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Abstract: In this paper, Particle Swarm Optimization (PSO)
method, which is one of the most effective biological-
inspired optimization algorithms, will be applied to design
an adaptive Fuzzy Logic (FL)-based speed control strategy
for Switched Reluctance Motor (SRM) drives. The PSO
mechanism is used to not only optimize three scaling factors
of a Pl-type FL speed controller but also determine
efficiently two switching angles of an asymmetrical DC-DC
voltage converter which would be highly consistent with the
SRM feeding. The control methodology applying each of the
five-optimal-parameter groups obtained is capable of
achieving effective control performances for a particular
SRM drive system, such as short rise time, non-overshoot
and highly small reduction of the speed despite the
occurrence of load torques. In addition, the starting and
running torques are of high values to be suitable for
designing an effective traction control system. It is found
that these promising features are much better than those of
the conventional PI-based scheme applied to the SRM drive
system. To achieve the obvious validation with respect to
the efficiency, feasibility and superiority of the proposed
control strategy, numerical simulations for a typical three
phase SRM drive with various cases of the load torques will
also be performed using MATLAB/Simulink package.

Key words: Switched Reluctance Motor, Particle Swarm
Optimization, PI, PI-type FL controller, Switching Angles.

1. Introduction

Due to some of significant advantages including
low cost, simple-rugged construction, reliable
operation and wide speed control range, Switched
Reluctance Motors (SRMs) have been applied
efficiently in plenty of practical drive systems
requiring the variable speed [1-5]. The applications of
these SRM drive systems are to focus on (i) designing
the traction drive control systems of Electric Vehicles
(EVs) [6, 7], hybrid EVs [8], and Plug-in hybrid EVs
[9]; (ii) particular function systems, e.g., generators of
renewable energy systems [10] and (iii) industrial
drive systems: machining machineries, washing
machines, mining drives, etc. [4] Together with the
typical prototypes, such as 6/4 (three phases) and 8/6
(four phases), the novel kinds of the SRMs have been

continuously investigating in order to seek the perfect
structures of electrical machines for the future of
effective drive systems [11-13].

The SRMs, in spite of their increasing applications,
are still being studied to deal with their inherent
disadvantages, e.g., the nonlinearity, the torque ripple
and the difficult control of electronic power
converters, which are used to feed the energy to the
machines [ 14-16]. It is found that the efficient control
strategies need to be investigated to obtain the
permissible control performances, such as the stability,
high efficiency and the optimal dynamic responses of
the phase current, electromagnetic torque as well as
the angular speed. In general, control strategies, which
mainly focus on designing speed and current
controllers, have applied both the conventional and
modern regulators. The conventional controllers (i.e.,
PI and PID regulators) have been considered initially
due to their simplicity of the design and operation
[3,17]. Nevertheless, the poor control characteristics
obtained, such as the high overshoot, the long rise and
settling time as well as the large reduction of speed
due to load torque, have restricted the widespread use
of such controllers, particularly in the drive systems
requiring high quality, e.g., the traction drives of EVs.
Hence, these regulators should be replaced with the
improved controllers using the modern techniques,
e.g., Fuzzy Logic (FL), in order to attain the better
control properties. Based on the FL technique, the PI-
type FL controllers (FLCs) have been applied widely
and efficiently in many control systems [18-20],
especially in the SRM drives.

Applying such a PI-type FLC for a speed regulator
and/or a current controller, the scaling factors, which
affect significantly the control performances of the
drive system, must be tuned properly in order to obtain
the desired quality and efficiency. Many reports have
been published to deal with this problem [19-21].
However, the SRM drive system, which is supplied by
an electronic power converter (e.g., an asymmetrical
DC-DC inverter), is usually subjected to the switching



states of the semiconductor devices [3]. This leads to
the difficulty of the control strategies to achieve
entirely the permissible characteristics. Basically, an
optimal control strategy applying the FLCs has to
make sure that not only the parameters of such FLCs
but also the switching angles of the inverter should be
optimized successfully.

