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Abstract

The electrical drive systems utilized in Electric Vehicles (EVs) applications must be reliable and high performance. To providing these 

specifications, it is essential to design high-efficiency electric motors and develop high-performance controllers. This study introduces 

direct torque control of Switched Reluctance Motor (SRM) for electric vehicle applications using Model Predictive Control (MPC) 

technique. The direct torque control using MPC is proposed to maintain the motor torque and motor speed to tracking desired 

signals with a satisfactory response. In this study, the MPC algorithm was programmed in C- language, and the simulation tests were 

performed using a non-linear model of 6/4 - 60 kW SRM that is fed with the symmetrical converter. The proposed controller was tested 

under different load conditions to verify the robustness of the controller, as well as at variable speeds to investigate the tracking 

performance. Thanks to the proposed method, the SRM torque ripples, stator copper losses, and average switching frequency of the 

power converter can reduce effectively due to applying a cost function that combines multiple objectives. The obtained outcomes 

show the effectiveness of the suggested approach compared to conventional direct torque control techniques.
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1 Introduction
The use of Electric Vehicles (EVs) in transportation in the 
past decade has become a necessity, therefore increasing 
their proportion in commercial markets because they pro-
vide a substantial solution to pollution and noise problems 
and reduces petroleum consumption. As it's known, to 
achieve the best performance EVs, it requires high-effi-
ciency electric motors assisted by high-accuracy control-
lers. The Switched Reluctance Motor (SRM) is considered 
one of the electric motors types that can be used to drive 
the EVs because this motor is economical and has high 
torque, and it can also operate in wide/high-speed ranges 
with high efficiency [1, 2]. The SRM can be used not only 
in the EVs but also in many other industrial applications 
such as aircraft applications, power generation using wind 
turbines, household devices, etc. Although the SRM has 
many benefits in industrial applications, it has some draw-
backs and challenges that have to be overcome, such as its 
torque ripples, and complex control [3]. The torque ripples 
problem of the SRM is so complicated and influenced by 

multiple factors and not easy to overcome. Therefore, much 
research has been proposed to minimize the torque ripples 
by using several different torque control techniques and 
strategies, various techniques such as feed-forward torque 
control, and Torque Sharing Function (TSF) techniques 
have been presented in many articles [4-8]. The offline or 
online calculated current and torque profiles are applied 
in some proposals to produce a smooth torque, but these 
methods have relatively low flexibility.

The predictive control is a broad class of controllers 
that have found relatively modern applications in power 
converters. The principal feature of predictive control is 
the use of the system model to predict the future perfor-
mance of controlled variables. This data is managed by 
the controller to achieve the optimal actuation and meets 
predefined optimization criteria [9]. With the help of the 
MPC technique, the power converter switches signals can 
be immediately generated without the necessity of a mod-
ulator. The significant benefits of predictive control can 
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be summarized as this method is very simple and intui-
tive, also in this strategy, the equation of the controlled 
variables is generated from the system model. Thanks to 
the predictive control method, the cascaded structure of 
the controllers can be easily avoided, as a result, the tran-
sient responses of the controller will faster, and the overall 
performance will be more efficient. The predictive con-
trol can be considered a very suitable control technique 
for electrical machine drive control, due to its simplicity, 
robustness, and flexibility to include multivariable and 
constrained nonlinear systems [10]. The straightforward 
design procedure is considered a significant advantage of 
this type of controller technique, the designer only needs 
using a model of the system, and the desired constraints, 
then a suitable cost function that includes the control 
objectives can be easily set up [11].

2 SRM torque control strategies
The torque control of the SRM can be performed by 
two main strategies: The first strategy is called Indirect 
Torque Control (ITC), where complex algorithms or dis-
tribution functions are used to adjust the reference cur-
rent. Then, the current control loop is used to maintain the 
phases current in tracking the reference signals to produce 
the required torque. Three subcategories for this strategy 
can be considered: Open-loop current profiling, Torque 
Sharing Function (TSF), and Average Torque Control 
(ATC) [12, 13]. In contrast, the second strategy called 
Direct Torque Control (DTC), this strategy does not use 
the current control loop but uses a simple control scheme 
with a hysteresis torque controller to reduce the torque rip-
ple. There are three different approaches of the DTC that 
have been used in previous research: Direct Instantaneous 
Torque Control (DITC), Advanced Direct Instantaneous 
Torque Control (ADITC), and Predictive PWM-DIT [14].

