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Abstract—This paper deals with the losses of Switched
Reluctance Machine Drives (SRDs) for electric vehicle
propulsion, consisting of the losses in the Switched
Reluctance Machine (SRM) and the converter, across
some operating regions based on different control
strategies, namely Firing Angle (FA) control and Torque
Sharing Function (TSF) control. The SRM model which
takes into account copper losses and converter losses is
obtained through MATLAB/Simulink. The losses and
efficiencies in the machine, the converter and the SRD as
function of speed and average torque are compared for a
30 kW peak 8/6 SRD.
Keywords—switched

reluctance machine (SRM);
switched reluctance machine drive (SRD); copper
losses; torque sharing function.
I.

INTRODUCTION

There are considerable demands for developing
electrical motors with high torque density, high efficiency
and low cost for the propulsion of electrical vehicles (EVs)
[1]. The Switched Reluctance Machine (SRM) is one of
the competitive candidates for EVs, besides permanent
magnet synchronous machines and induction machines,
thanks to some significant advantages, such as simple
structure, low cost and rotor robustness. Nevertheless,
considerable efforts are still under way to further reduce
losses and output torque ripple of Switched Reluctance
Machine Drives (SRDs), which are along with Noise
Vibration and Harshness (NVH) the main drawback of
these drives.
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The Firing Angle (FA) control is the basic approach for
controlling average torque at a given speed. The three
main parameters of this control are the turn-on angle, the
turn-off angle and the reference current [19]. The
hysteresis bandwidth for the chopping around the
reference current is a secondary parameter. The
optimization of the control consists of finding the optimum
value of the three parameters for each average torque and
speed combination, i.e. such that e.g. the torque ripple is
minimized, the losses are minimized, or a combination of
both.
A more effective method to minimize torque ripple and
losses in SRMs at low speed is TSF control and current
profiling control [2-10]. The instantaneous torque of the
individual phases is defined through suitable TSFs, i.e.
their relative contribution to the total torque as function of
rotor position. During the phase commutation intervals of
an 8/6 SRM, 2 phases (out of 3, 4 or more) contribute to
the instantaneous torque. The share of the incoming phase
increases (from 0 up to 100%), while the share of the
outgoing phase decreases (from 100% down to 0%).
Five different kinds of TSFs are proposed in literature:
linear [4], exponential [5], sinusoidal [6], cubic [7] and
piecewise cubic TSF [8]. The name indicates the type of
variation of the TSFs (as function of the rotor position)
during the commutation intervals.
Piecewise cubic TSFs provide the lowest copper losses
as well as an extension of the torque-speed region in which
smooth torque can be produced (ignoring torque ripple due

to chopping), other TSFs all have the same minimum
copper losses approximately [8-9].
The losses of SRDs mainly depend on operating
conditions, control strategies, topologies of the power
converter, and characteristics of the power semiconductor
devices. To reduce the losses of the SRDs in EVs
applications, the attention should be paid on the control
strategies for the following reasons: 1) The operating
conditions (driving cycles) of EVs can vary in dependence
on different drivers and applications. 2) The characteristics
of the semiconductor devices depend on the rating of the
devices chosen to build converters, which is applicationspecific. 3) The topologies of the power converter installed
in EVs are probably subjected to the most reliable ones.
This paper makes the comparison of the losses in the
SRDs (losses in the machine and in the converter) between
being controlled by FA control and TSF control strategies.

machine, the converter and the SRD are obtained in this
section. Finally, conclusions are drawn in the last section.
II.

FINITE ELEMENT ANALYSIS USING GMSH AND GETDP

Finite element models allow for accurate magnetic
analysis of SRMs (and other types of electrical machines).
The two following open-source programs are chosen for
this work: Gmsh [15] and GetDP [16].
Gmsh can be used for making and meshing geometrical
2D and 3D models, whereas GetDP is used for the FE
computation (magnetic, elastic or coupled, 2D or 3D,
static, frequency domain or time stepping). These two
programs can be run together from a user-friendly GUI
(inside Gmsh), named Open Numerical Engineering
LABoratory, ONELAB [17]). Some complete examples of
electric machine models (magnetics only), including an
SRM model, are publicly accessible [18].