In order to conduct the above problem, Particle
Swarm Optimization (PSO) method, which is one of
the most effective biological-inspired optimization
techniques [22-24], will be applied in this study. With
an online implementation through several appropriate
steps, the PSO mechanism is able to optimize
effectively three scaling factors of the PI-type FLC
(two inputs and one output) as well as two switching
angles (turn-ON and turn-OFF angles) of the voltage-
source DC-DC converter. Resulting from such an
optimization process, five parameters obtained can be
used to design an adaptive control strategy based on
the PI-type FL architecture for a particular SRM drive.
In this paper, a three-phase SRM model (6/4-type
machine) is selected for the simulation aim to validate
the feasibility of the proposed control scheme. Based
on the PSO algorithm, two simulation cases, including
for tuning only the scaling factors of the FL
architecture and for all the FLC and switching angles,
with various cases of load torques will be performed.
Applying both the PSO-Pl-type FLC and the
conventional PI regulator to design the speed
controllers, simulation results obtained are able to be
used to verify the effectiveness and superiority of the
proposed control methodology.

The rest of this paper is organized as follows.
Section 2 presents a method to mathematically model
an SRM, which will be applied to justify the
effectiveness of the control strategies. Section 3 then
describes a fundamental architecture of a PI-type FL
speed controller used for the SRM drive. The design of
the adaptive PI-type FL speed control methodology
based on the PSO algorithm will be mentioned
specifically in Section 4. Subsequently, the feasibility
and effectiveness of the proposed strategy validated
through numerical simulation processes will be
presented in Section 5. Finally, conclusion, discussion
and future work are also described in Section 6.

2. Mathematical Model of the SRM Drive

With respect to the physical structure, an SRM
should be considered as a doubly salient pole and
singly excited machine. The SRM is typically fed by a
DC power source, such as a voltage- or current-type
DC source feeding. Thus, a unipolar electric power
inverter, e.g., DC-DC or AC-DC converter, can be
used. Figure 1(a) shows the cross-section of a typical
family of the SRMs, i.e., 8/6-type SRM. Here, the
stator has 8 poles (4 pole-pairs wound by serially
concentrated windings) corresponding to 4 phases: A,
B, C and D. Meanwhile, the rotor, which is composed
of neither windings nor magnets, has 6 poles (see
Figure 1(a)). The configuration of the k-th phase

winding connected to the corresponding phase of an
asymmetrical DC-DC inverter is described in Figure
1(b). Despite the simplicity of the construction, it is
highly difficult to design an exact mathematical model
of an SRM due to its nonlinear characteristics. All of
its characteristics including flux linkage, inductance
and torque are nonlinearly dependent upon the
variation of not only the phase current but also the
rotor position during the operation of the machine [2-
4]. In order to simplify the modeling process, each
phase of the SRM can be replaced with an equivalent
circuit, including a winding resistance in series with an
inductance as shown in Figure 1(c). Such inductance
will be considered as a function of both the phase
current and the rotor position when computing the flux
linkage of the k-th phase as expressed below:

W, (0.0) =Y L,(,.0)i, () k=1.2...n (1)

where ¥, (i, ,6), i;;(z) and @ denote the flux linkage,

phase current and rotor position of the k-th phase,
respectively. Meanwhile, the value of L, (i, ,6), which

is a mutual inductance between the k-th phase and the
I-th phase, can be neglected since it would be much
smaller than the corresponding bulk inductance in
practice [3-4].
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Figure 1: A typical configuration of 8/6-type SRM
(a) Cross-section
(b) Phase £-th feeding
(c) An equivalent circuit for the k-th phase

Theoretically, the instantaneous k-th phase voltage
of the SRM ¥, (¢) can be calculated as:
d\Pk (lk ’ 0)

dt

V@)= Ry (1) + 2)

where R, is the winding resistance of the k-th phase.
From (1) and (2), using the derivative calculus of
multivariable functions, one can be obtained below:
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Figure 2: The fundamental architecture of a PI-type FL speed controller for SRM