The ITC usually uses the TSF to regulate the torque 
generated by each phase so that the absolute torque able 
to reach the desired torque value [15]. Four generally TSFs 
based-on linear, cubic, sinusoidal, and exponential func-
tions can be optimized to reduce the torque ripple [16]. To 
decide the ideal TSF and to optimize its terms, it is essen-
tial to define secondary objectives. For instance, maxi-
mized the torque-speed range, minimization of the cop-
per losses, minimization of the peak phase current, or any 
other secondary objective [17-19]. Moreover, using the 
non-linear model of the motor, a high-performance TSF is 
introduced in [18], where the TSF function can be adapted 
dynamically based on the current operating condition. 

In [20], an online nonlinear logical TSF is proposed to min-
imize the torque ripples and develop drive performance. 
Nevertheless, these developed TSF proposals with the aux-
iliary aim have restricted utilization because that algo-
rithms need more time for the controller parameters tuning. 
Additionally, the TSF requires sizable storage to keep the 
nonlinear feature (I, T, and θ) or (ψ, T, and θ) for achieving 
the high-efficiency conversion from torque to current.

The DTC strategy can to some extent overcome the 
drawbacks of the ITC. The significant merit of the DTC is 
that torque is directly considered as a control variable and 
the current control loop not existed. A unique DTC method 
is introduced in [21], in that work, the authors use the flux 
linkage to control the electromagnetic torque directly. 
While in [22], an on-line DITC method has been proposed, 
by this technique, the switching signals have been gen-
erated by comparing the demanded and generated torque 
using a conventional hysteresis controller. On the other 
hand, a review of direct torque control of SRM drives for 
motoring and regenerative braking operating conditions 
are presented in [23]. Also, the authors in [24] have devel-
oped a low-cost bus current detection-based DITC strat-
egy for SRM drives under soft-chopping mode. In [25], 
the comparative study of DITC and DTFC has been per-
formed, and the results confirm that the efficiency of the 
DITC system is better than the efficiency in the case of 
DTFC. The ratios of the energy of three control methods: 
open-loop control, current chopping control, and DITC 
have been studied in [26], and the obtained outcomes 
proved that the DITC technique has a lower energy ratio 
value. In another context, the DITC algorithm has been 
compared with the current profiling method with three 
different TSFs in [27], the comparison outcomes indicate 
that the response of the DITC is faster than in the case of 
the TSF, and its implementation is easier. But, to produce 
torque with very small ripples during the commutation 
periods, the DITC needs complex switching rules.

Model Predictive Control (MPC) is a suitable strat-
egy to deal with the non-linear magnetic characteristic 
of SRM, and several strategies based on MPC have been 
proposed for SRM drive control [28–33]. The contribu-
tion in [28] presents MPC for DTC of SRM, in contrast 
to other strategies that used the model predictive current 
controller to reduce the phase current ripples and hence 
reduce the motor torque ripples [29]. Through merging 
predictive control and discrete space vector modulation, a 
unique MPC method has been presented in [30] to reduce 
the SRM's torque ripples, while the introduced scheme 
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in [30] achieves a satisfactory performance of closed-loop 
control using the space vector modulation technique, but 
it is hard to implement, and this method needs a consid-
erable amount of computational burden for the algorithm 
execution. In [31], the authors present a general MPC 
for SRM current control, which takes advantage of the 
state estimators and a model identification unit according 
to the on-line inductance surface estimator. Model pre-
dictive with Kalman filtering and inductance profile 
auto-calibration is improved in [32], this scheme tries to 
solve the problems of the SRM current control. In [33], 
The authors provided improved finite-state predictive 
torque control to contribute to solving the torque ripple 
problem, the proposed method not only tries to solve the 
torque ripples issue but also it attempts to reduce average 
switching frequency.