In this paper, we consider the very common SRD
converter which comprises an asymmetrical H-bridge
converter per phase of the machine. It is capable of feeding
each phase independently and even of running the machine
under faulty conditions due to the isolation of a phase fault
[14]. Generally, it is difficult to obtain the analytical
results of the converter losses for SRDs due to its
nonlinear characteristics. Still, the direct numerical
calculation is time consuming. To avoid this problem, the
converter losses were approximately estimated without
circuit simulation in the past researches. In other words,
they overlooked the dynamic behaviors of the system (i.e.
the varying output currents due to varying inductance of
the machine according to the rotor positions) and
considered the losses only at one particular operating
condition [11-13]. Moreover, the switching frequency is
assumed constant in [13]. This can lead to inaccurate data
for EVs applications, especially when FA control is used.
In this paper, the converter losses are estimated online
based on the look-up tables of semiconductor parameters
constructed from the manufacturer datasheet.

Figure 1 shows the SRM modelling interface
developed in ONELAB/Gmsh/GetDP. In this paper, a 15
kW 8/6 SRM is considered. The geometrical dimensions
of the studied machine are gathered in Table I. Flux
linkage curves for the mentioned model are given in figure
2. Its rated values are 15 kW, 90 Nm at a base speed of
1500 rpm and its peak values are approximately 30 kW, 10
krpm and 200 A.

This paper is structured in seven sections. In Section II,
a Finite Element (FE) based on electromagnetic model is
obtained for the magnetic characterization of the SRM.
Sections III and IV deal with FA control and piecewise
cubic TSF control strategies of the SRMs respectively.
Section V describes the power electronics model of the
asymmetric H-bridge converter to evaluate the different
control strategies in terms of semiconductor losses in the
power converter. The simulation results are presented in
Section VI considering different load (average torque and
speed) conditions. Copper losses in the SRM for these two
control strategies as function of speed and average torque
are obtained. The comparisons of different control
strategies based on the losses and efficiencies in the

Fig. 1: SRM modelling interface developed in ONELAB/Gmsh/
GetDP for magneto-elastic FE analysis, with part of the menu shown
on the left and flux lines in the 8/6 machine shown on the right

TABLE I: GEOMETRICAL DIMENSIONS OF THE SRM
Parameter
Number of phases
Stator outer diameter
Rotor outer diameter
Stator pole arc
Rotor pole arc
Airgap width
Stack length
Number of turns per coils
(2 coils in a phase
connected in parallel)

Symbol
Nph
Dout
Dr
βs
βr
g
Lstk

Value
4
205 mm
122.6 mm
20°
20°
0.5 mm
185 mm

N

50

assuming the total torque stays at a constant level in
SRMs, so the first origin of the torque ripple can be
eliminated theoretically. In the commutation region of the
ascending and descending profiles of the torque
waveforms, both phases contribute to the output torque
production. Figure 4 shows the torque control block
diagram with TSF control method. The input torque
reference value 𝑇 ∗ is split up into individual torque
references for each phase through the TSF block as
function of rotor position. The four torque references 𝑇1∗,
𝑇2∗, 𝑇3∗ and 𝑇4∗ are converted into current reference signals
𝑖1∗ , 𝑖2∗ , 𝑖3∗ and 𝑖4∗ by the Torque-to-Current block. The
reference currents are affected through the hysteresis
current controller.
Fig. 2: Flux-linkage curves of the 8/6 SRM (7 curves from aligned
position, 0°, till completely misaligned position, 30°, in steps of 5°)

III.

FIRING ANGLE CONTROL STRATEGY
T*

At lower speeds the torque is limited only by the
current, which is regulated either by voltage PWM or
current regulation. As the speed increases, the back-EMF
increases to a certain level, and if there is insufficient
voltage available to regulate the current, then the firing
angles are controlled to produce the desired torque. Many
applications require a combination of a high-speed and a
low-speed control mode [19].
Figure 3 shows the torque control block diagram with
firing angle control method for a four-phase SRM. It is
based on look-up tables of the reference current 𝑖 ∗ , turnon angle 𝜃𝑜𝑛 and turn-off angle 𝜃𝑜𝑓𝑓 as function of
reference electromagnetic torque 𝑇 ∗ and speed 𝑁 . The
MATLAB function fminsearchbnd has been used in this
paper, and the average torque has been maximized for the
FA control.
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Fig. 4: Torque control block diagram with TSF control for a 4-phase
SRM

A. Conventional TSFs

There are four conventional TSFs which can be
classified as linear, sinusoidal, exponential and cubic [48]. Figure 5 shows the typical profiles of these TSFs. The
reference phase torque 𝑇𝑘∗ is obtained by different sharing
reference curves for constant torque production.
It can be defined as follows:
𝑇𝑘∗ (𝜃)

