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MODELING AND SIMULATION OF SWITCHED RELUCTANCE MOTOR 

SARA ANEVA AND VASILIJA SARAC 

Abstract. The main focus of the paper is modeling of the Switched Reluctance Motor 
(SRM) in Simulink modules of Matlab software, under various operating conditions (no 
load and the rated load). Special emphasis is placed on the working principles of SRM 
and its characteristics which are the starting point for obtaining motor transient 
characteristics at various operating regimes. A simulation of SRM model in Simulink is 
presented and its operation is explained. The basic SRM model in Simulink operates with 
converter turn-on and turn-off angles of 45° and 75°.  Next, on this model, the converter 
turn-on and turn-off angles were modified. Based on these new simulations, the values of 
the flux, current and torque are presented as well as the transient characteristics of speed 
for various angles of operation of the power converter and appropriate conclusions are 
drawn. A load of 50 Nm has been added to the basic model of SRM and the obtained 
operating characteristics of the motor are presented. Finally, the impact of the load on the 
characteristics of the motor is explained.  

1. Introduction 

The switched reluctance drive was developed in the 1980s to offer advantages in terms 
of efficiency, power per unit weight and volume, robustness, and operational flexibility. 
The motor and its associated power electronic converter must be designed as an integrated 
unit, and optimized for a particular specification, e.g., for maximum overall efficiency 
with a specific load, or maximum speed range, peak short-term torque, or torque ripple. 
Despite being relatively new, this technology has been used in a range of applications 
which can benefit from its performance characteristics including general purpose 
industrial drives, compressors, and domestic appliances. If an iron rotor with poles, but 
without any conductors, is fitted into a multi-phase stator, a switched reluctance motor, 
capable of synchronizing with the stator field is obtained. When a pair of stator coils is 
energized, the rotor will start to rotate until it reaches the position where there is the lowest 
magnetic reluctance. A switched reluctance motor (SRM) is also known as a variable 
reluctance motor. The reluctance of the rotor with respect to the stator flux path varies 
with the position of the rotor, i.e., reluctance is a function of a rotor position in a variable 
reluctance motor. In this paper, a 60 kW, SRM in 6/4 configuration is analyzed in 
Simulink. Transient operating characteristics of current, flux, speed and torque are 
obtained for different control angles of the power converter. Motor operation is analyzed 
up to the base speed and above it. Also, motor operation with the load is presented. 
Adequate conclusion related to the values of current, speed and torques in correlation to 
the control angles of power converter are derived. The impact of load to the motor 
operating characteristics is analyzed as well 
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2. Theoretical background  
2.1  Operation principle and characteristics 

The SRM has projecting poles on both rotor and stator. However, most SRM are of 
much higher power than the largest stepper motor, therefore in the higher power ranges 
(where the winding resistances become much less significant), the doubly-salient 
arrangement is very effective as far as efficient electromagnetic energy conversion is 
concerned. A typical SRM is shown in Fig. 1: the analyzed motor has twelve stator poles 
and eight rotor poles, and represents a widely used arrangement, but other pole 
combinations can be also used in different applications. The stator windings are wound 
around each pole, while the rotor, which is made of laminations, has no windings or 
magnets and is therefore cheap to manufacture and extremely robust [2]. 

 

Figure 1. Typical Switched Reluctance Motor [1]-[2] 

In Fig. 1 each of the twelve stator poles carries a concentrated winding, while the eight-
pole rotor has no windings or magnets. The twelve coils are grouped to form three phases, 
which are independently energized from a 3-phase converter. The motor rotates by 
exciting the phases sequentially in the sequence A, B, C for anticlockwise rotation or A, 
C, B for clockwise rotation, the ‘nearest’ pair of rotor poles being pulled into alignment 
with the appropriate stator poles by reluctance torque action. In Figure 1 the four coils 
forming phase A are shown in black, the polarities of the coil m.m.f.s being indicated by 
the letters N and S on the back of the core. Each time a new phase is excited, the 
equilibrium position of the rotor advances by 15○, so after one complete cycle (i.e., after 
each of the three phases has been excited once) the angle turned through is 45○. The 
machine therefore rotates once for eight fundamental cycles of the power supply to the 
stator windings, so in terms of the relationship between the fundamental supply frequency 
and the speed of rotation, the machine in Fig. 1 behaves as a 16-pole conventional machine 
[1]. Since the torque characteristics are dependent on the relationship between flux 
linkages and rotor position as a function of current, it is worthwhile to conceptualize the 
control possibilities and limitations of this motor drive. For example, a typical phase 
inductance vs. rotor position for a fixed phase current is shown in Fig. 2. The inductance 
corresponds to that of a stator-phase coil of the switched reluctance motor neglecting the 
fringe effect and saturation. The significant inductance profile changes are determined in 
terms of the stator and rotor pole arcs and number of rotor poles. The rotor pole arc is 
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assumed to be greater than the stator pole arc for this illustration, which is usually the case 
[3]. 