In this study, an enhanced Predictive Direct 
Instantaneous Torque Control (PDITC) for SRM is intro-
duced to contribute to solving the problem of torque rip-
ples. To predict the next state of the system variables, a 
discrete-time predictive model has been built through the 
careful analysis of the non-linearity of the SRM. The pro-
posed algorithm uses an optimized multi-purpose cost 
function to minimize the torque ripple, reduce copper 
losses, and decrease the average switching frequency of 
the power converter. Then, the optimal voltage vector that 
minimizes the cost function is chosen from all possible 
voltage vectors and applied to the power converter in the 
next sampling period. So, the proposed PDITC method not 
only accurately controls the torque which leads to small 
ripples, but also minimizes the copper losses and reduces 
the average switching frequency.

3 Predictive torque control
Normally, the main objective in the motor drive control is 
to control and maintain the machine’s torque close to the 
command signals, which is usually adjusted using the speed 
controller. There may be additional objectives for the con-
troller, such as reducing phases currents to minimize cop-
per losses and increase the overall efficiency. Furthermore, 
a finite switching frequency has a limited ability to regu-
late the torque of a motor, and the very high switching fre-
quency produces more heat in the power converter switches 
and increases the heat losses. So the optimization of the 
average switching frequency is considered a further pur-
pose of the controller. Thus, there is a necessary trade-off 
between realizing minimum torque ripples, operating the 
controller at the low switching frequency, and improving 

overall efficiency by reducing copper losses. This trade-off 
between controller objectives can be performed using dif-
ferent weights for these objectives to optimize torque rip-
ples, phases currents, and switching frequency. The MPC 
can keep the torque Te close to reference signal Tref, by pre-
dicting the future values of the phases torque and select 
the optimal switch state that will be applied to power con-
verter switches to minimize the torque error. To minimize 
the copper loss in windings, due to current costs having 
an important effect, the difference between the actual val-
ues and the predicted values of the phases current should 
be taken into consideration and should be included in the 
cost function. Regarding the minimization of the average 
switching frequency, the switching times of the power con-
verter's switches are used as the switching frequency indi-
cator, and the predefined cost function should guarantee 
that a switch transition is delayed as much as possible to 
reduce the average switching frequency.

3.1 SRM model
The flux linkage of the SRM can be expressed as a func-
tion of the stator current (I) and the rotor position angle (θ), 
this function is considered extremely nonlinear due to the 
SRM operates usually in the saturated zone. Generally, the 
magnetization characteristics of the SRM can be obtained 
using one of the following three ways:

• The first way is the experimental measurement, where 
the magnetization curve of the SRM can be measured 
using the flux equation. In this method, a suitable volt-
age source is applied to one stator winding of the SRM 
then the voltage and the current values are obtained 
and recorded, after that, the rotor position is changed 
and measure the voltage and current values, and repeat 
this process for each value of the rotor position angles, 
these measuring steps will be repeated for all motor 
phases. After processing the voltage and current wave-
forms of all phases of the motor, the magnetization 
curves of each phase can be obtained. The experimen-
tal measurement method is considered a very long pro-
cess especially if the desired result needs to be accu-
rate. Also, every process measures the characteristics 
of a single specific machine.

• The second way is the finite-element analysis. 
Based on the physical dimensions and characteris-
tics of the SRM, such as lamination dimensions and 
magnetic characteristics, air gap length, stator and 
rotor poles arcs, and the size and number of turns 
of the stator windings, magnetization curve can be 
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determined by applying the finite-element analysis 
method. Unfortunately, this information about phys-
ical dimensions and characteristics are not available 
from the manufacturer in most cases, but if you are 
designing the machine, you can easily get all the 
required specifications. Besides the lack of these 
specifications most of the time, this method is also 
considered a time-consuming process.

• The last way is the analytical expression. For control 
systems design purposes, it would be convenient and 
helpful to determine the magnetization curves from 
basic parameters, that can be measurable and manip-
ulated easily, or can be mostly available. This method 
depends on the machine geometry and its stan-
dard construction. With the help of this method, the 
generic model of the SRM category having common 
basic parameters can be represented. In this work, the 
authors used that technique, and they are using the 
analytical model introduced in [34]. The Eqs. (1) to (9), 
which describe the analytical model used in this study, 
are discussed in details as following.