0,
0 ≤ 𝜃 ≤ 𝜃𝑜𝑛
𝑇 ∙ 𝑓𝑟𝑖𝑠𝑒 (𝜃),
𝜃𝑜𝑛 < 𝜃 < 𝜃𝑜𝑛 + 𝜃𝑜𝑣
∗
𝑇
,
𝜃
𝑜𝑛 + 𝜃𝑜𝑣 ≤ 𝜃 ≤ 𝜃𝑜𝑓𝑓 − 𝜃𝑜𝑣
=
∗
𝑇 ∙ 𝑓𝑓𝑎𝑙𝑙 (𝜃),
𝜃𝑜𝑓𝑓 − 𝜃𝑜𝑣 < 𝜃 < 𝜃𝑜𝑓𝑓
0,
𝜃𝑜𝑓𝑓 ≤ 𝜃 ≤ 𝜃𝑝
{
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Fig. 3: Torque control block diagram with FA control for a 4-phase
SRM

IV.

TORQUE SHARING FUNCTION CONTROL STRATEGY

The origin of the torque ripple of SRMs is twofold: the
commutation between two phases on the one hand, and the
hysteresis control of the phase currents on the other hand.
TSF is an effective approach to implement the control in
which reference torques for individual phases are defined

(1)

where 𝜃𝑜𝑛 and 𝜃𝑜𝑓𝑓 represent the turn-on and turn-off
angles, 𝜃𝑝 the rotor period and 𝜃𝑜𝑣 the overlap angle.
Functions 𝑓𝑟𝑖𝑠𝑒 and 𝑓𝑓𝑎𝑙𝑙 represent the rising and falling
phase torques of the torque sharing functions which is
used during phase commutation. Function 𝑓𝑟𝑖𝑠𝑒 rises
from 0 to 1, and function 𝑓𝑓𝑎𝑙𝑙 falls from 1 to 0.

a) Linear TSF
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in case of exponential TSF, as
𝑓𝑟𝑖𝑠𝑒 (𝜃) = 1 − exp (

T*

−(𝜃 − 𝜃𝑜𝑛 )2
)
𝜃𝑜𝑣

(4)

in case of cubic TSF, as
Ɵon

Ɵoff

𝑓𝑟𝑖𝑠𝑒 (𝜃) =

Ɵ

b) Sinusoidal TSF
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(5)

For these four TSFs, function 𝑓𝑓𝑎𝑙𝑙 can be defined as
follows:

Ɵov
TK*

3 ∙ (𝜃 − 𝜃𝑜𝑛 )2

TK+1*

𝑓𝑓𝑎𝑙𝑙 (𝜃) = 1 − 𝑓𝑟𝑖𝑠𝑒 (𝜃 + 𝜃𝑜𝑣 − 𝜃𝑜𝑓𝑓 + 𝜃𝑜𝑛 )

(6)

The number of the degrees of freedom (DOFs) for
these four TSFs is 2.

T*

B. Piecewise Cubic TSF
Ɵon

Ɵoff

The piecewise cubic TSF is a generalization of the
cubic one with an arbitrary number of DOFs [8]. Figure 6
shows the profile of the piecewise cubic TSF with 6
DOFs as an example. In this figure, it is transformed in a
spatial-dependent model in which the piecewise cubic
TSF is represented in terms of number of strokes, stroke
angle 𝜃𝑠 is given by 𝜃𝑠 = 360° /(𝑁𝑝ℎ ∙ 𝑁𝑟 ). One stroke is
divided into some fractions with the number of DOFs.
The linear variation between two consecutive points is
interpolated using a cubic spline method (shown with red
line in figure 6 in which the TSF is represented in terms
of number of strokes). The number of DOFs varies
between two and an arbitrary number (for the general
approach).

Ɵ
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Fig. 5: Typical profiles of phase torque obtained with a) linear,
b) sinusoidal, c) exponential and d) cubic TSFs

In the case of linear TSF, function 𝑓𝑟𝑖𝑠𝑒 is defined as,
𝑓𝑟𝑖𝑠𝑒 (𝜃) =

𝜃 − 𝜃𝑜𝑛
𝜃𝑜𝑣

in case of sinusoidal TSF, as

(2)

Fig. 6: Piecewise cubic TSF with 6 DOFs (δ1, δ2, δ3, δ4, δ5 and δ6) [8]

Lower copper losses can be obtained with more
DOFs. However, it increases the complexity of the
optimization problem and the computational time. By
way of compromise, 5 is chosen as the number of DOFs
[8].

