Lyapunov-Based Fuzzy Control Scheme for Switched Reluctance Motor Drives
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Abstract—In this paper, the classical Lyapunov synthesis
method for designing controllers is extended to fuzzy logic.
This control technique is then applied to the design of a novel
tracking controller for reluctance motor drives. The main
features of the method are small rule base, simplicity of
construction, and low cost. The proposed controller has been
simulated for a model case. In addition, its dynamic
performances have been shown to be satisfactory. Capabilities
of the proposed technique in controlling the highly nonlinear
systems of reluctance motors with much simplicity are also
verified.

Keywords—Fuzzy logic control, Lyapunov methods, switched
reluctance motor.

1. INTRODUCTION

Due to the simple and rugged construction, hazard free
operation, and high speed/high torque capabilities,
Switched Reluctance Motor (SRM) drives have been
considered among the best candidates for many adjustable
speed drive systems in industrial and commercial
applications [1]-[4].

On the other hand, fuzzy logic based systems have attracted
much attention during the past few decades. They have, in
fact, found various fields of applications ranging from
signal and image processing to control and power systems.
Reluctance motor drives are among the most widely used
test beds both for classical and non-classical control
methodologies such as fuzzy logic control.

In recent years, a large number of papers have been
published on the fuzzy control of reluctance motor drives
[1]-[8]. Different issues, such as torque ripple minimization,
current profiling, modeling, estimation, and prediction have
also been investigated extensively [9]-[12].

The most challenging task in designing fuzzy controllers is
the construction of the rule base [13], [14]. The methods
commonly ‘used to derive these rules are mainly based on a
good understanding of the plant and the experience of the
human operators; however, there are a few methods for
constructing the rule base systematically. Lyapunov-based
fuzzy approach is a relatively simple method to
systematically derive the rules, while ensuring system
stability [14].
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In this paper, a novel Lyapunov-based fuzzy control
scheme for reluctance motor drives is introduced. The
method is based on a Lyapunov function candidate. The
control approach and the requirements to indeed make the
candidate controller a Lyapunov function are presented in
Section II. In Section III, the nonlinear model of reluctance
motor is described. Furthermore, the controller design
approach is outlined and the method adopted to derive the
rules is demonstrated in Section III. It is also shown that
because partial knowledge of the plant is assumed to be at
hand, the requirements are stated as IF-THEN rules and,
hence, a fuzzy system. In Section IV, the proposed method
is applied to a model case and a Lyapunov-based fuzzy
tracking controller is designed. Simulation results are also
presented and analyzed. Finally, we give conclusion
remarks in Section V. :

II. LYAPUNOV-BASED FUZZY CONTROLLER
SYNTHESIS

As was explained, main idea behind the Lyapunov-based
fuzzy control approach is to extend the classical method to
the domain of partial and fuzzy knowledge [14]. This
section briefly outlines the proposed control method.

The system is assumed to be described by a set of state
equations as follows.

x=F(xu) N
y=h(x)

where x, y, and u are the state vector, the output, and the
input of the system, respectively. In order to design the
stabilizing controller, a Lyapunov function candidate V(x),
is considered. The function WV(x) is indeed a Lyapunov
function if the following requirements are satisfied:

Vi0)=0
Vx)>0x#0

@

=V <Gxz0
adx,

It is worth noting that x = 0 has been assumed to be the
equilibrium point, without loss of generality.
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Since V is a function of the state variables of the system
and, hence, of the input, the input can be designed such that
V satisfies the requirements of (2).

It will be explained in the following sections that partial
(fuzzy) knowledge of the exact model (1), will result in a
number of IF-THEN rules of the form of fuzzy rule bases.
In this paper, Mamdani-type fuzzy inference system with
rules of the following form, is adopted [13].

IF x; is < Ling. Val.> and/or x; is <Ling. Val.>... and/or x,
is <Ling. Val.> THEN u is <Ling. Val.>.

where Ling. Val. is a linguistic value.

The nonlinear model of the reluctance motor is presented in
the next section and the method outlined above will be
applied to it in order to design a tracking controller for the
rotor position.

III. RELUCTANCE MOTOR MODEL AND
LYAPUNOV-BASED FUZZY CONTROLLER

A variable reluctance motor is described by the following
state equations [13]:

Xt =X,
. & )]
x2=0,()6, + (2 ai(y)BT () A
i=1
y=x

where x; and x; are the rotor position and speed,
respectively. u; (i = 1, 2, ..., L) are the phase currents that
are considered as the inputs. L is the number of phases. The
term g,(y)g, represents the load acceleration and the term

0,(y)B" (1,))6, represents the acceleration due to the *

phase current. The functions used are defined as the
following.

cr.-(y)=sin(Py——2’L;:‘—’)

Bw)=lbw) bw) - b,w)f
u,—-(j-1Ho O]
by(w) = n(—5—)
0,5<0,5s>1

9s2/2,5€[0,1/3]
(~18s +18s5-3)/s,5€ (1/3,2/3]
{3-35)2/2,5€ (2/3,1]

n(s)=

where P is the number of poles, M is the number of spline
intervals and & is the interval size.