The magnetization curve at unaligned rotor position 
(q axis) is represented as a straight line with slope equal to 
the minimum inductance Lq:

yq qL i= .  (1)

The magnetization curve at the aligned rotor position 
(d axis) is a nonlinear function of the stator current i:

yd dsat
BiL i A e= + −( )−1 ,  (2)

where Ldsat is the d axis saturated inductance, and A and B 
are constants determined by conditions at i = 0 and i = Im 

(Im is the maximum current in stator windings).
One has e-BIm ≈ 0 and the constants A and B can be 

deduced as:
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Consequently, the characteristics of the SRM 6/4 magneti-
zation can be represented as:
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The electromagnetic torque produced by a phase p is given 
by the derivative of the machine co-energy:
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where W is calculated as:
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Using A and B, the analytical expression for the torque Te 
can be given by:

T
L L

i Ai A
B

e fe p
dsat q

p p
Bi

p
p

, ' .=
−

+ − −( )










 ( )

−

2
12 q  (8)

Using the differential equation, the dynamics of the phase 
currents can be described as:
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3.2 Controller design
As mentioned earlier the significant advantage of MPC is 
the direct design procedure, thus the designer only needs to 
formulate a single function that includes all control objec-
tives. In Subsection 3.2, the proposed PDITC scheme is 
illustrated in more detail. The block diagram of the PDITC 
method is described in Fig. 1, as it's known the DTC method 
needs electromagnetic reference torque (Tref) signals to be 
tracked by motor's torque, so in some applications, a con-
stant reference torque can be set, or in case of applications 
that required controllable speed such as EVs applications, 
the reference torque is generated using speed control loop, 
this speed control loop usually used linear controller.

Fig. 1 Proposed PDITC block diagram of SRMs
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With the help of a predictive torque control algorithm, 
the future values of the total electromagnetic torques 
Te (k + 1) can be predicted for all possible state by using the 
predictive model of the motor. These predicted values are 
assessed in a cost function with the other control objects, 
and then the optimal state that minimizes the cost function 
is selected, the gates signals will be selected for the opti-
mal state and applied to the power converter switches in 
the next step. The combination of phases switching states 
is defined as a switching vector Sg = [S1 S2 … Sj], where j 
is a number of the motor phases, depending on the num-
ber of phases of the motor and the number of switch states, 
the numbers of switching vectors n can be determined. 
For a three-phase SRM and with three states for each 
phase (-Vdc, 0, +Vdc) the possible number of the switching 
vectors that can be applied to the power converter in each 
step are n=33=27, accordingly, there are 27 types of volt-
age vectors can be applied to the SRM.

The continuous-time model of the SRM can be replaced 
by a discrete-time model by applying forward Euler dis-
cretization as following.

The discrete-time expression of the phase currents is:
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And the discrete-time expression for the torque Te(k+1) 
can be given by:
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where the next step value of the rotor position data can be 
estimated from the motor speed as:

θ θ ωp p sk k T+( )= ( )+1 .  (12)

In this study, the significant objective of the control-
ler is to maintain the motor's torque close to the refer-
ence torque, which is usually set by a speed control loop, 
as mentioned before, with small ripples values. The fur-
ther objectives that will be considered in the cost func-
tion are a reduction of the average switching frequency of 
the power converter and minimize the phases current lead 
to reduce the electrical losses in stator windings. By tun-
ing and adjusting the different values of the weight factors 

for copper losses and average switching times in the cost 
function, the torque ripple, the electrical losses, and the 
average switching times can be optimized.

The average switching frequency of the power con-
verter can be calculated from:

F C C C
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s

=
+ +1 2 3

3
,  (13)

where Cp is the number of switches of the P phase con-
verter during a time interval Ts.

And the copper losses of the motor:
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where N is the number of samples.
The cost function g is calculated for all n = 27 differ-

ent voltage vectors Vg, as described earlier, and the voltage 
vector that minimizes cost function g will be applied to 
the motor in the next time interval. Eq. (15) describes the 
cost function that was used in this work:

g
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where λ1 and λ2 are the weight factors for cop-
per losses and switching times respectively, where
1 0 1 01 2> > > >λ λand .

To demonstrate how the proposed PDITC algorithm 
works, the flowchart in Fig. 2 describes the steps of the 
proposed algorithm. 