    
   (a)       (b) 

Figure 2. Derivation of inductance vs. rotor position from rotor and stator pole arcs for 
an unsaturated switched reluctance machine. (a) Basic rotor position definition in a two 

pole SRM. (b) Inductance profile [3] 
From Figs. 2 a and b, the various angles are derived as: 

       (1) 

         (2) 

        (3) 

         (4) 

        (5) 

Where βs and βr are stator and rotor pole arcs, respectively, and Pr is the number of 
rotor poles.   

Four distinct inductance regions emerge: 
1. 0 − θ1 and θ4 − θ5: The stator and rotor poles are not overlapping in this region 

and the flux is predominantly determined by the air path, thus making the 
inductance minimum and almost a constant. Hence, these regions do not 
contribute to torque production. The inductance in this region is known as 
unaligned inductance, Lu [3]. 

2. θ1 − θ2: Poles overlap, so the flux path is mainly through stator and rotor 
laminations. This increases the inductance with the rotor position, giving it a 
positive slope. A current impressed in the winding during this region produces a 
positive (i.e., motoring) torque. This region comes to an end when the overlap of 
poles is complete [3]. 

3. θ2 − θ3: During this period, the movement of rotor pole does not alter the complete 
overlap of the stator pole and does not change the dominant flux  path. This has 

( )[ ]rsrP bbpq +-= 2211

sbqq += 12

( )sr bbqq -+= 23

sbqq += 34

rPpqqq 2145 =+=
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the effect of keeping the inductance maximum and constant, and this inductance 
is known as aligned inductance, La. As there is no change in the inductance in this 
region, torque generation is zero even when a current is present in this interval. 
Despite this fact, it serves as a useful function by providing time for the stator 
current to come to zero or to the lower levels when it is commutated, thus 
preventing negative torque generation for the part of the time if the current has 
been decaying in the negative slope region of the inductance [3]. 

4. θ3 − θ4: The rotor pole is moving away from overlapping the stator pole in this 
region. This is very much like the θ1 − θ2 region, but it has decreasing inductance 
and increasing rotor position contributing to a negative slope of the inductance 
region. The operation of the machine in this region results in negative torque (i.e., 
generation of electrical energy from mechanical input to the switched reluctance 
machine) [3].  

It is not possible to achieve the ideal inductance profiles shown in Fig. 2 in an actual 
motor due to saturation. Saturation causes the inductance profile to curve near the top and 
thus reduces the torque constant [3]. Torque–speed plane of an SRM drive can be divided 
into three regions as shown in Fig. 3. The constant torque region is the region below the 
base speed ωb, which is defined as the highest speed when maximum rated current can be 
applied to the motor at rated voltage with fixed firing angles. In other words, ωb is the 
lowest possible speed for the motor to operate at its rated power [3]. 

 

 

Figure 3. Torque Speed characteristic of SRM [3] 

 

Region 1 
In the low-speed region of operation, the current rises almost instantaneously after turn-

on, since the back-emf is small. The current can be set at any desired level by means of 
regulators, such as hysteresis controller or voltage PWM (pulse width modulation) 
controller. As the motor speed increases, the back-emf soon becomes comparable to the 
DC bus voltage and it is necessary to phase advance-the turn-on angle so that the current 
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can rise to the desired level against a lower back-emf. Maximum current can still be forced 
into the motor by PWM or chopping control to maintain the maximum torque production 
[3]. 
Region 2 

