trey =0 (4.17)
where \ is eliminated from (4.15) and (4.16) which leads to
oV . . : ov oy ov, . :
——lsdisg + Walsd — 71 i Lisdisg + Wyisg = 0 4.18
Ding lsdlsq + Vilsd Diny (S 3st .t 3ist dlsqg + Yylsg (4.18)

where Wy(isq,sq), Uy(isd, isq) and their derivatives can be expressed as

\I/d(isda 'L.sq) = Ld(isda Z.sq)isd + \I/m(isda isq) (419)
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Wy (isds foq) = Lalis, isq)isg (4.20)
L (4.21)
T B =
i~ e
i = G e

Inserting all equations from (4.19) to (4.24) in (4.17) and (4.18), the two
main Lagrangian equations which maximize the torque become,

. . 9 . 9 9 .

Ld(lgq - ng) + aZ'LSZ (ZSCﬂgq) + 3i2 (_ngzsq)
) ) oL . 0Ly /.9 -

+Lq(zgd - qu) + aisz (_stzzq) + Bisz (nglsq)

_'_\I]m(_'lsd) + O (qu) + %\@I'j;: (_iSdiSq) = O

Oisq

(4.25)

and
3 Lo . )
§p(LdZsaﬂsq — Lyisdisqg + VYmisg) — Tref =0 (4.26)

where L4, L, and ¥, are obtained from (2.11) to (2.13) which are extracted
from the FEA model of the machine as a function of 4 and %4, in Section 2.2.

(4.25) and (4.26) are two equations which are only a function of is; and
isq- Therefore, solving these two equations provides the d-q current trajectory.
The resulting current trajectories are illustrated in Fig. 4.2 together with the
torque per current loci with a range between 0 to 0.62 [N.m/A].

Since none of the equations used in method I depend on rotational speeds,
the current trajectories are expected to be independent of the rotational speed
as can be seen in Fig. 4.2. The current trajectories for the 1000 RPM and
3000 RPM cases completely overlap on each other and they closely follow
the maximum torque per ampere loci. However, at 5000 RPM, the current
trajectory initially overlap with the 1000 RPM and 3000 RPM trajectories until
it reaches the maximum allowed voltage limit. Thereafter, the algorithm which
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is used for extraction of the current trajectory is changed to the complementary
MTPA explained in Section 4.2.

o °Torque per ampere [N.m/A] @1m

500F : e Current trajectory @1000 RPM

e Current trajectory @3000 RPM 10.6
e Current trajectory @5000 RPM
e Current trajectory @8000 RPM
400+ e Current trajectory @12000 RPM 10.5
<
o
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I [A]
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Figure 4.2: Torque per ampere loci obtained from the FEA shown together
with the d-q current trajectory using method I in various speeds.

4.3.1 Comparison of various control strategies

In this section the current references obtained by the proposed MTPA method
is compared with several other MTPA methods. The following MTPA algo-
rithms are used in the comparison toward the torque per ampere trajectories
obtained from the FEA directly.

e Case I: A constant angle between the d-q currents which is obtained
from an ordinary MTPA that maximizes the output torque at the highest
reference torque and current magnitude with parameters Ly = 175uH,
L, = 375puH and ¥,, = 0.0685 Wb.

q

e Case II: An ordinary MTPA with constant parameters which are chosen
from the low current operating area of the machine (L; = 250uH,
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L, = 750pH and ¥,, = 0.0952 Wb).

e Case III: An ordinary MTPA with constant parameters which are chosen
from the high current operating area of the machine (L, = 175uH,
L, = 375uH and ¥,, = 0.0685 Wb).

e Case IV: An ordinary MTPA with variable parameters which are updated
outside the MTPA algorithm depending on the current operating point
of the machine (isq and iy,).

e Case V: The proposed MTPA where the variable parameters are included
in the maximization algorithm of MTPA.

As it can be seen in Fig. 4.3, the proposed MTPA (Case V) is the closest to
the absolute torque per ampere loci obtained from the FEA in the entire region.
However, the other algorithms diverge from the actual maximum torque per
ampere points to different extents.

10.6

10.5

°Torque per ampere loci [N.m/A] @DZD
e C(Case I: Constant angle
e Case Il: MTPA with constant parameters (lo
e Case lll: MTPA with constant parameters (hi
Case IV: MTPA with variable parameters
Case V: The proposed MTPA

-500 -400 -300
|SOI [A]

-200 -100

Figure 4.3: Torque per ampere loci obtained from the FEA shown together
with the d-q current trajectory using several methods.
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As could be expected, an ordinary MTPA with variable parameters updat-
ing outside the MTPA algorithm (Case IV), provides a trajectory similar to
Case II at lower current ratings. However, as the current increases, the tra-
jectory changes to become more similar to Case III. A more significant finding
from Case IV is that that updating the parameters outside the minimization
process, which is a popular approach in the literature, would actually make
the current trajectory diverge from the absolute maximum torque per ampere.

In Fig. 4.4 only the proposed algorithm (Case IV) and the ordinary MTPA
with variable parameters (Case IV) are shown for three different operating
temperatures. It can be seen than the temperature is not affecting the MTPA
current trajectory for each method alone.

500 L o6
400~ 10.5
<, 300 1
3
€ Torque per amper loci [N.m/A]
200 ®  MTPA with variable parameters @
T The proposed MTPA @20
® MTPA with variable parameters @W
1008 - The proposed MTPA @7
® MTPA with variable parameters @f
0 *  The proposed MTPA @120

-500 -400 -300 -200
|Sd[ﬁq

-100

Figure 4.4: The d-q current trajectory using an ordinary MTPA with variable
parameters and the proposed MTPA (method I) in several temperatures shown
together with torque per ampere loci obtained from the FEA.

In Fig. 4.5 the total energy efficiency improvement of the machine is shown
in the entire torque-speed operating region of the machine. The energy effi-
ciency impact is mostly unchanged except at the very high torque region. In
this region, it can be noted that the efficiency can be improved up to 5 %
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at very low speeds and very high torques. This means that the operation of
the electric machine at initial high torque which in a real application often is
limited due to a certain time constant, can be extended.

32 5
30 1 4.5
28 N P
26 | B35
e
()
— 22 s
20 1
12
18 1
- 11.5
160| @A n [%] 1
500 1000 1500 1

Speed [RPM]

Figure 4.5: Efficiency improvement due to the use of the proposed MTPA
instead of the ordinary MTPA with variable parameters at 120°C.

4.4 Torque performance impact due to method
I

In Section 4.3.1, the resulting current trajectories in the various control al-
gorithms are compared with each other in a set of reference torque values.
However, the impact of using the proposed control strategy versus the or-
dinary MTPA with variable L; and L, on the maximum available torque is
of interests. This can be achieved by comparing the control algorithms in a
common reference current magnitude instead of a common reference torque
value.

Therefore, a peak current magnitude of 555 A is chosen and each method
is used to derive the d-q current trajectory. Thereafter, the d-q current tra-
jectories are evaluated using FEA and the output torque is observed.
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The proposed control strategy provides a current reference of I,; = -408 A
and, I, = 376 A which results in a torque of 357.6 N.m whereas the MTPA
using variable Ly and L, provides current references of I,4 = -291.5 A and
I, = 471 A which results in a torque of 333.2 N.m. This corresponds to a
torque increase of more than 7 % for this current magnitude. This means
that the low-speed and standstill torque characteristics of a vehicle using this
machine can be improved by 7 % when using the proposed MTPA instead of
an MTPA algorithm where the Ly and L, parameters are updated online.