CONVERTER LOSSES

Fig. 7: Asymmetric H-Bridge converter for feeding all four phases
(A, B, C and D) of the SRM independently. (Drawn to use in FP7
ITN Project 607361 ADEPT [23])

Fig. 8: Power semiconductor modules used to construct one phase
leg. Left: SEMiX151GAL12E4, right: SEMiX151GAR12E4. (Drawn
by the manufacturer, SEMIKRON)

TABLE II: ELECTRICAL CHARACTERISTICS OF
SEMIX151GAL/GAR12E4
IGBTs
Collector-to-emitter voltage
1200 V
Nominal collector current
150 A
Collector-to-emitter saturation voltage
2.05 V @ 150 A 25oC
Turn-on switching energy
16.6 mJ @ 150 A 600 V
Turn-off switching energy
18.4 mJ @ 150 A 600 V
Free-Wheeling Diodes
Reverse biased voltage
1200 V
Nominal current
150 A
forward voltage drop
2.46 V @ 150 A 25oC
Turn-off switching energy
8.9 mJ @ 150 A 600 V
IGBT Turn-on Switching Energy (Vce= 600 V)
60
150 deg. C
Eon (mJ)

Each H-bridge is assumed being composed of
SEMIKRON modules, namely SEMiX151GAL12E4s
and SEMiX151GAR12E4s as shown in figure 8. To
compute the semiconductor losses in the converter, which
consist of conduction and switching losses, as accurately
as possible, the losses are calculated at every time step of
simulation based on look-up tables created according to
the manufacturer datasheets in figures. 9 and 10 [20]. For
the conduction losses of the IGBTs and the freewheeling
diodes (the anti-parallel diodes do not conduct the
currents in this converter), which are the product of the
current flowing through and the voltage drop across the
devices, 1-D lookup tables of the voltage drop as function
of the current are adopted. For the switching losses of the
IGBTs, switching-detection blocks are used to detect the
on and off switching instants, and subsequently 2-D
lookup tables are used to determine turn-on and turn-off
energy losses based on the corresponding current and
blocking voltage at that switching instant. Since the
characteristics of the switching energies are given only at
600-V blocking voltage in the datasheet, the linear
interpolation is used to calculate the switching energies at
other values of blocking voltage. The calculation of the
switching losses of the diodes is carried out in the same
way except that the turn-on energy losses are so small
that they can be omitted [22]. Finally, the average losses
are obtained by averaging those instantaneous loss values
over the fundamental period (i.e. one stroke of the SRM
operation, or 15° in case of an 8/6 SRM). It should be
noted that the parameters of the semiconductors depend
also on the junction temperature, so in this paper the
parameters used are at 150°C. The calculation steps are
summarized in figure. 11.
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To evaluate the performance of the control strategies,
the asymmetric H-bridge converter in figure 7 has been
chosen to drive the machine. It should be noted that in the
simulation, only the classical soft-chopping strategy is
adopted as it produces lower switching losses than the
hard-chopping strategy [21].
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Fig. 9: Electrical loss characteristics of the IGBTs in
SEMiX151GAL/GAR12E4. Top: turn-on energy dependence on the
collector current, middle: turn-off energy dependence on the collector
current, bottom: on-state characteristics

Diode Reverse Recovery Energy (Vce= 600 V)

A. Torque Ripple Reduction

12
25 deg. C

8
6

100

150

200

250

300

If (A)

Diode On-state Characteristics
300
25 deg. C
125 deg. C

If (A)

200

100

0
0.5

1

1.5

2
Vf (V)

2.5

3

3.5

Fig. 10: Electrical loss characteristics of the freewheeling diodes in
SEMiX151GAL/GAR12E4. Top: reverse recovery energy (turn-off
energy) dependence on the collector current, bottom: on-state
characteristics
Given voltage across and current through semiconductor devices

flux linkage (Vs)

4
50

In figures 12 and 13, the simulation results using
firing angle control and piecewise cubic TSF are
compared under the condition of 200 rpm, 45 Nm and
1000 rpm, 95 Nm respectively. It can be seen that the
peak-to-peak torque ripple is 29.82 Nm in figure 12 (a),
6.95 Nm in figure 12 (b), 50.67 Nm in figure 13 (a) and
7.04 Nm in figure 13 (b). It can be seen that with the
piecewise cubic TSF the peak-to-peak torque ripple is
much smaller than with the firing angle control.
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Fig. 11: Online semiconductor loss calculation steps

VI.