V()= R,i, (1) + Z [(Ly (. 0)

" (3)
+lk(t) py jd k(t) :I
where
do
== (4)

is the angular speed of the SRM. Neglecting the
mutual inductances, the instantaneous k-th phase
voltage can be rewritten as follows:

where L(iy, 6) denotes the k-th phase bulk inductance.
The mechanical equation describing the motion of an
SRM is given as:

di;.
dt

V.(t)=R lk(t)-l—(L i.,0)+1i,
(%)

+i, (t).% w

do

JE—T T, —fo (6)

where J, f, T, and T are the total inertia, the friction
coefficient, the load torque and the total output torque,
respectively. The total output torque is calculated as:

T=37.,.0) ™

k=1
where T;(i;, 6) denotes the k-th phase torque, which
can be computed depending upon the derivative of the
co-energy. The mathematical model of an SRM
represented in (2), (4) and (6) can be applied to design
the control strategies, which will be discussed below.

3. Fundamental Fuzzy Logic-Based Speed Control
Architecture for the SRM Drive
The basic architecture of the conventional PI-based
FL speed controller for an SRM drive system is

described in Figure 2. In this control strategy, two
inputs (e[ ], Aey[j]) and one output (Au,[;]) are
used for the FL inference system. Such two inputs are
directly proportional to the error of the angular speed

e[ j] and its change Ae[j] through two gains K; and
K, respectively. Meanwhile, the output is employed to
generate the control signal u[ j], which is fed directly

to the SRM drive model.

The architecture of an FLC includes three basic
blocks: the knowledge base which contains rule base,
data base and the inference mechanism, the
fuzzification and the defuzzification interface [19].
Each block performs a particular functionality for the
implementation of this FLC. In general, the first block
(fuzzification) is used to convert the inputs into fuzzy
sets. Subsequently, the second mechanism, that its
operation is based on the rule base, will process the
fuzzy sets which are obtained in the previous phase.
Finally, the defuzzification is used to convert the
results achieved above into the corresponding outputs
of the FLC. It is the fact that all of the inputs and
output of an FLC should be considered as crisp signals
when they are processed.

For designing the FL reasoning system, two
important issues need to be solved. The first problem
is to determine the membership functions applied to
such an FL model. Basically, three typical types of the
membership functions can be wused, including
triangular, trapezoidal and Gaussian categories [19]. In
the context of this work, the last type is chosen for all
of two inputs and one output of the FL reasoning. In
principle, each Gaussian membership function, pai(x),
is mathematically formulated as follows:

_(x—c[)2
207

1

4 (x) =exp (8)

where ¢; and o; denote respectively the center and
width of the i-th fuzzy set of the membership function.



In this study, seven logic levels are used for each
Gaussian membership function of two inputs and one
output of the proposed PI-type FL controller.

The second important thing for designing the FL
architecture is to build the rule base. For a
conventional PI-type FLC, the basic 49-rule base is
used as reported in [20]. It would be suitable to attain
the high performances for a control drive system.

Basically, the principle of a Pl-type FLC relies
upon the crisp relationship between its inputs and
output, which is similar to the classical PI regulator.
The classical PI regulator is expressed as follows:

t
u(t)zKp.e(t)JrK,.j-e(r)dr )]
0
where Kp, K;, e(f) and u(t) denote the proportional
gain, the integral constant, the input error signal and
the output of the regulator, respectively. Using the
derivation, (9) can be rewritten as:

d d
—u(t)=K .—e()+K,.e(t). 10
dt() "dz() e(r). (10)
Converting (10) into the discrete form, we yield:
Aulj]1=K,.Ae[ j]1+ K, e[ j]. an
From Figure 2, the relationship between two inputs
and one output of the FL inference can be written as:

Aul j]= K, -(/ul K el jl+ 1, -Kz-Ae[j]) (12)
where K; (i = 1, 2, 3) and u; (k = 1, 2) are scaling
factors and internal gains of the FL reasoning. Hence,
from (12), one can be drawn below

(13)

Aul j]= K" Al j1+ K" el j].
Two factors mentioned in (13), K;* = 1, K, K, and

K*¢ = u,.K K, can be considered as the proportional

and integral gains compared with those of the classical
PI regulator (see (9)). In order to determine such two
factors, the PSO algorithm will be adopted in this
work as presented in the following section.