4.5 Loss minimization algorithm considering
saturation, cross coupling, temperature and
irons losses using Lagrangian method - method
11

The solution provided in Section 4.3 minimizes the ohmic losses for a given
operating point by maximizing the torque for a given current magnitude. A
further improvement step is to have a solution that minimizes the total losses
including the ohmic losses, iron losses or even the purely resistive converter
losses. This can be achieved by redefining (4.27) as

3 S N
A= Pcu + Pfe + A(§p<\yd<zsd7 qu)%q - \I[q<’lsd7 qu)%d) - Tref) (427)

where Py, is obtained from (2.16) and P,, is the ohmic losses of the windings
(rw) and end windings (7., ) which can be represented by one resistance (R4(T"))
as

Ry =14(T) + 1ew(T) (4.28)
P., = Ry(i%; +i2,) (4.29)

Partial derivatives of A with respect to the variables iy, 5, and \ are
obtained and are then put to zero.

oA

Disa
. . , 3 0V, . ov, .
2Rslsd + PfelO + 2PerOst + Pfelllsq + A_p( : dlsq - qzsd
2 ast ast

- \I/q) =0
(4.30)
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where A is eliminated from (4.30) and (4.31) which leads to

p(llldl.sq — \I/q'isd) — Tref = O (432)

\IId((ZRS + 2Pf€20)i8d + Pfell'isq + PfelO)
((2R + 2Pf602>isq + Pfellisd + PfeOl)
+8\de( (2R + 2Pf602) Pfellzsdzsq - PfeOl'qu)
B‘Ifd ((2R + 2Pf620)25d25q + Pfellz + PfelOqu)
+8\Ijq ((QRS -+ 2Pf@02)isdisq + Pfellllsd + Pfe(]ﬂsd)
+8\Dq< (2Rs —+ 2Pfe20)i§d - Pfellisdisq - PfelOisd) =0

(4.33)

By using (4.19) to (4.24) in (4.17) and (4.18), flux linkage equations are
functions of the equivalent circuit parameters Lq, Ly, Wp.

U, (2Rs + 2Pf620)isd + W, Pretitsqg + Vi Preio
+Lai24(2Rs + 2Pfe20) + LatsaisgPrein + LatsaPreio
+Lgi2,(2Rs 4 2Pje02) + LyisaisgPretn + LyisqPreot
—Lai2, (2R, + 2Pyen2) — LaisdisgPre1r — LqisqPreor

Sfdzsdiiq(%s + 2Pfe02) — Sf i24isqPre1n — Sij LsdlsqPreo1
+§fd 2 fisq(2Rs + 2Ppeno) + S, isdizg Pre11 + gij’isdisqpfelo

+—88i stlsq(QR + 2Pf€20) + —%\iq qupfell + —%\f;: isqpfelo

qu sq(2R + 2Pf€02) + 32 sdiqufell + gi—iljlisdisqpf601
—L ’Lsd(ZR + 2Pf€20) - L stiqufell - Lqisdeelo

oL OLg - -
" Bisg e zdzsq(zR + 2Pf€20) sdlngfell aiszlsdlsqpfelo =0

is

(4.34)
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3
ap(Ldisdisq — Lqisdisq -+ \I’misq) — Tref =0 (435)

where Lg, L, and ¥,, are obtained from (2.11) to (2.13) which are obtained
from the FEA model of the machine as functions of i,q and 7, in Section 2.2.

This results in a d-q current trajectory which is illustrated in Fig. 4.6.
Although the difference between the current trajectory is very little at lower
rotations speeds such as 1000 RPM and 3000 RPM, they do not have a com-
plete overlap as in method I. This is due to the fact that the parameters
modelling the iron losses changes with the rotation speed. As the speed in-
creases, the iron losses increases, thus the loss minimization method needs to
provide a different current trajectory to minimize the total losses. This is more
visible at 5000 RPM where the iron loss is sufficiently high so that the pro-
posed optimization suggest a current trajectory more in the direction of the
d-axis to reduce the iron losses.

o °Torque per ampere [N.m/A] @1m

500F : e Current trajectory @1000 RPM
Current trajectory @3000 RPM
Current trajectory @5000 RPM
Current trajectory @8000 RPM
Current trajectory @12000 RPM

T
.......

0

-500 -400 -200 -100

-300
I [A]

Figure 4.6: The d-q current trajectory obtained by method II in various speeds
shown together with torque per ampere loci obtained from the FEA.

In order to investigate the impact of method II, the current trajectories
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obtained by method II are compared with method I in Figs. 4.7 and 4.8. In
Fig. 4.7 the current trajectories are illustrated together with the torque per
ampere loci whereas in Fig. 4.8 the current trajectories are illustrated together
with the torque per loss loci.

As it can be seen in Figs. 4.7 and 4.8 the difference between the proposed
methods I and II is minimal.

It can also be seen that the maximum torque per ampere loci in Fig. 4.7
is similar the maximum torque per unit loss in Fig. 4.8. Therefore, method I
which provides the maximum torque per ampere should not be very different
from the results obtained by using method II which provides the maximum
torque per unit loss. This is due to the fact that total iron loss of the machine
obtained from FEA which is shown in Fig. 2.6 is increasing towards both d-
and g-direction. This behaviour resembles the ohmic losses. Therefore, the
provided current trajectory in method II is not very different from method I
where the iron losses are not included.

\'§

°Torque per ampere [N.m/A] @1°
>0 Torque lines @12C 10.6
* MTPA method I
e MTPA method | 105

-500 -400 -300 -200 -100

i [A]

Figure 4.7: Torque per ampere loci obtained from the FEA shown together
with the d-q current trajectory using method I and II for a single speed.
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Figure 4.8: Torque per unit loss loci obtained from the FEA shown together
with the d-q current trajectory using method I and II for a single speed.

On the other hand, with a threefold increase of the iron losses in the g-
direction, the difference between there two methods can be more significant.
This assumption is an exaggerated PMSM with much higher iron losses where

a simple iron loss modelling is used for optimization. The results can be seen
in Figs. 4.9 and 4.10.

It can be seen in Fig. 4.9 that method I provides a trajectory closest to
the maximum torque per ampere loci. However, as it can be seen in Fig. 4.10,
method II provides a trajectory which is closest to the maximum torque per
unit loss instead. This is obtained by bending the current trajectory more
toward the d-direction to reduce the iron losses.

It should be noted that the proposed method II provides a possibility to
include the losses of other components such as the converter in the minimiza-
tion method. With a purely resistive inverter losses such as the conduction
losses of the inverter, the on-state resistance of the MOSFET can simply be
added to the total stator resistance of the machine.
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Figure 4.9: Torque per ampere loci [N.m/A] shown together with the d-q
current trajectories using method I and II for a machine with threefold iron
losses on g-axis.
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Figure 4.10: Torque per unit loss loci [N.m/W] shown together with the current
trajectories using method I and II for a machine with threefold iron losses on
g-axis.
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4.6 Loss minimization algorithm considering
saturation, cross coupling, temperature and

irons losses using a non-linear optimiza-
tion method - method III

The proposed method I in Section 4.3 and method II in Section 4.5 provide the
maximum torque per ampere and maximum torque per unit loss respectively.
However, in both methods, a similar approach as explained in Section 4.2 is
used when the maximum voltage limit is reached since the Lagrangian method
is unable to inherently include an additional nonlinear limitation. Therefore,
in this section, a non-linear loss minimizing optimization algorithm (method
IIT), which is explained in [6], is implemented to find the current trajectory for
the entire operating region of the machine. By using this algorithm, similar
results to method II are expected since the Lagrangian multiplier is similarly
minimizing the total losses until the voltage limit is reached. Therefore, the
only difference between method II and III would be in the region where the
maximum voltage is reached. With this method, the voltage limit can be
directly implemented in the non-linear optimization algorithm leading to a
more optimum solution in the extended MTPA region of the machine.