When the back-emf exceeds the DC bus voltage in high-speed operation, the current 
starts to decrease, once pole overlap begins and PWM or chopping control is no longer 
possible. The natural characteristic of the SRM, when operated with fixed supply voltage 
and fixed conduction angle θdwell (also known as the dwell angle), is that the phase 
excitation time falls off inversely with speed and so does the current. Since the torque is 
roughly proportional to the square of the current, the natural torque–speed characteristic 
can be defined by T µ 1/ω2. Increasing the conduction angle can increase the effective 
amps delivered to the phase. The torque production is maintained at a level high enough 
in this region by adjusting the conduction angle θdwell with the single-pulse mode of 
operation. The controller maintains the torque inversely proportional to the speed; hence, 
this region is called the constant power region. The conduction angle is increased by 
advancing the turn-on angle until the θ dwell reaches its upper limit at speed ωp. The 
medium speed range through which constant power operation can be maintained is quite 
wide and very high maximum speeds can be achieved [3]. 
Region 3 

The θdwell upper limit is reached when it occupies half the rotor pole-pitch, i.e., half the 
electrical cycle. θdwell cannot be increased further because otherwise the flux would not 
return to zero and the current conduction would become continuous. The torque in this 
region is governed by the natural characteristics, falling off as 1/ω2. The torque–speed 
characteristics of the SRM are like those of a DC series motor, which is not surprising 
considering that the back-emf is proportional to current, and the torque is proportional to 
the square of the current [3]. 

2.2  Control strategies 

Despite the other electrical machines drives which use symmetrical power converters, 
an asymmetric power converter should be used to control the SRM. Depending on the 
number of machine’s phases, a power processing unit can be designed to control each 
phase independently. Fig. 4 represents one of the most used converter topologies [4]. 

 
Figure 4. Power convertor unit of SRM: asymmetric H-bridge converter [4] 

The procedure is to build up a current by turning on both transistors simultaneously, so 
that the poles of the rotor can be forced towards an aligned position. To maintain the 
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current value within a hysteresis band almost near to its reference value, when the poles 
are aligned, both transistors should be switched off. Then the current flows into the DC 
bus through the diodes and there is a large energy stored in the magnetic field of the coil 
and it must be sent back to the DC source, consequently the current decreases in 
magnitude. As mentioned earlier, in a switched reluctance motor, the rotor position plays 
a necessary operational role. The turning on, qon, and turning off, qoff, angles must be 
chosen to build up a current and then let it decays to operate the motor [4]. 

 

 
Figure 5. Estimation of the rotor position by flux linkage [4] 

Fig. 5 shows how the rotor position can be estimated by computation of the flux linkage 
of an energized phase and by integrating the difference between the applied phase voltage 
and voltage drop on the resistance of the winding. It means that the flux linkage as a 
function of the phase current determines the rotor position [4]. 

In this paper a 60 kW, 6/4 SRM is analyzed. The Simulink model of SRM is based on 
the measured magnetization curves presented in Fig. 6. 

 

 
Figure 6. Magnetization curves for analyzed motor model 

Two most common control strategies are as follows 
1- Voltage source control 
2- Current controller 

In the first method, the voltage source technique, the control is implemented by 
applying the voltage source to a phase winding at turning on angle qon until a turning off 
angle qoff. Then, the applied voltage is controlled directly by a speed controller which 
estimates the speed error after comparison of the desired speed with actual speed and then 
generates the required phase voltage [4]. 

In the second method, the current controller technique, the applied voltage utilized to 
the machine phases is modulated to achieve the desired current at the energized phase. 
Then, this applied voltage is monitored by a current controller with an external speed 
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control loop. The speed controller evaluates the speed error after comparison of the 
desired speed with actual speed and then generates the reference for the phase current. 
Then, the current controller estimates the difference between the desired and actual phase 
current and determines the proper duty cycle [4]. Note that in this method the actual 
current is permitted to change around the desired reference current according to the 
permissible current ripple in the tolerance band. In fact, the actual current should be forced 
to stay within a tolerance band. Hence, the actual current surpasses either the upper or 
lower boundary of the tolerance band; the controller modifies the state so that the current 
returns to the reference value [4].  

 
3. Research Methodology 

This paper analyzes the transient characteristics of SRM when the converter’s turn-on 
and turn-off angles are changed and when a load of 50 Nm is added to the basic model of 
SRM in Simulink presented in Fig. 7. Fig. 7 shows the basic model of SRM drive in 
Simulink which means the tuning-on and off angle is 45° and 75° respectively, and no 
load is coupled to the motor.  