The model is obviously highly nonlinear and, therefore, the
commonly used control strategies are applied with
difficulty. In the following, the problem of designing a

tracking  controfler, using the  aforementioned
Lyapunov-based fuzzy approach is considered. The
problem is to find the phase currents such that the rotor
position x; follows a reference trajectory y.. In order to
design the controller, we define the tracking error e and the

candidate Lyapunov function V,

e=x-Y, ®)
1,,

V=_(eve f ©)

The first two requirements of (2) apparently hold.
Therefore, the third one has to be considered only.

V=eetee=eete(x2—yc) )
We define
w=x2-y, ®
As aresult,
V=eetew ®

In order for V to be a true Lyapunov function, we need

V=eetew <0 (10)
It is clear that if e and e are of opposite signs, setting w =
0, causes (2) to hold; if e and e are both positive, we

should have w < -e, and if e and e are both negative, we
should have w > -e.

These deductions could be formulated in the following rule
base.

IF e is positive and ; is positive THEN w is negative big.
IF e is negative and ; is negative THEN w is positive big.
IF e is positive and ; is negative THEN w is zero.
IF e is negative and ; is positive THEN w is zero.

The next step is to derive the phase currents from w. We
can observe that

Yr=wt3, 20,8 +(3 0, (BT W)W, (1n
i=1

Therefore, the problem of finding the phase currents
reduces to solving the nonlinear equation of (11). The
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method proposed in {15}, [16] is adopted to tackle the
problem. The method involves the steps of determining the
phase(s) to be excited and finding the phase current(s)
needed. The details of the method are beyond the scope of
this paper and are not presented here.

IV. SIMULATION RESULTS

In this section, simulation results for a model case are
presented. The characteristics of the motor are listed in
Table 1. The reference trajectory is considered to be
y. =z -z Cos(xt) which rotates the rotor smoothly

between 0 and 27 rad.

Table 1. Reluctance motor characteristics.

Parameter Value
Number of spline functions M=5
Interval size 8=0.25
Load coefficient 0,=67
Winding coefficients 0;=50i
Number of poles P=8
Number of phases L=4

The membership functions used for the variables are as the
following.

Hpmi(8) = e
posisie 1+exp(-30x)
1
Hrega (3) = 1+exp(30x)

, (12)
Hocgive-svig (1) = €Xp(—( +5)°)
Hiury (14 = €Xp(-u”)

Bposive-sig () = €Xp(—(u = 5))

The fuzzy inference system uses product inference engine
and center of area defuzzifier [13].

The reference and actual rotor positions for an initial
conditions as x;(0) = 30 deg, xA0) = 0.3 rad/ sec are shown
in Fig. 1 and the tracking error is shown Fig. 2.

It is clear that the fuzzy controller has successfully caused
the rotor position to rapidly follow the reference trajectory,
despite the considerable initial deviation.

It is common practice not to measure x; and to estimate it
through approximate differentiation as

2
¢ = WS 13)
2Ty L4w,s + W}

where x, denotes the estimate of x;, and the cutoff
frequency w, is large relative to the system dynamics.

Figs. 3 and 4 show the reference and actual rotor positions
and the tracking error, respectively, when x; is estimated

using the filter of (13) with a cutoff frequency of 150
rad/sec. The initial conditions have been assumed
unchanged.
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Fig. 1. Rotor position (rad.) (a) reference trajectory (b) actual rotor

position.
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Fig. 2. Tracking error (rad.).
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Fig. 3. Rotor position (rad.) (a) reference trajectory and (b) actual rotor
position.
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Fig. 4. Tracking error (rad.).

It is observed that the fuzzy controller still performs
satisfactorily, which is a promising sign of its robustness to
system uncertainties. In addition, speed estimation (13) can
be implemented to achieve a sensorless operation for the
reluctance motor drive. Therefore, there is no need for the
speed sensor. Position sensor can also be eliminated by
adding a position estimator to the proposed
Lyapunov-based fuzzy controller. Hardware simplicity, low
cost, and high reliability are the main advantages of the
sensorless drives [17].

V. CONCLUSIONS

Lyapunov-based fuzzy control technique has been adopted
to tackle the problem of position control of reluctance
motor drives. The approach shows the merits of both
classical Lyapunov synthesis and the fuzzy control design.
This is the main advantage of the proposed controller.
Computer simulations have been carried out to investigate
the effectiveness of the controller in tracking position
reference trajectories. Simulation results confirm the
excellent performance as well as the capability of the
method in controlling highly nonlinear plants with much
simplicity.
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