The main purpose of this optimization is to minimize the target function
fn(Np) subject to the following constraints

An - Xy = By Linear equality (4.36)
Cy-Xy <Dy Linear non — equality (4.37)
En(Xy)=0 Non — linear equality (4.38)
Fn(Xn) <0 Non — linear non — equality (4.39)

The target function fy(Ny) consists of the copper losses and core losses
which can be introduced as

fn(Xn) = Peut Pre (4.40)

where the copper losses and iron losses are defined as in (2.14) and (2.16)
respectively. This results in

In(Xn) = SRUT) + )+

2
PfeO + PfelOisd + PfeOlisq + Pfe20izd + Pfellisdisq + PfeOQizq (441)
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The state matrix Xy is chosen to be

Xy = | (4.42)

The linear equality and non-equality matrix are not used. However, the
non-linear equality and non-linear non-equality matrix are defined as

Tref - %p(qjm(lsq)lsq + (Ld(isda 'L.sq) - Lq(isdy isq))isdisq>
En(X) = uw——(RATﬁm——deA%miwﬁw) (4.43)
usq — <Rs (T>qu + WelLd(isd7 isqﬁsd + wel\I’m (T, isq))

Aex) = | f?i;tfﬁ% (4.44)
N pu— .
_[maa: + ng + qu

The resulting d-q current trajectory is illustrated in Fig. 4.11.
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Figure 4.11: The d-q current trajectory obtained by method III in various
speeds shown together with torque per ampere loci obtained from the FEA.
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Similar to method II which is shown in Fig. 4.6, the difference between the
current trajectories in lower speeds is insignificant. However, at higher speeds
some difference can be observed.

In Fig. 4.12 the current trajectory between method II and III is shown at
3000 RPM where the maximum voltage is not reached. As it can be expected,
there is no visible difference.
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Figure 4.12: Torque per unit loss loci [N.m/W] shown together with the d-q
current trajectories using method II and method III @3000 RPM

However, as it can be seen in Fig. 4.13 the power loss difference between
these two methods (Method IT and III) is visible at higher rotational speeds.
Method IT and the previous methods use the complementary MTPA method
explained in Section 4.2 when the maximum voltage is reached since the La-
grangian multiplier method cannot include the voltage limit in the minimiza-
tion algorithm. However, in a non-linear loss minimization method the maxi-
mum voltage limit can be included in the optimization method, therefore, the
optimization can be achieved for the entire operating region of the machine.
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Figure 4.13: Total power loss difference between method II and III
(Ploss,method 71 — Ploss,method III)

4.7 Drive cycle energy efficiency

The efficiency improvement impact of various control algorithm methods which
are discussed in Section 4.3 to 4.6 provide an overview for the energy efficiency
of the PMSM using various control methods. In this section an overview of
the energy efficiency when the PMSM is used in an actual vehicle is evaluated.
Therefore, a vehicle case setup including the vehicle parameters, drive cycles
and the vehicle dynamics are used to obtain the operating points where the
PMSM is operated. Then, the control algorithms (methods I, IT and III) which
are explained in the previous sections are compared from an energy efficiency
perspective.

4.7.1 Vehicle case setup

The specifications of a suitable vehicle (Renault Master Minibus) is selected
for this thesis can be found in Table 4.1. Some selected automotive drive
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Table 4.1: Vehicle Parameters
Parameter H Vehicle ‘

Air density (p) || 1.2 kg/m3

Air drag coefficient (Cy) 0.5
Frontal area (Ay) 4.8 m?
Rolling resistance coefficient (C,) 0.009
Wheel radius (7ypeer) || 0.34798 m
Vehicle mass (m) 2770 kg

)

Gear box ratio (Rgp 9

cycles were used in the investigation. New European Driving Cycle (NEDC)
is a widely used drive cycle used for legislations and Artemis is a group of
drive cycles which are developed to represent the real-world drive cycles in
a joint European project [56]. Finally, a real drive cycle using the selected
vehicle from Chalmers University in Gothenburg to Sahlgrenska hospital and
the return trip, is also used. The speed shapes of the drive cycles are shown
in Fig. 4.14.

4.7.2 Static relation of the electric machine versus the
vehicle movement

In a drive cycle, the road angle slope («), the speed reference (Virive cycle
[km/h]) and the vehicle acceleration(a) which are obtained from the drive
cycle. The required vehicle traction force can then be calculated as [57]

1
F =ma+ §PCdAde2me eyete T Crmg +mgsin (4.45)

where the p is the air density, Cy is the air drag coefficient, Ay is the frontal area
of the vehicle, C, is the rolling resistance coefficient and g is the acceleration
due to gravity which can be found in Table 4.1. The road angle slope («) for
the selected drive cycles is zero.
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Figure 4.14: Drive cycles

The required traction force (F') and the speed reference (Virive eyete [km/h])
from the drive cycle are, then transformed to torque (7},010r) and speed (Viot0r)
references which need to be provided by the electric machine to fulfill the drive
cycle.
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F- Twheel
Totor = ——————— 4.46
' Rgp (4.46)

60
36-2-7- Twheel

Vmotor = ‘/drive cycleRGB (447)

where 7,peer 18 the wheel radius and Rgp is the gear box ratio which can be
found in Table 4.1.

4.7.3 Drive cycle energy efficiency impact due to the
proposed MTPA algorithms

The selected drive cycles shown in Fig. 4.14 are used to obtain the demanded
power which should be provided by the vehicle and the electric machine. The
demanded torque and rotation speeds on the electric machine for the selected
drive cycles are shown in Fig. 4.15.

The difference between the proposed control strategy (Method I, IT and II)
and the MTPA with variable parameters affect the power loss and efficiency of
the machine. The average efficiency improvement using the proposed methods
for various drive cycles is shown in Table 4.2.

Table 4.2: Energy loss decrease due to the proposed MTPA instead of the
ordinary MTPA with variable parameters and the percentage of energy loss

decrease over the total energy required by various drive cycles.
| Drive cycle || Method I (%) || Method IT (%) || Method III (%) |

NEDC 0.004 0.025 0.051

Artemis Urban 0.167 0.190 0.190
Artemis Rural 0.024 0.045 0.069
Artemis MW130 0.004 0.005 0.128
Chalmers-Sahlgrenska 0.115 0.137 0.20
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Figure 4.15: Demanded operating points of the drive cycles together with the
efficiency map obtained from method III

It can be seen in Table 4.2, that the overall energy efficiency improvement
is not huge and can be up to 0.2 %. However, all methods show an improvement
in energy efficiency in urban driving condition where the high torque demand
is more often required. The difference between these three methods is not
substantial either. It can be seen that Method III using loss minimization
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has some advantage in drive cycles with a high speed profile such as ” Artemis
MW130”. However, the greatest impact of these control strategies as shown in
Section 4.4 seems to be the performance improvement thorough the increase
of the initial torque, expansion of the maximum allowed torque at low speeds
and extension of maximum allowed torque by reducing the power loss to at a
high initial torque.
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Chapter 5

Energy efficiency evaluation of
the electric drive-train in
electric vehicles

In this chapter, the energy efficiency investigation has been extended from the
electric drive in Chapter 4 to the propulsion inverter. Various inverter solutions
such as using switching devices with new materials or higher 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 drive cycle energy efficiency calculation, are based on the vehicle case
setup explained in Section 4.7.1 and the electrical drive-train setup introduced
in Section 5.1.