 

Figure 7. Basic model of SRM in Simulink 

The SRM is fed by a three-phase power converter having three legs, each of which 
consists of two IGBTs and two free-wheeling diodes. During conduction periods, the 
active IGBTs apply positive source voltage to the stator windings to drive positive 
currents into the phase windings. During free-wheeling periods, negative voltage is 
applied to the windings and the stored energy is returned to the power DC source through 
the diodes. The fall time of the currents in motor windings can be thus reduced. By using 
a position sensor attached to the rotor, the turn-on and turn-off angles of the motor phases 
can be accurately imposed. These switching angles can be used to control the developed 
torque waveforms. The phase currents are independently controlled by three hysteresis 
controllers which generate the IGBTs drive signals by comparing the measured currents 
with the references. The IGBTs switching frequency is mainly determined by the 
hysteresis band [5]. The optimum pair switching angles is the one that gives the best 
performance of SRM drive on full load at rated speed. The phase windings are excited by 
a constant reference current, in our case with a value of 200 A. This allows that only the 
values of the switching angles decide the motor performance. The magnitude of reference 
current is kept at its maximum permissible value to allow the SRM to develop maximum 
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possible electromagnetic torque with a given pair of turn-on and turn-off angles. The pair 
that brings the SRM to the rated speed in the minimum time is selected and the switching 
angles in their neighborhoods are than further investigated [6]. 

4. Results and Discussion 

Fig. 8 presents the characteristics of SRM for flux, current, torque and speed for the 
starting model at no-load operating mode and turn-on, turn-off angles: 45○, 75○ 
respectively. 

 

    a)  Flux characteristic  

 

b) Current characteristic  

 

c)  Torque characteristic  
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d) Speed characteristic  

Figure 8. Transient characteristics (turn-on, turn-off angles: 45○, 75○) at no load 

In this example, a DC supply voltage of 240 V is used. The converter turn-on and turn-
off angles are kept constant at 45○ and 75○, respectively, over the speed ranges. The 
amount of the reference current is 200 A and the hysteresis band is chosen as +-10 A. The 
SRM is started by applying the step reference to the regulator input. The acceleration rate 
depends on the load characteristics. In the above presented characteristics, the simulation 
was done at no-load. As can be noted, the SRM torque has a very high torque ripple 
component which is due to the transitions of the currents from one phase to the following 
one. This torque ripple is a particular characteristic of the SRM and it depends mainly on 
the converter’s turn-on and turn-off angles. In SRM drives, both the average torque and 
torque ripple are affected by the turn-on and turn-off angles and by the current waveforms 
in the motor phases [5]. On the previously described SRM model the converter’s turn-on 
and turn-off angles are changed, i.e., the simulation was done with a different pair of 
angles (40○,70○), and then yet with another different pair of angles (50○, 80○) and adequate 
conclusions are drawn. Finally, a load of 50 Nm was added to the basic model without 
changing the control angles (45○, 75○) and motor transient characteristics for load 
condition were obtained. The maximum values of the flux, current and torque when motor 
reaches the steady state operation, from the performed simulations in Simulink is 
presented in Table 1. The speed characteristics for all three no-load operating modes are 
presented in Fig. 9. Fig. 10 shows the transient characteristics of speed for operating 
modes with load and no-load for turn-on and turn-off angles of 45° and 75° respectively. 

Table 1. Flux, current and torque in steady state operation 

 Flux (Wb) Current (A) Torque (Nm) 
turn-on; turn-off angles: 40○,70○; 
no load 

0.2 75 150 

turn-on; turn-off angles: 50○,80○; 
no load 

0.3 25 25 

turn-on; turn-off angles: 45○,75○; 
load = 50 Nm 

0.28 60 130 
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Figure 9. Speed characteristics for all three no-load operating modes 

 

 
Figure 10. Speed characteristics for operating mode with load and no-load operating mode 

at 45° and 75° 
 

From the no-load simulations where only the control angles аre changed, one can 
derive the following conclusions: 

• the steady-state flux is the greatest at the largest turn-on and turn-off (50○, 80○) 
angles and lowest at the smallest angles (40○, 70○); 

• the current in the steady state is the smallest at the largest turn-on and turn-off 
(50○, 80○) angles and the highest at the smallest turn-on and turn-off angles 
(40○, 70○); 

• the torque in the steady state is the largest at the smallest angles (40○, 70○), and 
at the largest angles (50○, 80○) we have a large decrease, i.e., the torque is the 
smallest. Also, there is a decrease in torque ripple when the turn-on and turn-
off angles are 50○, 80, respectively, at the steady-state operation of the motor.       