4. Adaptive PSO-PI-type Fuzzy Logic-Based Speed
Control Architecture

4.1. PSO Mechanism for Optimization problem

As presented in literature [22-24], PSO algorithm,
considered as a well-known biological-inspired
optimization technique, is described briefly below.

It is assumed that there are n random particles of a
swarm relating to an n-dimensional variable space.
Besides, m swarms can be chosen to enhance the
ability of the optimization method. At the beginning,
each individual is initialized with a stochastic position
and velocity (typically belong to a uniform distribution
with the corresponding lower and upper bounds).
Normally, two vectors with parameters used in the i-th
swarm at the beginning (¢ = 0) would be

—0 —0
P; z(xgl,xgz,...x?“) Vi z(vgl,ng,...v?n).
Additionally, the lower and upper constraints of a

swarm should be given by two vectors (Lb and Ub).
Also, to evaluate the convergence of each swarm when

and

@, 7]

—DQQ Switching angle
o1l regulator

running the PSO mechanism, an objective function,
Jonj» should be defined. This function will be calculated
and compared to determine the local optimal

parameters Pis at each time. The local optimal
values obtained are then assessed to recognize the

global optimal value Ghes. The determination of

Pipest and Gres must be conducted from the beginning
(¢ = 0) to the final iteration (¢ = N). To continue the
mechanism, each iteration should be updated. At time
k (or the k-th iteration), both the velocity and position
vectors of the i-th swarm can be updated by using the
following two equations:
—k+l —k —k —k —k —k
Vi =0V + ch (P[,best - Pi )+ 1, (Gbest - Pi )(14)
P =P v (15)
where, ¢, and ¢, are two learning factors, 7, and 7,
denote the random positive numbers belonging to the
interval [0, 1]. Meanwhile, @ is an inertia weighted
factor. Updating these two vectors, they should satisfy
the constraint of the search problem. In addition, at
each of iterations, both the local and global optimal
values should also be updated. It is noted that, when
implementing the PSO mechanism, the stop criteria
should be checked any time. Normally, a stop criterion
would be the maximum value of the iterations or an
acceptable value of the objective function. If one of
these criteria is met, the algorithm will be terminated.

4.2. Design an Adaptive PI-based Speed Controller Using
the PSO Algorithm

In order to design an adaptive speed controller for
the SRM drive using the FL technique, the PSO will
be adopted. The proposed control scheme, modified
from Figure 2, is illustrated in Figure 3.
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Figure 3: Improved speed controller architecture based on
PI-type FL for SRM
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For a PI-type FL controller, it is highly necessary to
determine the optimal values of K."“and K;" since
they can affect strongly the output signal, and hence
impact on the control quality of the system. The PSO
algorithm will be employed in this work to determine
three scaling factors of the FL speed controller applied



to an SRM drive. This means that each group of
coefficients K; (i = 1, 2, 3) expressed in (12) will be
modified by using three updating factors a, £, and y,
respectively (see Figure 3). The new factors are able to
be obtained as follows:

(16)

K'y =1, (BK,).(y.K;)
17

K', =y .(aK).(yK;).

As mentioned earlier, the objective function is
highly important for performing the PSO mechanism.
Here, it can be defined depending upon the crucial
aims of an effective speed controller. Obviously, such
a speed regulator must be able to attain the minimum
rise time and settling time as well as no overshoot.

Thus, an objective function can be utilized as:
t

Aﬁwzjaeayhzjn(wws—waﬁda (18)

0 0
It is clear that £, needs to be minimized to meet an
acceptable value, following the working mechanism of
the PSO. The feasibility of the proposed adaptive
PSO-FL-based control methodology will be validated
through numerical simulation presented in Section 5.

