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Abstract – This paper’s focus is in reducing the torque ripple and increasing the average torque by 
optimizing switching angles of 8/6 switched reluctance motor while implementing a robust speed 
controller in the outer loop. The mathematical model of the machine is developed and it is simulated 
using MATLAB/Simulink. An objective function and constraints are formulated and Optimum turn-on 
and turn-off angles are determined using Particle swarm optimization and Genetic Algorithm 
techniques. The novelty of this paper lies in implementing sliding mode speed controller with 
optimized angles. The results from both the optimization techniques are then compared with initial 
angles with one of them clearly being the better option. Speed response is compared with PID 
controller. 
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1. Introduction 
 
In contrast to the widely held belief, the switched 

reluctance motors are one of the first electric motors 
invented. A variable reluctance stepper motor which has 
many common features as that of the present day SR 
(switched reluctance) motor and a prototype of SR motor 
were developed in the 1920s. But the low electromechan-
ical energy conversion efficiency, large losses, structural 
problems and absence of power electronic switches 
rendered these motors ineffective in the long run. The 
subsequent development of DC machines switched the 
focus from SR machines [1, 2]. 

The SR motors were re-invented in the 1960s as an 
aftermath of the advancements made in power electronic 
switching technology [3]. An SR motor is developed which 
shares many features with the contemporary ones and can 
be addressed as a predecessor to the present day machine 
and since then the field of SR machines have become a key 
research area. In spite of considerable research progress, 
the SR motor is yet to be widely accepted in industries. The 
main pitfalls of the machine are acoustic noise and torque 
ripple which renders the machine impractical. The SR 
motor also demands unique control requirements which 
cannot be related to that of synchronous and induction 
machines [4-7]. Performance of a SR motor is mainly 

characterized by torque ripple minimization. Torque ripple 
has been minimized by current profiling or mechanical 
design optimization such as optimizing rotor and stator 
pole arcs. But a much better technique would be to optimize 
control parameters like turn-on angle, turn-off angle, 
reference current and size of hysteresis band [8-13]. The 
turn on and turn off angles are selected such that the torque 
ripple is minimum and average torque is maximum [14].  

Minimization of torque ripple with PI speed controller 
is implemented. NSGA - II is used to determine optimum 
values of turn - on, turn - off angles of SRM and the 
integral and derivative constants for the PI speed controller. 
Also the advantages of NSGA - II like its ease of use, 
rapid convergence are discussed in detail [15]. But the 
main drawback is that for every optimum angle the gain of 
PI controller has to be changed. This increases the non 
linearity and complexity of the controller.  

Two controllers, one each for turn on and turn off are 
suggested with performance optimization. The role of 
advance angle calculation in defining the optimal turn on 
angle, the impact of turn - on angle delayed and advanced 
beyond advance angle is discussed and experimentally 
validated. The criticality in selection of turn - off angle is 
stated [16]. SR motor with classical current converter is 
controlled using automatic turn off control. A PI speed 
control is implemented and results are shown both with and 
without speed control [17]. A self tuning speed control for 
SR motor is realized with optimal turn off angle to 
maintain maximum torque [18]. The above establishes the 
importance of optimization of turn-on and turn-off angles 
in reducing the torque ripple and the significance of a 
speed controller like PI controller. Also the need for a 
better speed controller can also be derived from careful 
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analysis of the above works.  
SR motor being non linear, a non linear control 

technique would suit well. Sliding mode and PID controls 
of a non linear system (Inverted Pendulum system) are 
compared and the importance of a state space system in 
sliding mode control is established. The superiority of 
sliding mode control is emphasized [19]. The application 
of sliding mode speed control to SR motor is both 
simulated and experimentally verified. This work suggests 
a feasible low cost sliding mode controller for a high 
performance speed regulation of SR Motors [20]. A Linear 
SR Motor is modeled and closed loop speed control with 
both PID and sliding mode control is implemented and the 
later is considered to be an appropriate controller [21]. A 
PI and sliding mode controller for SR motor are studied 
and robust controller is suggested for high performance 
speed regulation and tracking problem of SR motor. The 
PI controller is found to be not suitable as its dynamic 
response is poor. Overshoot and ripples were also found 
to be high [22]. Thus the superiority of sliding mode 
controller over PI controller is well established. 

