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Abstract: Switched reluctance motors (SRM) have a wide range of applications in industries due to the special properties of
this motor. However, because of its dynamical nonlinearities, so the problems control of SRM is complex. This paper proposed
an adaptive intelligent controller for SRM with the aim to improve the ripple of torque. First, we use a fuzzy logic controller to
control switch-off angle, and then proposes a new controller by means of Adaptive Neural Fuzzy Inference (ANFIS).
Simulation results are given to show the efficacy of the proposed method.
Keywords: SRM, Fuzzy logic, ANFIS

1. Introduction
The switched reluctance motor (SRM) has simple structure,
low-cost, and robust motor that makes it suitable for variable
speed and servo-type applications. Further, it has a simple
converter and control requirements. Thus, SRM has received
great attention in the drive industry. [1-4]
The disadvantages of SRM are the stepping nature and
inherent nonlinear characteristics, which causes an undesired
effect on bearing. If the problems can be solved, SRM can be an
alternative to the other motors [5]. These nonlinear characteristics
include the nonlinear torque function of current, rotor position
and the magnetic saturation at certain operation regions.
There are two choices for reducing the torque ripple
minimization that is improved the magnetic structure of the
motor or improved motor controller [6]. In recent years, fuzzy
logic combination with neural network to control nonlinear
objects was developed strongly. Specially, that is the used of
ANFIS to control switched reluctance motor [7, 8, 9, 10]. In [7]
an adaptive neuro-fuzzy inference system (ANFIS) is used to
estimate phase inductance. An Adaptive Neural Fuzzy
Inference System also is used to develop a new model for
SRM [8]. In [9], the authors studied the problems of speed
control for switched reluctance motor by means of an adaptive

neuro-fuzzy controller. An adaptive neuro-fuzzy controller of
switched reluctance motor is presented in [10].
From the reasons mentioned above, the ANFIS algorithm
can be used to control of nonlinear systems is effective.
In this paper, we propose an ANFIS controller to control
switching-off for SRM with the primary purpose is to reduce
the torque ripple minimization. The remainder of the paper is
organized as follows. Section 2 describes SRM model. The
Switch-Off Controller for SRM is presented in section 3.
Simulations are given in Section 4 and conclusions are
summarized in Section 5.

2. SRM Model
In this Section, we present the principle of control
switch-off and the theoretical basis of the SRM to provide a
basis for process design calculations.
2.1. The Principle of Control Switch-Off
The schematic diagram of the switch-off controller is
shown in Figure 1. The controller inputs are obtained by
manipulating the speed reference and feedback, while the
controller output is integrated to control switch-off parameter
of SRM, which the main purpose is to reduce torque ripple.
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consider the following third harmonic


3





k =1



λ j ( N r , θ , i j ) =  a0 − ∑ ak cos ( kN r θ − ( j − 1)θ s  )  i j
Tej ( N r , θ , i j ) =

Figure 1. Schematic of Switch-off controller

2.2. Electromagnetic Equations
The switched reluctance motor has a simple structure, but
the solution of its mathematical models is relatively difficult
due to its dominant nonlinear behaviour.
The mathematical equations of switched reluctance motor
are described as following
The voltage equation is:

V j = Rs i j (θ r , i j )

di j

+ E j (ωr , θ r , i j )

dt

(1)

The motion equation is:
J

d ωr
= Te − Bmωr − TL
dt

(2)

∞
1 dL (i,θ ) 1 2
Te = i 2
= i N r ∑ kak sin(kN rθ )
dθ
2
2
k =1

(3)

The linear inductance model is given
∞

L( N r , θ ) = a0 − ∑ ak cos ( kN rθ )

(4)

k =1

(5)

− a3 cos ( 3N rθ )

Phase 2
L2 ( N r , θ ) = a0 − a1 cos N r (θ − θ s ) − a2 cos 2 N r (θ − θ s )
− a3 cos 3 N r (θ − θ s )

(6)



θon = 1 −


L3 ( N r , θ ) = a0 − a1 cos N r (θ − 2θ s ) − a2 cos 2 N r (θ − 2θ s )
− a3 cos 3 N r (θ − 2θ s )