The scenarios to be investigated are

e Section 5.2 : Energy efficiency consequence of using a SiC diode as the
freewheeling diode in an IGBT-based inverter

e Section 5.3 : Energy efficiency consequence of changing the dec-link volt-
age level from 400 V' to 800 V'

e Section 5.4 : Energy efficiency consequence of using a SiC MOSFET as
the switching device in the inverter

e Section 5.5 : Energy efficiency consequence of overdimensioning the cur-
rent ratings of the switching devices in the inverter

e Section 5.6 : Energy efficiency consequence of using a variable dc-link
voltage for inverter

69
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5.1 Electric drive-train setup

In this section, a case setup for the electric drive-train which consists of the
electric machine, the propulsion inverter and the battery is selected.

5.1.1 Battery

A battery with the specifications given in Table 5.1 is used in this thesis.

Table 5.1: Battery Specification

‘ Parameter H Value ‘
Internal resistance (Rpq:) 0.2 Q
Rated charge capacity (Qrazed) || 26 A-h
Initial voltage 800 V
Initial SOC 90 %

Dynamic battery models are highly complex. The voltage source which is
also known as Open Circuit Voltage (OCV) is a function of both temperature
and SOC (State Of Charge), whereas the resistor is only a function of temper-
ature. In this thesis, the electric model consists of a voltage source (OCV) and
a resistance whereas the OCV is only dependent on the SOC [57]. Therefore,
the output voltage of the battery (V,q) in a certain de-link current (Lge_sink)
can be expressed as

‘/bat =0CV + Rbat : Idc—link~ (51)

The SOC can be expressed as

asoc
dt

=k Lae—tink(t) (5.2)

where

1

[ —
Qrated - 3600

(5.3)

This model sufficiently represents the voltage variations in the dc-link which
are needed for the here presented energy efficiency studies.
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5.1.2 Electric Machines

For energy efficiency analysis of the propulsion inverter, the knowledge of the
phase voltage, current and load angle required by the electric machine are
required. Therefore, the electric machine which is presented introduced in
Chapter 2 in two configurations of 400 V (Machine I) and 800 V (Machine
IT) are used to obtain the required output phase voltage and current for the
inverter. The required voltage, current and power factor demanded by each
machine depend on the control algorithm used to obtain the current references
of the electric machine. Therefore, in this Chapter, the result obtained from
the non-linear optimization explained in Section 4.6 is used as a reference case
for inverter studies. The required phase voltage, current and power factor
which have to be provided by the inverter for Machine I are illustrated in Fig.
5.1.
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Figure 5.1: The required phase voltage, current and load angle requested by
the machine controller
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The corresponding power loss and efficiency map of the electric machine in
these operating conditions are also shown in Fig. 5.2.
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Figure 5.2: Total power loss and efficiency map of the selected electric machine
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5.1.3 Inverter

In this thesis, the dc-link voltage level of the electric system on the battery side
is chosen to be either 400 V' or 800 V. This corresponds to a suitable breakdown
voltage level of either 650 V' or 1200 V' for the power electronic components,
respectively. The safety margin of 250 V' or 400 V is chosen mainly due
to handle the switching overvoltages due to the parasitic inductances in the
commutating circuit. The components which are used in the converter for
different analysis are listed below.

e 650V Silicon IGBT Punch-Through (PT) (IXYK100N65C3D1) [58]

e 650V Silicon IGBT Non-Punch-Through (NPT) (IXYN100NG65A3) [59]
e 650V Silicon pn diode (IXYX100N65C3D1) [60]

e 650V SiC MOSFET (SCT2120AF) [61]

e 650V SiC Schottky diode (C5D50065D) [62]

e 1200V Silicon IGBT Punch-Through (PT) (IXGK82N120A3) [63]

e 1200V Silicon IGBT Non-Punch-Through (NPT) (IXYH82N120C3) [64]
e 1200V Silicon pn diode (DHG60I1200HA) [65]

e 1200V SiC MOSFET (SCT2080KE) [46]

e 1200V SiC Schottky diode (C4D30120D) [53]

In order to obtain an identical power rating for all components, some com-
ponents are assumed to be in parallel to reach the desired current rating. The
current ratings are chosen based on the suggested current ratings given by the
manufacturers for a case temperature of 100 °C' to 110 °C' for all components.

The components which are in parallel, are assumed to be in one module,
disregarding the issues arising from the parallel connection of components for
energy efficiency studies in this thesis. The name of these new modules consists
of the name of the component they are made of, followed by a number and
"X’. This means for example that, MOSFET (SCT2080KE)12X, is one module
which consists of 12 MOSFET (SCT2080KE) in parallel. Consequently, the
forward characteristics such as the constant voltage drop and equivalent for-
ward hesitance as well as the switching characteristics such as the switching
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losses at a specific switching condition are presented in Tables 5.2 for the com-
ponents with a breakdown voltage of 650 V and in Table 5.3 for components
with a breakdown voltage of 1200 V.

Table 5.2: Characteristics of the components with the breakdown voltage of
650 V @QT, = 100°C — 110°C

Forward Switching
Components Characteristics Characteristics
QT; = 150°C QT; = 150°C
Si IGBT PT Veeo =125V Eonpn diode = 20.1 mJ
(IXYK100N65C3D1)6X || Rop = 2.2 m2 Eon sic diode = 34 mJ
E,pr =6.9mJ QV,, =400 V,I.. = 600 A
Si IGBT NPT Veeo =08V Eonpn diode = 21 mJ
(IXYN100N65A3)6X Ron = 1.9 mQ Eon,SiC diode = 4.6 mJ
E,rf =144 mJ QV,, =400 V, 1., = 600 A
SiC MOSFET Viso =0V Eon sic diode = 8.3 mJ
(SCT2120AF)30X Ry, = 6 mf) Eopp =33 mJ QVy, = 300 V, I35 = 600 A
Body diode Voodyo =1V
Rypodqy = 7.5 mQ
Si pn diode Vﬁo =09V Err,di/dt:?:OOA/us = 680 ,uJ
(IXYX100N65C3D1)6X || Ryon = 1.3 mQ | Erp gijar—r504/us = 1100 pJ QVp =400 V
SiC Schottky diode Vio=08V B dijai=5004/us = 36.6 pJ
(C5D50065D)10X Ry on =2 mf) @Vr =400 V

The switching energy losses are calculated using the datasheet values for
IGBTs and diodes with the method explained in Section 3.2.