4.3. Optimization of Switching Angles Applying the PSO
Method

In this study, the PSO algorithm is applied to
determine not only the scaling factors of the PI — type
FLC but also the switching angles, namely, turn-ON
angle 6oy and turn-OFF angle fypr. It is the fact that
such two switching angles impact significantly on the
electromagnetic torque generation of the SRMs [2-4].
The control performances of an SRM drive system
will also be affected as a result, leading to the need of
optimizing such two factors.

In the context of this study, 8oy and Gprr can also
be optimized by using the PSO method. To perform it,
two arguments need to be added to the variable space
of the PSO algorithm. Hence, there are totally five
variables used in such PSO method, including three for
gain updating factors (@, f and y) and two for
switching angles (8py and Oorr). Using the trial and
error method, the lower and upper bounds of the turn-
ON angle and the turn-OFF angle applied in the case
study of a three-phase SRM drive (6/4-type machine)
can be determined respectively as follows:

30°<0,, <45° (19)
70°<6,,, <87° (20)

The optimization process based on the PSO
algorithm will be carried out as mentioned earlier.
Accordingly, the optimal control strategy proposed
will be represented finally in Figure 3. The
effectiveness and feasibility of the proposed control
strategy will be discussed in the following section.

5. Numerical Simulation

In this section, numerical simulation processes
using MATLAB/Simulink package will be
implemented to verify the superiority and feasibility of
the proposed control architecture. The simulation
diagram built in Simulink environment is dependent

upon Figure 3 for a typical three-phase SRM (6/4-type
machine). In this work, to validate the outstanding
performances of the proposed FL-based speed control
strategy, a conventional speed regulator using PI will
also be utilized. On the other hand, to simplify the
control execution, the PI-type current controllers are
employed for the SRM drive. The PSO algorithm,
which is executed by an m-file written in
MATLAB/Script environment, will be applied to
design the adaptive control methodology as mentioned
earlier. Based on the implementation of the PSO
method, two simulation cases are considered as:

(i) Case 1: The PSO algorithm is only applied to
optimize three updating factors in order to design an
adaptive PSO-PI-type FL speed controller. In this case,
two switching angles are determined by using the trial
and error method. In addition, a load torque condition
(T, = 100 N.m) is taken to the SRM drive at 0.6s to
evaluate the dynamic behavior of the control system
using different controllers.

(i1) Case 2: The PSO algorithm is used to determine
not only three updating factors but also two switching
angles. Hence, in this case, there are totally five
variables need to be optimized in order to design the
adaptive control methodology for the SRM drive. A
complex-practical load torque, which will be
mentioned below, is applied to this case to obtain an
effective comparison between two control strategies,
i.e., the conventional PI speed regulator and the
adaptive PSO-PI-type FL speed controller.
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Simulation parameters are given in the Appendices
of the present paper. The simulation results for the first
case are described in Figures 4-6. Meanwhile, Figures
7-12 show the results for the second simulation case.

In the first simulation case, as shown in Figure 4,
the convergence representing the objective function
value of the PSO method (with N = 90) can be
obtained. On the other hand, all of three updating
factors (a, f and yp), illustrated in Figure 5, are also
converged towards the constant values after a few
dozen iterations of the PSO implementation. Applying
such three factors, together with two switching angles
obtained by using the trial and error method (i.e.,

O,y =44°and 6, =79°),the dynamic responses of

the angular speed for two controllers, PI and PSO-PI-
type FL, can be achieved as plotted in Figure 6. It is
found clearly that the proposed FL-based controller
obtains the better control performances in comparison
with the conventional PI regulator. The angular speed
resulting from the proposed control methodology is

able to reach the reference value (@,, =1000rpm)

much faster. Furthermore, even when a load torque
occurs (Tp =100 N.m at 0.6s), the dynamic response of
the PSO-PI-type FL controller is still efficient enough
to recover the constant value of the speed as rapidly as
possible. In contrast, at that moment, the angular speed
resulting from the conventional PI regulator is fallen
and may not be able to recover the constant reference
value within a small period (see Figure 6). Two speed
deviations before and after the load torque appearance
(i.e., Aw; and Aw,) reveal the outperformance of the
proposed control architecture for the SRM drive.