• The speed has the highest value at the smallest angles (40○, 70○) and the lowest 
at the largest angles (50○, 80○). 

The largest speed and the torque of the motor are obtained for control angles 40 and 
70. Up to the base speed of 3000 rpm, the motor torque is proportional to the current and 
constant for all presented control angles. Above the base speed, the torque decreases 
inversely with the speed.  From stand still up to about 3000 rpm, the motor's emf is low 
and the current can be regulated to the reference value. In this operation mode, the average 
value of the developed torque is approximately proportional to the current reference. In 
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addition to the torque ripple due to phase transitions, we also note the torque ripple created 
by the switching of the hysteresis regulator. This operation mode is also called constant 
torque operation [5]. For speeds above 3000 rpm, the motor's emf is high and the phase 
currents cannot attain the reference value imposed by the current regulators. The converter 
operation changes naturally to voltage-fed mode in which there is no modulation of the 
power switches. They remain closed during their active periods and the constant DC 
supply voltage is continuously applied to the phase windings. This results in linear varying 
flux waveforms as shown on the scope. In the voltage-fed mode, the SRM develops its 
'natural' characteristic in which the average value of the developed torque is inversely 
proportional to the motor speed. Since the hysteresis regulator is inactive in this case, only 
torque ripple due to phase transitions is present in the torque waveforms [5]. Above 3000 
rpm, the control angles 40° and 70° allow the highest torque to be obtained, from all 
simulation models, and therefore the highest operational speed is obtained. Furthermore, 
in the SRM the speed is inversely proportional to the flux value related to the voltage 
supply; the smaller the flux, the bigger the motor speed is. This is the case when control 
angles are 40° and 70°. More details regarding the theoretical background of the relation 
between flux, speed and voltage in SRMs can be found in [1].  By an adequate selection 
of the control angles, various motor operating characteristics can be obtained that allow 
motor operation with various speeds.  The control angles also have impact on the motor 
acceleration time. Yet, the torque ripple and the smooth operation of the motor are highly 
affected by the proper calculation of turn-off and turn-on angles. From the presented 
results it is evident that in case of turn-on and turn-of angles of 40° and 70° the torque 
ripple is high, contrary to the case with 50° and 80° control angles where the motor 
operation is smooth and torque ripple is low. In this paper, the control angles were 
arbitrarily chosen in the vicinity of the control angles of the base motor. Further authors’ 
research should include analytical calculation of turn-off and turn-on angles and their 
impact on motor operating characteristics. For the turn-on turn-off angles of 45° and 75°, 
the load of 50 Nm is coupled to the motor shaft. From the results presented in Figure 10 
and Table 1 and their comparison with the adequate results from Figure 8, it is evident 
that the motor acceleration time is longer due to the applied load, and the obtained speed 
is lower. Above the base speed, the motor current is slightly increased due to the applied 
load and motor operation on its 'natural' characteristic. 

4. Conclusion 

The main goal of this paper was to understand the operation of SRM and through 
simulations to present the impact of different turn-on and turn-off angles as well as the 
impact of the load on the transient characteristics of the motor. It can be concluded that 
by adding a load for the same turn-on and turn-off angles, a slight increase in flux, current 
and torque in the steady state operating mode can be observed, while the speed is reduced 
and the acceleration time is prolonged. Various turn-on and turn-off angles have 
significant impact on the motor speed and torque and their precise determination is highly 
important for the proper operation of the motor. Moreover, the torque ripple and motor 
smooth operation are highly affected by the proper determination of turn-off and turn-on 
angles. Therefore, authors’ further research will be focused on the analytical calculation 
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of the optimum turn-off and turn-on angles for the optimal operation of the motor.  The 
advantages of SRM are that this motor has a simple construction, high efficiency and 
reliability compared to conventional AC or DC motors and a high starting torque. The 
disadvantages of SRM are that the current versus the torque is very nonlinear, the phase 
shift must be precise to minimize the torque ripple and the phase current must be 
controlled to minimize the torque ripple. 
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