Optimization of turn-on and turn-off angles being 
finalized to be the ideal solution for reducing torque ripple, 
the question arises on which optimization tool to be used. 
The SR motor is modeled using a set of non linear 
equations and shape optimization is done with the help of 
Genetic Algorithm [23]. The turn on and turn off angles 
can be selected optimally by employing various algorithms. 
Optimization techniques like simulated annealing, Genetic 
Algorithm, Taguchi Algorithm are employed in SR motor 
applications [24, 25]. The best design parameters for 
switching circuits are determined using Genetic Algorithm. 
The two objective functions being maximization of 
efficiency and minimization of torque ripple [26]. Particle 
swarm optimization technique is applied to the optimal 
design of the 4/2 switched reluctance motor (SRM) [27]. 
Also the SR motor design is formulated as a multi 
objective constrained optimization problem and optimized 
using particle swarm optimization [28]. Hence Genetic 
algorithm and particle swarm optimization are taken as two 
main optimization tools. 

The organization of this paper is as follows. Section 2 
deals with the basic modeling and simulation of the SR 
Motor. Section 3 is dedicated towards implementation of 
the sliding mode control of the machine. Section 4 mainly 
considers the optimization techniques used here. The last 
section compares the results using the two optimized 
angles with initial non optimized angle,establishing one to 
be better. 

 
2. Modeling of SRMotor 

 
SR motor has been modeled using its electromagnetic 

and electro mechanical equations and has been simulated 
in MATLAB / Simulink environment [29, 30]. Not to be 
deceived by its plain sailing appearance, the mathematical 

modeling of the machine has to be done with meticulous 
approach. The double salient nature of the machine causes 
the inductance to change for unaligned to aligned position 
of rotor with reference to stator. This causes non linearity 
in torque and current. Hence reference frame theory cannot 
be applied for machine analysis. This makes the modeling 
of machine an uphill task. For less tedious modeling, few 
characteristics like magnetic saturation, leakage flux, 
fringing of flux around pole corners etc. are neglected. 
Each phase of the machine is also considered to be 
magnetically isolated from other phases. 

The SR motor is modeled using the differential 
equations concerning voltage, motion and electromagnetic 
torque. The voltage equation is defined by 

 
 v = iR +	   (1) 

 
The equation 1 can be developed into 
 

 v = iR +	 +	   (2) 
 

Where  
 

  – L(Θ,i), 	  - Eb(Θ,i) = I ( , ) 
 
Now rewriting equation 2, we get 
 

 v = iR + 	L(Θ, i) + 	I ( , ) ω  (3) 
 

Where 
 

 	ω = 	  
 
The torque equation governing the motor is given by 
 

 T = 	 ( , ) i   (4) 
 
From (4) we can conclude that the instantaneous torque 

is directly proportional to the square of the instantaneous 
current and the torque is also positive for increasing 
inductance and negative for decreasing inductance. Using 
MATLAB/SIMULINK mathematical model is constructed 
in accordance to (1)-(4). Fig. 1 shows the block diagram 
where a hysteresis controller of band limit 0.2 A and a 
classical power converter to drive the SR motor. Modelling 
of one phase of 8/6 Switched reluctance motor is given in 
Fig. 2. 

 
 

3. Sliding Mode Control of SRM 
 
The sliding mode controller concerns the ordinary 

differential equations from (5)-(9) governing the system. 
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Due to the double salient nature of the machine the SR 
Motor is a highly non linear machine. Though the SR 
motor is seen as a nonlinear system there exists a particular 
section of the system trajectory which is found to be 
acceptable. The main idea of the sliding mode control is to 
apply a discrete control signal which forces the system to 
slide along this acceptable trajectory. For designing the 
controller, our utmost concern is regarding the definition of 
sliding surface. The sliding surface should be such that the 
motor is operating under the required condition while the 
system traverses along the sliding surface. The sliding 
surface is defined by the error quantity e. This error 
quantity e is obtained by comparing the rotor speed ω and 
the reference speed ωref. The defined sliding surface is a 
straight line, hence it can be represented by the straight line 
equation of the form S = 0. The line equation is given by 