Firstly, measuring the phase current ip(k), DC bus volt-
age Vdc(k), and motor speed ωm or position data θ(k). 
In the meantime, reference values for the speed or torque 
of the motor should be set or generated. The second step 
is determining the magnetization characteristics of the 
6/4 SRM are defined in Eq. (5). Then inside the iteration 
loop, apply the voltage vector Vg(k) according to switching 
states in each cycle. In the third step estimation of the future 
values of the phases current ip (k + 1) using Eq. (10), and 
the rotor position θ(k+1) Eq. (12), considering the applied 
voltage vector. The fourth step is the torque prediction step, 
predict the torque of the SRM for every possible voltage 
vector Te (k + 1) with j = 1, …, 27 using Eq. (11). Then eval-
uate the cost function g using Eq. (15) for each prediction. 
Finally, classify the different values of cost function from 
lower to higher and select the optimal state that provides the 
smallest value of the cost function, which generated from 
the optimal voltage vector, and return to the first step again.
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4 Simulation results
The impact of the introduced technique has been studied 
in Section 4 using a three-phase 4/6 poles 60 kW non-
linear SRM. The simulation parameters of the motor are 
listed in Table 1 [35, 36].

In the simulation test, the step time was 10 µs, and 
the weights factors were set to λ1 = 0.025 and λ2= 0.002. 

To verify the performance and effectiveness of the pro-
posed controller, the controller is tested with two differ-
ent study cases. Also, a comparison was prepared between 
the proposed method and the traditional method. The first 
study case is investigating the controller robustness in 
following the reference torque, in this case, the SRM is 
running at the steady-state condition with a rotor speed 
of nm = 1000 rpm and the desired torque Tref = 10 Nm, 
and at time t = 0.3 s, the desired torque makes a step to 
Tref = 20 Nm. The simulation results obtained from the first 
case study using conventional DITC and proposed PDITC 
are shown in Fig. 3 and Fig. 4 respectively.

Fig. 2 Algorithm of the proposed PDITC

Table 1 SRM simulation parameters
Parameter Value Parameter Value

Power 60 kW Max. flux linkage 
(Ψm) 0.486 Wb

DC link voltage 220 V Speed 1000 rpm

Max. Current (Im) 450 A Inertia 0.05 kg m2

Stator resistance 0.05 Ω Aligned 
inductance 23.62 mH

Unaligned inductance 0.67 mH No. of rotor pole 4

Saturated inductance 
(Ldsat) 0.15 mH No. of stator pole 6

Fig. 3 Conventional DITC performance in the first case study

Fig. 4 Proposed PDITC performance in the first case study
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As can be seen from the obtained simulation results that 
the load torque changed at t = 0.3 s, the motor speed at steady-
stat in two control techniques exactly track the reference 
even if torque increases as shown in Fig. 3 (a) and Fig. 4 (a), 
this is thanks to the speed control loop. The three phases 
currents are switched ON and OFF according to the rotor 
position and torque control loop, due to the step-change in 
the load torque the current is rising up. From the motor toque 
signal, which shows in Fig. 3 (c) and Fig. 4 (c), it's clear that 
the motor torque ripples in case of using PDITC are smaller 
than the ripples using a conventional method. The detailed 
difference of the torque ripples value will be listed in a table 
and the enhancement in the torque performance will be dis-
cussed subsequently in the comparison section.

Regarding a second study case, which tests the track-
ing performances of the controller, the motor performance 
using conventional DITC is shown in Fig. 5, which load 
torque is 10 Nm and the reference speed changed from 
800 to 1200 rpm, and the motor performance in the case 
of PDITC is shown in Fig. 6. The motor speed is increasing 
from 800 to 1200 rpm during 0.1 s to track the reference 
signal. As a result of the motor acceleration, the three-phase 
current is increasing also, and go back to normal value 
when the motor speed reaches the steady-state at t = 0.3 s, 
as shown in Fig. 5 (b) and Fig. 6 (b). From the performance 
of the motor torque at steady-state speed condition, it is 
noted that the torque ripples using the proposed control 
method in Fig. 6 (c), whether in case of the motor speed is 
higher or smaller than the normal speed, are smaller than 
ripples in the case of using the conventional DITC method 

in Fig. 5 (c). As the first study-case, the torque performance 
will be discussed and the detail torque ripples values using 
two different control techniques in all study cases will be 
listed and summarized in a comparison table.