For the SiC MOSFET (SCT2080KE) a series of experiments were presented
in Section 3.4 to obtain the switching energy losses. These switching losses are
close to the values given in the new datasheet [46].
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Table 5.3: Characteristics of the components with the breakdown voltage of
1200 V QT, = 100°C' — 110°C' [46]

Forward Switching
Components Characteristics Characteristics
QT; = 125 — 150°C QT; = 125°C
Si IGBT PT Veeo =16V Eonpn diode = 101 mJ
(IXYH82N120C3)4X Ron = 5.9 mQ) Eon sic diode = 44 mJ
E,rp =148 mJ QV,, = 600 V,I.. = 320 A
Si IGBT NPT Veeo =1V Eon pn diode = 98 mJ
(IXGK82N120A3)4X Ron = 2.9 mQ) Eon,siC diode = 41.5 mJ
Eopp =90 mJ QV, =600 V, 1. = 320 A
SiC MOSFET Vds,O =0V Eon,gl'c diode = 274 mJ
(SCT2080KE)12X Ron = 12.3 mQ2 E,rp =3 mJ QVgs =600 V, 15, =320 A
Body diode Voodyo =1V
Ryoqy = 20.8 m$Q2
Sl pn diode Vf,O =11V Err,di/dt:l200A/,us =6.3 mJ
(DHG6011200HA )6X Rfon =2.3 mf2 QVgp =600 V
f7
SiC Schottky diode Vio=08YV B =93 uJ
(C4D30120D)6X Ry op = 6.3 m£) @Vyr =600 V

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

Silicon Schottky diodes are known to have relatively lower losses than their pn
counterparts thanks to the absence of a pn junction and high reverse recovery
charge. Accordingly, at a higher breakdown voltage of 400 V or above, a SiC
Schottky diode might be a possible alternative as a freewheeling diode. In this
section the energy efficiency consequence of choosing such a diode instead of a
Silicon pn diode is studied. The selected switching devices for the inverter are

e Setup Al: A 650 V' PT IGBT module (XYK100N65C3D1) with a pn
diode module (IXYX100N65C3D1) in a 400 V' dc-link system
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e Setup A2: A 650 V' PT IGBT module (XYK100N65C3D1) with a SiC
Schottky diode module (C5D50065D) in a 400 V' dc-link system

e Setup A3: A 650 V NPT IGBT module (IXYN100N65A3) with a pn
diode (IXYX100N65C3D1) in a 400 V' dec-link system

e Setup A4: A 650 V' NPT IGBT module (IXYN100N65A3) with a SiC
Schottky diode module (C5D50065D) in a 400 V' dc-link system

For each setup, the total losses of the inverter is evaluated when using the
electric machine presented in Section 5.1.2 (Machine I). The conduction and
switching losses for the inverter is calculated based on the equations found in
Section 3.1 for the entire operating region of the electric motor.

The switching and the conduction losses for Setup Al with the PT IGBT
and pn diode is shown in Fig. 5.3 for the entire operating region of the motor
and a switching frequency of 20 kHz.
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Figure 5.3: The conduction and the switching loss maps for a PT IGBT module
with a pn Silicon freewheeling diode module (Setup Al) in the 400 V dc-link
system.
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By replacing the pn freewheeling diode in Setup Al with a Schottky SiC
diode Setup Al, turns into Setup A2. Therefore, the conduction and the
switching losses of the IGBT and the diode for Setup A2 would change accord-
ingly as it is illustrated in Fig. 5.4. The switching loss of the SiC freewheeling
diode is too little to be shown in the scale of 10 W, therefore, Fig. 5.4 (d)
is shown blank. The absence of a reverse recovery current affects the turn-on
losses of the transistor, which can be seen in Fig. 5.4 (b).
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Figure 5.4: The conduction and the switching loss maps for a PT IGBT module
with a SiC freewheeling diode module (Setup A2) in the 400 V dc-link system.

By changing the pn freewheeling diode in Setup A1 to a SiC Schottky diode
in Setup A2, even the switching losses of the IGBT would change during the
turn-on as it was shown in Section 3.2 for the calculation of the switching
energy during the turn-on using (3.7). Therefore, to compare both setups, the
total power loss including the conduction and the switching losses for both the
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switches and diodes in each setup are now added, making up the total power
loss of the inverter. The total power loss and efficiency map for each setup
(Setup A2 and Al) are subtracted from each other and the results are shown
in Fig. 5.5 for two frequencies of 20 kHz and 10 kHz. It can be seen that the
setup with a SiC diode has reduced the switching losses in the entire operating
region. This is mainly due to a significantly lower switching loss during the
turn-on due to the use of the SiC diode.
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Figure 5.5: Total power loss of an inverter using a PT IGBT with a SiC
Schottky diode module as freewheeling diode minus the total power loss of an
inverter using the same IGBT with a pn freewheeling diode for two different
switching frequencies.

Similarly, the switching and conduction losses for an NPT IGBT (Setup A3)
are calculated and illustrated in Fig. 5.6. As expected, the NPT IGBT shows
a lower conduction loss and higher switching loss at higher loads compared to
the PT IGBT which is shown in Fig. 5.3.
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Figure 5.6: The conduction and the switching loss maps for an NPT IGBT
module with a pn silicon freewheeling diode module (Setup A3).

By replacing the pn freewheeling diode in the NPT IGBT module (Setup
A3) with a Schottky SiC diode, Setup A4 is created. That would decrease the
switching losses of the switch and diode which are illustrated in Fig. 5.7.

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 and the
corresponding efficiency losses for each setup (Setup A4 and A3) are subtracted
from each other and the result is shown in Fig. 5.8.

As it is illustrated in Figs. 5.5 and 5.8, the total power loss is reduced
for the setups with a SiC freewheeling diode in the entire operating region of
the inverter with an efficiency increase of between 0.25 to 3 %. However, the
energy efficiency improvement using this inverter in an electrified vehicle could
also be of interest. Therefore, the energy efficiency of the inverter in various
drive cycles and switching frequencies are also calculated.
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Figure 5.7: Conduction and switching loss maps for an NPT IGBT with a SiC
freewheeling diode (Setup A4).

In Fig. 5.9, the converter efficiency for NEDC using the various setups ex-
plained earlier are compared with each other. As it can be seen, the higher the
frequency the higher the impact of using the SiC freewheeling diode. However,
at a low switching frequency of 5 kHz, the change of IGBT type from PT to
NPT has the same effect as replacing the pn freewheeling diode to a SiC one.

Similarly, the energy efficiency is evaluated for other drive cycles and
switching frequencies in Fig. 5.10 in order to see how the results are affected.
The numerical results of the drive cycle efficiencies for the switching frequency
of 20 kHz are presented in Table 5.4. It can be seen that an inverter with a
pn freewheeling (Setup Al and A3), can have an average of up to two percent
improvement in the drive cycle efficiency by having a SiC freewheeling diode
instead (Setup A2 and A4). The improvement is highest in the urban drive
cycles such as ”Chalmers-Sahlgrenska” and ” Artemis Urban”.
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Figure 5.8: Total power loss of an inverter using an NPT IGBT with a SiC
Schottky diode module as freewheeling diode minus the total power loss of an
inverter using the same IGBT with a pn freewheeling diode for two different
switching frequencies.
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Figure 5.9: The converter efficiency for a NEDC drive cycle using the various
semiconductor setups
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Figure 5.10: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups (Setups Al, A2, A3 and A4).

Table 5.4: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups and switching frequency of 20 kHz.