SIMULATION RESULTS

The simulation is conducted in MATLAB/Simulink
for both the converter part and the machine part, in which
a look-up table of flux linkage from finite element
analysis in section II is integrated. The 307-V dc-bus is
used for the converter to feed the machine.
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Fig. 12: Simulation results at 200rpm speed and 45Nm reference
torque. (a) Firing angle control (b) Piecewise cubic TSF
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Fig. 14: Relative peak-to-peak torque ripple dependence on reference
torque and speed. (a) Firing angle control (b) Piecewise cubic TSF

(b) Piecewise cubic TSF
Fig. 13: Simulation results at 1000rpm speed and 95Nm reference
torque. (a) Firing angle control (b) Piecewise cubic TSF

Figure 14 shows the relative peak-to-peak torque
ripple dependence on reference torque (from 10 Nm to
175 Nm, in steps of 10 Nm) and speed (from 100 rpm to
1000 rpm, in steps of 100 rpm). It can be seen that the
relative peak-to-peak torque ripple decreases by more
than half when the piecewise cubic TSF control is used.

B. Copper Losses Reduction

Copper losses in the SRM for these two control
strategies as function of speed and average torque are
obtained. Simulations have been carried out at different
speeds from 100 rpm to 1000 rpm varying the torque
between 10 Nm and 150 Nm. Figure 15 shows the copper
losses surfaces dependence on reference torque and speed
for firing angle control and piecewise cubic TSF. The
copper losses are reduced when the piecewise cubic TSF
is used.
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Fig. 15: Copper losses in the SRM as function of torque and speed
for firing angle control and piecewise cubic TSF
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Fig. 17: Switching losses in the converter for FA control and
piecewise cubic TSF control at 150 Nm and 90 Nm

C. Conduction Losses, Switching Losses and Converter

Figures 16, 17 and 18 show conduction losses,
switching losses and total converter losses, respectively,
for aforementioned control strategies as function of speed
at 150 Nm and rated torque 90 Nm. Simulations have
been carried out at different speeds from 100 rpm to 1000
rpm. It can be seen that conduction, switching and total
losses with the piecewise cubic TSF are lower than those
with FA control at all considered speeds and torques. The
total converter losses are reduced by 10% to 30% in the
considered torque and speed ranges when the piecewise
cubic TSF is used.
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Fig. 18: Converter losses for FA control and piecewise cubic TSF
control at 150 Nm and 90 Nm
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Fig. 16: Conduction losses in the converter for FA control and
piecewise cubic TSF control at 150 Nm and 90 Nm

Figure 19 shows the efficiency of the SRM and its
converter dependence on speed for both control strategies
at 90 Nm which is the rated torque. It can be seen that the
total efficiency of the SRD with the piecewise cubic TSF
is much higher than that with firing angle control at
different speeds. On the other hand, in figure 20, the total
efficiency with the piecewise cubic TSF is still higher at
different torques with a constant speed at 1000 rpm. The
efficiency seems to be over realistic, because iron losses
and mechanical losses in the SRM have not been
considered in this paper.

considered torque and speed ranges. The conduction
losses in the converter are reduced when using the
piecewise cubic TSF especially at very low speeds (lower
than 700 rpm), at the same time, the switching losses
with piecewise cubic TSF are even lower when the speed
is higher, and consequently the total converter losses are
reduced by 10% to 30%. The total efficiency of the SRM
drive system with the piecewise cubic TSF is much
higher than that with firing angle control at different
speeds and torques.
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Fig. 19: Total efficiency of the SRD for FA control and piecewise
cubic TSF control at 90 Nm

As future work the implementation of variable
hysteresis bandwidth for firing angle control and
piecewise cubic TSF control can be considered, for
instance, the bandwidth for the hysteresis current control
can be used as 10% of the reference current value.
Moreover, the performances of the SRD with both
control strategies can be assessed considering different
driving cycles.
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VII. CONCLUSION

In this paper firing angle control and piecewise cubic
TSF control strategies have been compared in terms of
torque ripple reduction as well as copper and converter
losses reduction. The flux linkage characteristics of the
SRM, necessary for the modeling, have been obtained by
Gmsh and GetDP. The simple SRM model has been used
to identify the parameters of these control strategies as
function of speed and torque in order to provide the
copper losses minimization. The MATLAB function
fminsearchbnd has been used to get the turn on and turn
off angles look-up tables for the firing angle control and
the five parameters for the piecewise cubic TSF control.
The simulation results demonstrate the potential
possibility of the reduction of the torque ripple by more
than 50% using the piecewise cubic TSF compared to the
firing angle control strategy, at the same time, the copper
losses are reduced by 20% approximately in the

This paper is part of the ADvanced Electric
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607361. Within ADEPT a virtual and hardware tool are
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propulsions. Especially within the context of the
paradigm shift from fuel powered combustion engines to
alternative energy sources (e.g. fuel cells, solar cells, and
batteries) in vehicles like motorbikes, cars, trucks, boats,
planes. The design of these high performance, low cost
and clean propulsion systems has stipulated an
international cooperation of multiple disciplines such as
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