Table 2 reviews and compares the torque ripples per-
centage, average switching frequency of the power con-
verter, and copper losses using PDITC and conventional 
DITC, in case of different speed ranges with different load 
torque. As shown in the comparison table the traditional 
DITC technique has a torque ripple with a percentage of 
13.5 %, 14.25 %, and 14.8 % at speed references 800, 1000, 
and 1200 rpm, respectively.  While these percentages are 
reduced to 8.48 %, 8.6 %, and 8.76 % in the case of the 
proposed PDITC algorithm. Therefore, it can be seen that 
the proposed PDITC method has improved performance by 
5 %-6 % compared with the traditional DITC technique. 
While this performance is improved by 2 %-3 % in the case 
of load torque has been doubled to 20 Nm. Table 2 also 
listed the average switching frequencies at load torque 

Fig. 5 Conventional DITC performance in the second case study

Fig. 6 Proposed PDITC performance in the second case study

Torque ripples 
(%)

Switching 
frequency (Hz)

Copper 
losses (W)

TL 

(Nm)
nm 

(rpm)
DITC PDITC DITC PDITC DITC PDITC

10

800 13.5 8.48 6434 5163 27.25 27.01

1000 14.25 8.6 6428 5091 27.265 27.1

1200 14.8 8.76 5801 4732 27.3 27.13

20

800 9.7 6.75 6812 5144 53.6 53.4

1000 10 7.5 6056 4700 53.72 53.52

1200 11.4 9.4 5255 4103 54.08 53.82

Table 2 Comparison between the proposed PDITC and conventional 
DITC method at different speeds ranges
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10 Nm and for speeds 800, 1000, and 1200 rpm, which are 
5163, 5091, and 4732 Hz in case of the proposed PDITC 
method and 6434, 6428 and 5801 Hz in case of the conven-
tional DITC method. While when the load torque changes 
to 20 Nm, the value of the average switching frequencies 
became 5144, 4700, and 4103 Hz with PDITC method and 
6812, 6056, and 5255 Hz using the conventional method. 
The data in Table 2 confirm that the copper losses are 
decreased, at different speed ranges, from 27.3 in the DITC 
method to 27.13 in the PDITC at TL = 10 Nm, and from 54.08 
in the DITC method to 53.82 in the PDITC at TL = 20 Nm. 
Consequently, the copper losses for the proposed control-
ler are lower by from 1 % to 1.25 % compared with the 
DITC technique. And this proves that the efficiency of 
SRM using the PDITC technique will be higher. The per-
centage of copper losses can be lower by increases the 
weighting factor of the phases current in controller objec-
tives function (λ1), but this will affect the ripples values 
and the average switching frequency, and according to the 
application, the three controller objectives can be adjusted 
in the cost function by tuning the weighting factor of each 
objective to reach the optimal required performance.

5 Conclusions
In this study, the authors presented MPC based control 
method for the direct torque control of switched reluc-
tance motors for electric vehicle applications, The MPC 

is suitable for torque control of the SRM because it has 
many advantages. In the proposed control system, the 
exact analytical model is applied to predict the future 
sates of the control variables by using a nonlinear model 
from the literature to predict the nonlinear behavior of the 
SRM. At the same time, multiple control objectives are 
achieved by applying a predefined cost function, the main 
aim of the torque control is holding the torque close to 
the desired values with the smallest possible value for 
torque ripples, also the proposed controller aims to min-
imize the winding currents lead to decreases copper 
losses, and minimize the average switching frequency. 
In this paper, the C-programming language has been used 
to programmed the MPC algorithm, and the simulation 
model was conducted with 60 kW SRM. The proposed 
controller was studied at various loading conditions to 
investigate the controller robustness, and with variable 
reference speeds to examine the tracking performance of 
the proposed controller. The good performance obtained 
in simulations demonstrates the effectiveness of the pro-
posed technique (PDITC) to minimize the torque ripples 
of the SRM, whether in case of torque load changed or in 
case of motor speed changed. With the help of PDITC, 
not only the torque tracks the reference signal with small 
values of ripples, but also the copper losses and the aver-
age switching frequency have been minimized compared 
to conventional DITC technique.
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