‘ Drive cycle || Setup A1(%) || Setup A2 (%) | Setup A3 (%) || Setup A4 (%) |

NEDC 95.4 97.0 95.2 96.8

Artemis Urban 91.8 94.5 91.3 94.0
Artemis Rural 96.3 97.5 96.1 97.4
Artemis MW130 97.0 97.9 96.9 97.9
Chalmers-Sahlgrenska 93.6 95.7 93.2 95.4
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5.3 Change of the dc-link voltage level from
400 V to 800 V

In this section the effect of choosing a higher dc-link voltage on the propul-
sion inverter is investigated. Therefore, the components with the breakdown
voltage of 650 V in a 400 V dc-link system in Section 5.2, are replaced with
the components having a breakdown voltage of 1200 V which are suitable for
a 800 V dc-link system.

The following two setups are selected to be compared with the similar two
setups in Section 5.3.

e Setup Bl: A 1200 V PT IGBT module (IXGK82N120A3) with a pn
diode module (DHG60I1200HA) in a 800 V' dc-link system

e Setup B2: A 1200 V' PT IGBT module (IXGK82N120A3) with a SiC
Schottky diode module (C4D30120D) in a 800 V' dc-link system

First, Setup B1 and Setup A1 are selected to be compared. The conduction
losses of the switch and the freewheeling diode for both setups are shown in
Fig. 5.11. Similarly, the switching losses are shown in Fig. 5.12.

As it can be seen in Fig. 5.11, the conduction losses for both the switch
and the freewheeling diode have decreased by an increase in the system voltage
level from 400 V (Setup Al) to 800 V (Setup B1).

In contrast to the conduction losses, the switching losses which are shown
in Fig. 5.12, are increased by an increase in the system voltage level.
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Figure 5.11: The conduction loss maps for a PT IGBT module with a pn
freewheeling diode module (Setup Al) in the 400 V dc-link system and a
similar module in the 800 V dc-link (Setup B1).

Since the conduction loss is decreased while the switching loss has de-
creased, the total power loss of the inverters needs to be compared to judge
the impact of the system voltage level. In Fig. 5.13, it can be seen that the
total power loss and the efficiency is generally unchanged by changing the sys-
tem voltage level from 400 V to 800 V. The total power loss may be slightly
reduced at very high loads by changing the voltage from 400 V to 800 V,
however, the power loss slightly increases for the rest of the operating region.
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Figure 5.12: The switching loss maps for a PT IGBT module with a pn free-
wheeling diode (Setup Al) in the 400 V dc-link system and a similar module
in the 800 V dec-link system (Setup B1).

Similar experiment is performed for Setup B2 which has the SiC freewheel-
ing diode instead of the pn diode. In this case, two IGBT-based inverters with
SiC freewheeling diodes, one in a 400 V system (Setup A2) and one in a 800 V
(Setup B2) are compared with each other. As it can be seen in Fig. 5.14, in-
creasing the voltage level has decreased the total losses. This is the opposite of
results for the setup with a pn diode which is shown in 5.13. Therefore, it can
be concluded that increasing the system voltage system which may worsen the
IGBT-based inverters with the pn diodes, can actually improve the efficiency
when the SiC freewheeling diodes are used.
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Figure 5.13: Total power loss and efficiency maps for the PT IGBT-based
inverter with the pn freewheeling diode (Setup A1) in the 400V dc-link system
and Setup B1 in the 800V dc-link.
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Figure 5.14: Total power loss and efficiency maps for the PT IGBT- based
inverter with the SiC Schottky freewheeling diode module (Setup A2) in the
400 V dc-link system and Setup B2 in the 800 V dc-link system.

In Fig. 5.15 the converter efficiency for a NEDC drive cycle using the
various setups explained in this section are compared with each other at various
switching frequencies. As it can be seen in Fig. 5.15, increasing the voltage
level (dotted lines) has mostly decreased the drive cycle efficiency for any
switching frequency of 17 kHz and above.

Similarly, the energy efficiency of the other drive cycles are also calculated
in various frequencies and shown in Fig. 5.16. The results for the switching
frequency of 20 kHz is also written in Table 5.5.
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Figure 5.15: The converter efficiency for a NEDC drive cycle using the various
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Figure 5.16: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups at 800 V with dotted lines (Setups B1
and B2) and 400 V with straight lines (Setups Al and A2).
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As it can be seen in Figs. 5.15 and 5.16, by increasing the voltage level, the
drive cycle efficiency increases when the switching frequency is below 10 kHz.

In contrast, the efficiency starts to decrease for the switching frequency of
20 kHz and above.

Table 5.5: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups and switching frequency of 20 kHz.
‘ Drive cycle | Setup B1(%) || Setup B2 (%) |

NEDC 95.1 96.9

Artemis Urban 91.4 94.6
Artemis Rural 96.0 97.5
Artemis MW130 96.8 97.9
Chalmers-Sahlgrenska 93.2 95.7

5.4 Use of a Silicon Carbide MOSFET as the
main switching device

In this section the energy efficiency consequence of choosing a SiC MOSFET
instead of an ordinary Silicon IGBT in a propulsion inverter is evaluated. The
following setups are selected.

e Setup C1: A 650V SiC MOSFET module (SCT2120AF) with Schottky
freewheeling diodes (C5D50065D)

e Setup C2: A 1200V SiC MOSFET module (SCT2080KE) with SiC
Schottky freewheeling diodes (C4D30120D)

First, setup C1 is chosen and the conduction and the switching losses for
the SiC MOSFET and the SiC Schottky diode modules used in this setup are
shown in Fig. 5.17.
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Figure 5.17: The conduction and the switching loss maps for a SiC MOSFET
module with a SiC freewheeling diode (Setup C1) in the 400 V dc-link system.

The total inverter losses using this setup is compared with all IGBT setups
with a breakdown voltage of 650 V (Setup Al, A2, A3 and A4 which are
explained in Section 5.2) in Fig. 5.18 to understand the impact of using the
SiC MOSFET instead of the IGBTs at this voltage level.

It can be seen that the power loss is always decreased when SiC MOSFETs
are used instead of the IGBTs with a pn diode (Setup A1, A3), regardless of
being a PT or an NPT IGBT. However, when the SiC freewheeling diode is
used as freewheeling diode for the IGBTs (Setup A2, A4), the use of a SiC
MOSFET is shown to be less beneficial. It can even increase the power losses
at very high loads.
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Figure 5.18: Total power loss of an inverter using the SiC MOSFET with the
SiC Schottky diode as freewheeling diode (Setup C1) minus the total power
loss of an inverter using the IGBTs (Setup A1) in the 400 V dc-link system.

A similar comparison is made for the components with a breakdown voltage
of 1200 V. The SiC MOSFET with the breakdown voltage of 1200 V (Setup
C2) is compared with the setups with IGBTs with a similar breakdown voltage
(Setup B1, B2, B3 and B4). The result is shown in Fig. 5.19.

As it can be seen in Fig. 5.19, the use of the SiC MOSFET decreases the
inverter power losses for the entire operating region. It can also be seen that
the use of the SiC MOSFET at the 800 V system level, causes a greater power
loss decrease compared with the case of a 400 V system.
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Figure 5.19: Total power loss of an inverter using the SiC MOSFET with the
SiC Schottky diode as freewheeling diode (Setup C1) minus the total power
loss of an inverter using the IGBTs (Setup A1) in the 400 V dc-link system.