 
 = 	 . +	   (5) 	

The value of λ should be such that it is large enough to 
cause exponential decay of speed error and hence 
asymptotic stability is achieved. When the value of S is 
greater than zero the variables will decrease S and when S 
is less than zero, thevariables will increase it. Thus causes 
sliding motion inmaintaining the trajectory over S. For 
sliding mode condition to exist the following should be 
true 

 
 . < 0	 (6) 	

This is called the existential condition for sliding mode 
control. The next step in controller design is to define a 
control law according to the need. This control law is 

selected such that chattering is nominal. The control law is 
given by 

 
 =	 +	   (7) 

 
Where 
 

 = , > 0, < 0  (8)	
 = , > 0, < 0 (9) 

 
While the term  is introduced to reduce the noise 

and disturbance. The terms  and  can be determined 
using the following existential conditions, 

 > 0, < 0	 > − , < −  

 
where  

 
 	 = 	 , =	  

 
Using the equations and existential conditions the block 

for Sliding mode control is modeled. 
 
 

4. Optimization of Switching Angles 
 
The stator winding is energized when the rate of change 

of inductance is positive and de-energized when rate of 

 
Fig. 1. Block diagram of 8/6 SR Motor 

 

 
Fig. 2. Modelling of one phase of SR Motor 
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operating angle. 
 

5.1 Tables 
 

Table 1. Comparison of convergence factors  

 GA PSO 
No of iterations 51 46 

Time 79.56sec 69.3sec 
Best value 0.891 0.912 

Worst value 0.011 0.370 
No of Runs 20 20 

 
Table 2. vgTorque and Ripple values for GA and PSO 

Optimization Algorithm Ton Toff Tavg Tripple 
Initial Angle 0 15 2.680 1.958 

GA 7.5 22.5 2.890 0.734 
PSO 8 23 2.912 0.508 

 
Table 3.Machine Specifications 

Power Rating 1HP 
Max.current 16A 

Speed  1500 
Stator poles 8 
Rotor poles 6 

Lmin 1.6mH 
Lmax 8.7mH 

Resistance/phase  1.3ohm 
Stator pole arc  22.5 
rotor pole arc 22.5 

 
 

6. Conclusion 
 
The mathematical modeling of SR motor is performed 

and is simulated in MATLAB/SIMULINK environment. 
The optimum turn on and turn off angles are selected using 
Genetic and Particle Swarm optimization algorithms. 
Sliding mode speed controller is successfully implemented 
and the results obtained are found to be viable. These 
results are then compared with results taken with initial 
angles. For optimized angles the Torque average is larger 
and torque ripple is minimized with PSO algorithm 
providing the best and effective solution. The results with 
PSO are efficient to a larger degree compared with the 
initial angle setup while Genetic Algorithm providing the 
next best solution. Thus the angles of 8 and 23 are found to 
be the best possible solution for the given machine while 
7.5 and 22.5 being the next best. Finally for the same 
optimum angle the sliding mode controller performance is 
compared with PID controller.  

 
 

Nomenclature 
 
v  - Instantaneous voltage across each phase in V 
i  - Instantaneous phase current in A 
φ  - Flux linkage in phase windings in Weber - turns 

R  - Motor phase winding resistance in Ω 
θ  - Rotor position 

 - Rotor position where pole corners start to overlap 
θ s  - Stroke angle 
θe  - Rotor angle interval for flux linkage to decay to zero 
θ01 - Rotor angle interval from turn-on up to a position 

that current reaches its command value. 
L (θ, i)- instantaneous inductance 
Eb(θ,i) - instantaneous back emf 
ω, ωref - speed and speed reference in radian/sec 
T(θ, i) - instantaneous torque in N/m2 
S  - Sliding equation 
λ  - slope of sliding line 
e  - speed error 

  - derivative of speed error 
U  - Control law 
θ adv  - advance angle 
B  - Coefficient of friction in N-m-s/rad 
J  - Inertia of the motor in kg-m2 

vel[k] - velocity of the particle  
prsnt[k] - solution of current particle  
prsnlbest[k] - personal best solution  
glblbest[k] - global best solution  
rand[k] - random number  
c1 and c2 - learning factors 
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