3

(

L j ( N r , θ ) = a0 − ∑ ak cos kN r θ − ( j − 1) θ s 
k =1

)

Von 
 (θ o − θ a ) + θ a
Vmax 

(11)

Voff as
θ off =

(7)

Phase j-th

(10)

The maximum switching-on angle is in the minimum
inductance region. Thus, a fast build up of current is possible
at the rated load. The minimum switching-on angle is in the
increasing region of inductance. Therefore a smooth build up
of current is possible at a light load with a smooth torque
production. Similarly, the delay angle is set at the cross point
of positive slope of the signal and the switching off command
signal

Phase 3

)

Where
Vj is the phase voltage j-th
ij is the Phase current j-th
Rs is the phase winding resistance
θr is the shaft speed
J is the moment of inertia
Bm is the friction
λj is the flux linked by the winding j-th
TL is the torque load
Ns is the number of stator poles
Nr is the number of rotor poles
θ is the position of the rotor
θj is the position of the rotor j-th
θs is the phase current displacement angle
Tej is the total torque j-th
In SRM drive, it is important to synchronize the stator
phase excitation with the rotor position. Therefore, the
information of rotor position is an essential for the proper
switching operation. By synchronizing the appropriate rotor
position with the exiting current in one phase the
effectiveness of SRM can be achieved.[11]
Control method of switch-off angle is introduced for
variable load, which is based on two command signals for
switching-on and switching-off angle independently.
According to the motor speed and load condition, a proper
switching-on angle θ on is set at the cross point of negative
slope of the sensor signal and the switching-on command
signal Von as follows as

Fourier expansion equation (4) and get to Level 3
(corresponding to the third harmonic)
Phase 1
L1 ( N r , θ ) = a0 − a1 cos ( N rθ ) − a2 cos ( 2 N rθ )

(

3
1 2
i j N r ∑ kak sin kN r θ − ( j − i )θ s 
2
k =1

(9)

Voff
Vmax

(θ d − θ o ) + θ o

(12)

In addition, the dwell angle is the interval of switching-on
and switching-off angles, which takes the form
(8)

Write the general form equation inductance, the flux
linkage, the moment of SRM motor at phase j-th only

θ dwell = θ off − θ on
Where

(13)
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θon is the switching-on angles
θoff is the switching-off angles
θo is the Overlap of phase flux linkages or inductances
θa is the Advance angle
θd, θdwell is the Current dwell angle
In SRM motor, through experiments showed that, with each
different speed and torque of different loads, there will be a
corresponding switch-off, at which the ripple of torque is the
smallest.

3. Switch-Off Controller for SRM
This Section will present the design of fuzzy logic
controller and then develop a new controller by means of
Adaptive Neural Fuzzy Inference Systems (ANFIS)
3.1. Fuzzy Logic Controller
Fuzzy logic controllers are the one which is mainly used in
system control for industries. The fuzzy logic controller has
the following main functions as follows

Figure 3. Rule data base for Fuzzy Logic Controllers

3.2. ANFIS Controller
The Adaptive Neural Fuzzy Inference Systems is a kind of
neural network which is based on Takagi–Sugeno fuzzy
inference system. Since it integrates both neural networks
and fuzzy logic principles, it has ability to capture the
advantages of both in a single framework. Its inference
system corresponds to a set of fuzzy IF–THEN rules that it is
capable of learning to approximate nonlinear functions [14].
Hence, ANFIS is regarded to be a universal estimator [15].
Fuzzy if-then rules and how the radial basis function
network relate to this kind of simplified ANFIS
For simplicity, we assume the fuzzy inference system
under consideration has two inputs eω and deω / dt and one
output f. Suppose that the rule base includes two fuzzy
if-then rules of Takagi and Sugeno’s type [16, 15].
In this study using 5 set of fuzzy rule, such as:

Rule 1 : if x is A1 and y is B1 , then f1 = p1 x + q1 y + r1,
Rule 2 : if x is A2 and y is B2 , then f 2 = p2 x + q2 y + r2
Rule 3 : if x is A3 and y is B3 , then f3 = p3 x + q3 y + r3
Rule 4 : if x is A4 and y is B4 , then f 4 = p4 x + q4 y + r4
Figure 2. Block diagram of Fuzzy Logic Controller system