In the second simulation case, with five variables
need to be optimized, the convergence of the PSO
mechanism can be attained as described in Figures 7-9.
Here, a complicated-practical load torque, shown in
Figure 10(a), is embedded in the drive system. With
the enough number of iterations (N = 100), the value
of the convergent objective function is much smaller
than that of the first case (see Figures 4 and 7). This
reveals that the controller applying the PSO algorithm
in this case can obtain the better control qualification.
Figure 10(b) shows the transient speed resulting from
two controllers considered in this paper. Similar to the
first case, when treating a reference speed (@, =
12007pm), the proposed FL control architecture can
achieve the steady state much more quickly than the
conventional PI-based scheme. In addition, there is no
reduction of the speed due to the load occurrence when
applying the PSO-PI-type FL speed controller. This is
obviously impossible to be obtained when using the PI
speed regulator. Here, the maximum speed reduction
resulting from such a PI regulator can be calculated as

follows:
Aw,, = max (a) y —a)(t))

re)
[ESES . ’

e2y)

where #, is the time at which the load torque is
embedded and ¢, is the maximum simulation time.
Using (21), the maximum speed reduction in this case

is greater than 110 »pm, representing approximately
10% of'the reference value. This leads to the drawback
of the conventional PI regulator when applied to
control the speed of an SRM drive system. On the
other hand, this further demonstrates the superiority of
the proposed PSO-based FL controller when
maintaining the angular speed of the machine. Figures
11 and 12 illustrate the dynamic responses of phase
currents and total torque resulting from two speed
controllers. Obviously, the adaptive FL speed
controller can achieve the larger starting and running
torques in comparison with those of the PI regulator. It
is highly meaningful to choose a type of drive motors
to design an effective traction control system (TCS) in
reality, such as the TCS in an electric vehicle.
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6. Conclusions and Discussions

The design of an adaptive PSO-based PI-type FL
speed control strategy for the SRM drive systems has
been investigated in this paper. In principle, the PSO
algorithm is applied to tune three scaling factors of the
PI-type FL reasoning system as well as two switching
angles of an SRM, which can affect strongly the
control performances of the drive system. Numerical
simulation results for a typical three phase SRM drive
applying two types of the speed controllers (i.e.,
conventional PI and adaptive PSO-Pl-based FL
regulator) with various cases of the load torques have
demonstrated the feasibility and effectiveness of the
proposed control methodology. The dynamic
responses of the angular speed resulting from the
adaptive FL controller are much better than those of
the conventional PI regulator. Along with the large
starting and running torque obtained, the SRM drive
system applying the proposed control architecture is
able to become a perfect candidate when designing an
effective traction control system.

For future work, different types of the switched
reluctance machines, such as 8/6, 10/8 or 12/8, should
be considered to extend the application of the proposed
control methodology. With the increasing
development of the artificial neural network (ANN)
technique, a category of the hybrid controller applying
the FL and ANN architecture as well as the biological-
inspired optimization methods (e.g., the PSO and
Genetic Algorithm) should also be investigated to
further enhance the control performances of an SRM
drive system. Therefore, the promising results
obtained from this study will motivate the future work
in order to seek an effective and modern drive solution
applying the novel family of the machines, replacing
the conventional engines, such as the induction motor
(IM) or synchronous motor (SM).



Appendices

Parameters a 6/4 SRM model
R, =0.05Q,J =0.05kg.m’, f =0.02N.m.s

L™ =0.67mH, L™ =23.6mH,i"™ =5004

PSO parameters
The first simulation case:

n=3,m=10,N =90,Lb =[0,0,0],Ub =[1,1,1]

The second simulation case:
n=5m=10,N =100

Lb=[0,0,0,30,70]; Ub =[1,1,1,45,87]
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