In Fig. 5.20 the drive cycle efficiency of the inverter for the NEDC drive
cycle using the SiC MOSFET is compared with other setups using IGBTSs for
various switching frequencies.

As it can be seen in Fig. 5.20, the SiC MOSFET provided a higher efficiency
for the entire switching frequency range. At higher switching frequencies,
the differences between the SiC MOSFET and the IGBT setups are more
significant. Furthermore, by comparing Figs. 5.20 (a) and (b), it can be seen
that the SiC MOSFET setup has a greater improvement at the higher system
voltage level of 800 V compared to the 400 V system.
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Figure 5.20: The converter efficiency for a NEDC drive cycle using the SiC
MOSFET instead of the IGBTSs in systems levels of 400 V and 800 V.
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Similarly, other drive cycles are used for the evaluation of the inverter
efficiency using the SiC MOSFET instead of the IGBT setups and the results
are shown in Fig. 5.21 and in Table 5.6. For each drive cycle, the energy
efficiency improvement of using the SiC MOSFET instead of the IGBTSs for
the same voltage level is obtained by subtracting the drive cycle efficiency of
these setups which are found in Table 5.4 and 5.5.

It can be seen that the use of a SiC MOSFET can increase the drive cycle
efficiency from 0.4 % - 4.2 % for the 400 V system and 1 % - 8.4 % for the 800 V
system depending on the drive cycle with a switching frequency of 20 kHz. It
can also be seen that the impact of using the SiC MOSFET is higher at more
urban driving drive cycles.
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Figure 5.21: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups including the SiC MOSFET (Setup
C2) at 800 V system.
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Table 5.6: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for various inverter setups and switching frequency of 20 kHz.

Drive cycle || Setup C1 || Improvement | Setup C2 || Improvement

(%) (%) (%) (%)

NEDC 97.9 227 98.6 1.7-5.1

Artemis Urban 95.5 1.4-4.2 97.0 2.4-84
Artemis Rural 98.3 0.9-2.2 98.8 1.3-3.9
Artemis MW130 98.3 0.4-1.4 98.9 1-2.9
Chalmers-Sahlgrenska 96.6 1.1-3.4 97.8 2.1-7.8

It should also be noted that a change from a silicon IGBT to a SiC MOS-
FET would require a significant change in the inverter design from the gate
driver to the issues arising the higher voltage and current overshoots such as
EMI problems.

5.5 Overdimensioning of the components in
the inverter

Overdimensioning of the inverter components in this section, refers to the use
of switching components with higher current ratings. In practice, this can
be achieved by either choosing a higher rated components or putting several
components in parallel. The aim is to reduce the on-state resistance of the
components which reduces the conduction loss and eventually the total losses
of the inverter. The best outcome would be to reduce the total losses so much
that the need for a liquid cooling of the inverter is eliminated.

In Section 5.1.3, all ratings were selected based on the recommended com-
ponent ratings for the case temperature of 110 °C. In this section, the pre-
viously used components are chosen to be overdimensioned by doubling the
total current rating of inverter while the keeping the load (electric machine)
unchanged. The aim is to evaluate the potential of increasing the inverter
efficiency with the existing switching components.

First, the potential of IGBT- based inverters is evaluated. Therefore, the
total power loss and the efficiency difference between the original setup and
the new overdimensioned ones are illustrated in Figs. 5.22 and 5.23 for the
components with breakdown voltages of 650 V and 1200 V respectively. It can
be seen that the inverter efficiency is slightly improved between 0.25 % to 1 %
regardless of the breakdown voltage level.
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Figure 5.22: Total power loss and the efficiency map of an inverter using the
overdimensioned IGBTs in the 400 V system.
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Figure 5.23: Total power loss and the efficiency map of an inverter using the
overdimensioned IGBTs in the 400 V system.

Similar experiment is performed for the inverters using the SiC MOSFETSs
(Setup C1 and C2). The current ratings of the SiC MOSFET inverters have
been doubled and the power losses and the inverter efficiencies are compared
with the original setups. As it can be seen in Figs. 5.24 and 5.25, the overdi-
mensioned SiC MOSFET-based inverters have an efficiency improvement of
up to 4%.
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Figure 5.24: Total power loss and the efficiency map of an inverter using the
overdimensioned SiC MOSFETSs in the 400 V system.
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Figure 5.25: Total power loss and the efficiency map of an inverter using the
overdimensioned SiC MOSFETSs in the 800 V system.

The main impact of overdimensioning, however, should be evaluated through
the drive cycle efficiencies. Therefore, the drive cycle efficiency for the overdi-
mensioned IGBTs and MOSFETSs in various switching frequencies are shown
in Fig. 5.26 for the NEDC drive cycle. As it can be seen in Fig. 5.26, the
IGBT-based inverters have shown very little improvement in the drive cycle
efficiency (around 0.1 %) whereas the SiC MOSFET-based inverters have ex-
perienced a slightly bigger impact (around 0.3 %).
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Figure 5.26: The converter efficiency for a NEDC drive cycle using the
inverter with the overdimensioned SiC MOSFETSs (Setup C2) and the
overdimentioned IGBTs (Setup B1).

The energy efficiency for other drive cycles are also shown in Fig. 5.27 for
various switching frequencies and numerically in Table. 5.7 for the switching
frequency of 20 kHz. The drive cycle efficiency is improved in more demand-
ing drive cycles such as Urban Artemis, however, the efficiency improvement
remained below 0.6 %.

Table 5.7: Drive cycle efficiency (energy losses of the inverter divided by the
input power) for a 800 V inverter system using the SiC MOSFET (Setup C2) or
IGBT(Setup B1) versus a system with the overdimensioned component ratings
(switching frequency of 20 kHz).

Drive cycle || Setup Over- | Setup Over-

C2(%) || dimensioned(%) | B1(%) || dimensioned(%)

NEDC 98.6 98.9 95.1 95.2

Artemis Urban 97.0 97.6 914 91.7
Artemis Rural 98.8 99.1 96.0 96.2
Artemis MW130 98.9 99.2 96.8 97.0
Chalmers-Sahlgrenska 97.8 98.2 93.2 93.4
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Figure 5.27: Drive cycle efficiency (energy losses of the inverter divided by
the input power) for various inverter setups with the ordinary component
sizing and the overdimensioned ones (OV).

5.6 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 at either 400 V or 800 V for components with breakdown
voltage of 650 V and 1200 V respectively.

In an electric vehicle, the inverter is fed by a battery and the battery has
naturally a variable output voltage. This would lead to a different loss model
for the inverter which is investigated in previous sections.

A variable dc-link voltage can also be forced in the electric drive-train of
the vehicle. This can be achieved by adding a DC-DC converter between the
battery and inverter so that the dc-link of the inverter can be decreased or
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increased according to the needs. The dc-link inverter might be increased to
increase the voltage input of the electric machine. This results in an increase
in the output power of the machine for a limited time. The dc-link inverter
might be decreased to reduce the voltage dependently losses in the inverter.

In this section, first the naturally varying dc-link voltage caused by the
battery is presented. Thereafter, the possibility of minimizing the total mo-
tor and inverter loss by having a controllable variable dc-link voltage is also
explored.