(1) Fuzzification is the process of converting real scalar
value in to membership fuzzy set values. In this paper
Gaussian membership function is used for inputs and
triangular membership function for output.
(2) Inference: The fuzzy inference decides how to process
rules using fuzzy input. The inputs for the fuzzy controller
will be error and change in error. The control signals will
vary according to error and change in error. Once the fuzzy
controller receives input the rule base is evaluated [12].
(3) Rule base Design: Basically a rule base is a linguistic
controller, which is designed using IF THEN statements.
Here we have two input conditions and one output response.
Based on that, rules are designed for proper control of the
system. The Figure 3 shows the rule base design for the
speed control of Switched Reluctance Motor [13].
(4) Defuzzification: Defuzzification is the process of
converting the degrees of membership of output linguistic
variables with their linguistic terms in to crisp values. The
defuzzification method used in this paper is centre of area
which will change the switch-off angle of the controller
accordingly.

Rule 5 : if x is A5 and y is B5 , then f5 = p5 x + q5 y + r5 .
For the training of the network, there is a forward pass and
a backward pass. We now look at each layer in turn for the
forward pass. The forward pass propagates the input vector
through the network layer by layer. In the backward pass,
the error is sent back through the network in a similar manner
to back-propagation.
The corresponding equivalent ANFIS architecture is in as
Figure 4.

Figure 4. ANFIS architecture
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The node functions in the same layer are of the same
function family as described below:
- Layer 1: Every node in this layer is a square node with a
node function.

Oi = µ A
j

j

( x)

1
1+

µB j ( y ) = µB j

 deω 
 dt  =



wj =

(14)

Where i=1÷2, j=1÷5; x is the input to node i and Aj is the
linguistic label (small, large, etc.); associated with this node
function. In other words Oi j is the membership function of
Aj, and it specifies the degree to which the given x satisfies the
quantifier Aj.
In this study we choose (14) to be bell-shaped with
maximum equal to 1 and minimum equal to 0, such as (15)
and (16).

µ Aj ( x ) = µ Aj ( eω ) =

- Layer 3: Every node in this layer is a circle node labeled N.
The i-th node calculates the ratio of the i-th rule’s firing
strength to the sum of all rules’ firing strengths, as in (23):

eω + cij

2bij

For convenience, outputs of this layer will be called
normalized firing strengths
- Layer 4: Every node in this layer is a square node with a
node function:

(

O 4j = w j f j = w j p j x + q j y + rj

 de
= w j  p j eω + q j  ω
 dt


)
(24)



 + rj 



parameter set. Parameters in this layer will be referred to as
consequent parameters.
 4
O1


O 4
 2

 4
O3


O 4
 4

 4
O5


1
2 bij

(16)

With {aij, bij, cij} is the parameter set. As the values of
these parameters change, the Bell-shaped functions vary
accordingly, thus exhibiting various forms of membership
functions on linguistic label Aj, Bj. Parameters in this layer are
referred to as premise parameters.
- Layer 2: Every node in this layer is a circle node labeled
II which multiplies the incoming signals and sends the
product out, as in (17÷22).
 de 
w j = µ A j ( x ) .µ B j ( y ) = µ A j ( eω ) .µ B j  ω 
 dt 

(23)

w1 + w2 + w3 + w4 + w5

Where w j is the output of layer 3, and {pj, qj, rj} is the
(15)

aij

deω
+ cij
1 + dt
aij

wj


 de
= w1 f1 = w1  p1eω + q1  ω
 dt




 + r1 





 de 
= w2 f 2 = w2  p2 eω + q2  ω  + r2 
dt





 de
= w3 f 3 = w3  p3 eω + q3  ω
 dt




 + r3 




 de
= w4 f 4 = w4  p4 eω + q4  ω
 dt




 + r4 



(25)



 de 
= w5 f 5 = w5  p5 eω + q5  ω  + r5 
dt





- Layer 5 The single node in this layer is a circle node
labeled E that computes the overall output as the summation of
all incoming signals, i.e, as in (26):
5

(17)

O15 = f = U ANFIS =

∑w

j

fj

(26)

j =1

 de 
w1 = µ A1 ( eω ) .µ B1  ω 
 dt 

(18)

off

Figure 4.

 de 
w2 = µ A2 ( eω ) .µ B2  ω 
 dt 

(19)

 de 
w3 = µ A3 ( eω ) .µ B3  ω 
 dt 

(20)

 de 
w4 = µ A4 ( eω ) .µ B4  ω 
 dt 

(21)

 de 
w5 = µ A5 ( eω ) .µ B5  ω 
 dt 

Where output signal of in layer 5 is f = θ , shown in

3.3. Hybrid Learning Algorithm
From the proposed ANFIS architecture in Figure 4, it is
observed that given the values of premise parameters, the
overall output can be expressed as a linear combinations of the
consequent parameters. More precisely, the output f in Figure
4 can be rewritten as in (27).

f = w1 f1 + w2 f 2 + w3 f3 + w4 f 4 + w5 f5

(27)

(22)

Each node output represents the firing strength of a rule, (In
fact, other T-norm operators that perform generalized AND
can be used as the node function in this layer).

4. Simulation Results
In this section, comparative simulations are given to verify
the proposed methods and show the improved performance. In
the following simulations, the parameters of the motor are

International Journal of Energy and Power Engineering 2015; 4(1): 39-45

used for our studies are given in Table 1.
Table 1. Switched Reluctance Motor Parameters
Parameters
Mumber phase
Number of stator poles
Number of rotor poles
Phase current
Phase terminal voltage
Phase winding resistance
Maximum phase inductance
Minimum phase inductance
Stator pole arc
Rotor pole arc
Moment of inertia
Friction
Moment load

Value
3
6
4
10(A)
300(V)
1.5(Ω)
0.05(H)
0.01(H)
300
300
0.001(kgm2)
0.00007(Nm)/(rad/s)
3.0(Nm)

Then two different cases are conducted:
Case 1: We select the mode of SRM works at speed
500rpm, the characteristic speed of SRM is shown in Figure
5. The figure 6 gives the simulation results of the torque
ripple of three different approaches. The black line shows the
torque ripple when uses PI controller. The red line provides
the torque ripple of SRM with fuzzy logic, and the blue line
is the torque ripple of SRM under the ANFIS controller. The
results in Figure 6 show that, the fuzzy logic controller
achieves slightly better performance compared to PI
controller. Nevertheless, the proposed method with ANFIS
controller can obtain best performance.

Speed
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0
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Figure 5. The characteristic speed of SRM works at 500rpm.
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Figure 6. The torque ripple of SRM works at 500rpm
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Case 2: We select the mode of SRM is working at speed
2000 rpm, and we also use the parameters of the motor in
Table 1. The characteristic speed of SRM is given as Figure
7.
Figure 8 shows that the simulation results of the torque
ripple of three different approaches. The black line shows the
torque ripple when use PI controller. The red line provides
the torque ripple of SRM with fuzzy logic, and the blue line

is the torque ripple of SRM under ANFIS controller. Figure 8
also shows that the fuzzy logic controller achieves slightly
better performance compared to PI controller, and the
proposed method by using ANFIS controller can obtain best
performance. Here, we can see that the proposed methods in
this paper can provide overall improved performance
compared to other methods.
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Figure 7. The characteristic speed of SRM works at 1000 rpm.
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Figure 8. The torque ripple of SRM works at 1000rpm

5. Conclusion
This article proposes hybrid ANFIS algorithm, its purpose
to minimize the torque ripple of the switched reluctance
motors. To see the effectiveness of ANFIS controller clearer,
we also analyzed the classic controller, fuzzy controller and
the finally develop an intelligent controller by using Adaptive

Neural Fuzzy Inference Systems (ANFIS). Based on
Matlab/Simulink software to simulate the results of the study.
The simulation result showed that ANFIS can adapt with the
nonlinear plant very well, its performance to reduce torque
ripple is better than the classic controller and fuzzy controller.
This has proven to be robust ANFIS algorithm to minimize
torque ripple of the switched reluctance motors.
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