5.6.1 A drive-train system with an uncontrolled and
naturally varying dc-link voltage

The naturally varying dc-link voltage caused by the battery, change the in-
verter efficiency which thus impact the drive cycle efficiency. In this section,
the inverter losses and also the battery and electric machine losses are eval-
uated. The efficiency results would be a reference point to compare with the
efficiency of a drive-train where the dc-link voltage is controlled through a
DC-DC converter.

Since the impact of the voltage variation could be different between the
MOSFET- and IGBT-based inverters, two inverter setups are chosen. Setup
C2 with the SiC MOSFET in Section 5.4 and Setup B1 in Section 5.3 for the
IGBT-based inverter.

In order to simulate the variations in the battery voltage, the NEDC drive
cycle is run for 5 times so the battery is discharged from a 90% initial value,
to a 30% value. The current and voltage of the battery as well as the SOC are
shown in Fig. 5.28. The resulting instantaneous efficiency of the components
for one drive cycle is shown in Fig. 5.29.

All operating points during the entire drive cycle can be found in the full
loss map shown in Fig. 5.30. As it can be seen, all operating points of the drive
cycles are located between the layers of 800 V and 700 V where the battery
voltage fluctuates.

5.6.2 A drive-train system with a controlled and vari-
able dc-link voltage

In this section the dc-link voltage is assumed to be controlled regardless of the
battery voltage. In each drive cycle and each operating point of the vehicle, the
dc-link voltage which minimizes the total inverter and machine loss is chosen.
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Figure 5.28: The battery current and voltage, and SOC during 5 consequent
NEDC drive cycles.

The resulting instantaneous efficiency of the components for one drive cycle is
shown in Fig. 5.31.

All operating points during the entire drive cycle can be found in the full
loss map shown in Fig. 5.32. As it can be seen, all operating points of the
drive cycles are located between the layers of 100 V and 800 V.

The drive cycle efficiency of all components using the controlled dc-link
voltage and the naturally varying dc-link are compared with each other in
Table 5.8 for the NEDC and an IGBT-based (Setup B1) and MOSFET-based
(Setup C2) inverters.

As it can be see in Table 5.8 and 5.9, 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-based inverter the drive cycle effi-
ciency is improved up to 1 percent whereas in the IGBT-based inverter, the
efficiency is improved up to 4 percent. This indicates that this controllable
variable dc-link method has a more pronounced impact on the silicon IGBT
based inverters. This is mainly due to the fact that a variable dc-link would
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Figure 5.29: The instantaneous efficiency of different components in the drive-
train in one NEDC drive cycle.

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 dec-link system
can improve the total electric system efficiency.

A benefit with this type of system is that the maximum power level of the
machine can be maintained high by increasing the dc-link voltage when when
the battery voltage drops.
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Figure 5.30: Total power loss of the electric machines in Torque - Speed - V.
3D map together with the battery voltage trajectories for 5 consequent NEDC
drive cycles.

Table 5.8: Drive-train efficiency for NEDC drive cycle using the controlled dc-
link voltage for two selected IGBT-based and SiC MOSFET-based inverters.

Drive cycle Total Inverter(%) || Motor(%) || Battery(%)
efficiency (%)
EUDC(6x) 89.26 96.17 94.53 99.30
IGBT Uncontrolled 86.61 91.87 96.06 98.67
IGBT Controlled 89.33 94.48 96.16 98.68
MOSFET Uncontrolled 92.49 97.72 96.06 98.70
MOSFET Controlled 93.29 89.40 96.17 98.71
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Figure 5.31: Instantaneous efficiency of different components for one NEDC

drive cycle with the controlled dc-link voltage.

Table 5.9: Drive-train efficiency for Chalmers-Sahgrenska drive cycle using the
controlled de-link voltage for two selected IGBT-based and SiC MOSFET-

based inverters.

Drive cycle Total Inverter(%) || Motor(%) || Battery(%)
efficiency(%)
IGBT Uncontrolled 82.47 88.86 95.07 98.54
IGBT Controlled 87.18 93.57 95.00 98.60
MOSFET Uncontrolled 90.34 96.67 95.07 98.60
MOSFET Controlled 91.51 97.83 95.05 98.62
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Figure 5.32: Total power loss of the electric machines in Torque - Speed - V.
together with the voltage trajectories chosen for 5 consequent NEDC drive
cycles to minimize the total losses.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

By improving the control strategy in a selected PMSM, the low-speed and
standstill torque characteristics of a PMSM could be improved by 7 % when
using a proposed MTPA instead of an ordinary MTPA algorithm where the
machine parameters (Lq, L, and V,,) are updated online outside the opti-
mization algorithm. Furthermore, the efficiency can also be improved up to
5 % at low speed and high torques. However, the overall energy efficiency
improvement for a certain drive cycle is not substantial, and can only reach
0.2 %.

Switching losses in the inverters can be reduced by decreasing the gate
resistance. However, this leads to a higher turn-off overvoltage. Therefore, the
requirement for the allowed overvoltage should be set before any attempt to
decrease the switching losses is done.

An inverter with a pn freewheeling diode can have an average of up to
1.5 % improvement in NEDC efficiency by having a SiC freewheeling diode
instead. The improvement is higher in urban drive cycles such as ” Chalmers-
Sahlgrenska” and ”Artemis Urban” and is up to 2 %. At a low switching
frequency of 5 kHz, a change of IGBT type from PT to NPT has the same
effect as replacing the pn freewheeling diode to a SiC diode.

The use of SiC MOSFETS in the propulsion inverters instead of IGBT's can
increase the efficiencies between two to five percent in NEDC. The efficiency
improvement is maximized when it is compared to an IGBT-based inverter
with pn diode in a more urban driving cycles and when the system voltage
level is 800 V rather than 400 V. The least benefit is gained when it is used
instead of IGBT-based inverters with a SiC diode at 400 V system in highway
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driving cycles.

Increasing the dec-link voltage level from 400 V to 800 V, generally decreases
the total conduction losses of the IGBT-based inverters. However, the switch-
ing loss of the components increase which leads to a lower drive cycle energy
efficiency when the switching frequency of the inverter is chosen to be 7 kHz
or higher.

Overdimensioning the components in the inverter in order to achieve a
higher efficiency depends on the switching component. This might lead to
an improvement of up to 4 % for a 100 % overdimentioned SiC MOSFET-
based inverter at certain operating points, however, the drive cycle efficiency
improvement is below 0.6 %.

By controlling the dc-link voltage of the inverter, which can be achieved
by using an extra DC-DC converter in between the battery and the propulsion
inverter, the switching loss and therefore the inverter losses can be decreased.
For an IGBT-based inverter this can improve the drive cycle efficiency for the
entire electric drive-train from the battery to the electric machine up to 4 %,
however, the corresponding improvement is only 1 % for a SiC MOSFET-based
inverter where the switching losses are relatively lower.
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6.2 Future Work

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

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

e Since cooling is one of 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 system can be simplified or eliminated, can be very valuable
from system perspective.

e The proposed control strategy can be tested for other electric machine
topologies and the usefulness of the method can be studied.

e The iron loss behaviour which is provided from FEA in this work can
be verified by an actual measurement setup. Furthermore, the proposed
control strategy can be tested for a real electric machine setup which is
built based on the FEA design to quantify the accuracy of the FEA.

e Other wide band gap materials such as GaN can also be studied through
the measurement setups and the consequences on the electric drive-line
efficiency can be evaluated.

e Other propulsion inverter topologies such as multilevel inverters can also
be studied.
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