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ABSTRACT

In this paper, two approaches for desigmng tracking controllers for a variable reluctance motor (VRM), namely the
Lyapunov-based fuzzy approach and the classical approach, are compared The nonlinear model of a VRM s first
addressed The two control schemes are mtroduced afterwards, and then applied to obtamn tracking contrellers Simulation

results of a sample case, to which the methods are apphed, are also presented Comparison of the methods based on the

results obtamed concludes the paper.
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1. Introduction

Since the mtroduction of fuzzy logic, 1t has found
numerous applications m various fields, from social to
mathematical studies, and from control to power systems.
Although fuzzy
satisfactorlly and fuzzy logic has been successfully

systemns  have usually performed
deployed to tackle several complicated problems, their
applicability in the realm of systems control has always
been accompanied with a doubt whether or not they can
guarantee the stability of the system

Lyapunov-based fuzzy control scheme 15 a novel
approach to systematically design the rule base, while
guaranteeing the stabulity of the closed loop systemn!"]
These features as well as the smallness of the rule base
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generated by this approach have made it a suitable
candidate m designing stabihzing controllers.

The method 15 based on a Lyapunov function candidate,
1t is a function of system states and therefore 1ts mput(s)
To design a stable closed loop system, the mputs of the
system can be mampulated n such a way to make this
function satisfy the stability requirements imposed on that
Since 1t 13 assumed that only partial knowledge about the
dynamics of the system 13 available, 1t turns out that the
requirements can be stated as a number of IF-THEN
statements, and hence a fuzzy system

This paper deals with fuzzy and classical control
methodologies for a Variable Reluctance Motor (VRM)[?‘]
Mechatronic systems, in general, and VRMs 1n particular,
have been traditionally suitable test beds for both classical
and non-classical, e.g fuzzy, control methodologies In
addition, VRMs have been among the best candidates in
many Adjustable Speed Dnive (ASD) applications due to

therr rugged operatmg featurest*14,
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Lyapunov-based fuzzy control scheme 1s applied to
design a tracking controller for a VRM; the results are
then compared with those obtamned from a classical
controd scheme designed to perform the same task

The nonlmear model of a VRM 15 first addressed The
two control methodologies are described 1 detail
afterwards, and then applied to design tracking controllers.
Results of a sample case are also given The performance
of the tracking controllers designed using the two methods
are compared based on the results obtained,

2. Variable Reluctance Motor Model

A variable reluctance motor can be described by the
following state equations™(¢];

X] = X3
hd L

x2 =@ () +(L o, (B w)e, (1)
y=x

where, x; and x; are the position and the speed of the rotor,
respectively u, 15 the i-th phase current (the input), and L
1s the number of phases The term oy} represents the

load acceleration, and the term (o, (3)B? (1,)8, represents

the acceleration due to the :-th phase current The
functrons used are defined as follows

2r(t—1)

o, () =sm(Py -T)
Blu)=[Biu) Byw)  By()]
o —{j—-hd
bj(u:) = n(T) (2)
0,5<0,5>1

952 /2,5 £[0,1/3]
(-18s” +185=3)/s,5 € (1/3,2/3]
(3-35Y2/2,5€(2/3,]]

nis)=

where, P 1s the number of poles, M 15 the number of spline
intervals and & is the 1terval size.

The VRM model 1s apparently highly nonlinear, the
design process will therefore, be quite challengmng. The
reader 15 referred to [5] and [6] for a more comprehensive
account of VRM modeling.
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3. Controller Development Procedures

In this section, the two control strategies mentioned
before are addressed. We proceed firstly with Lyapunov-
based fuzzy approach and a classical approach will be
given afterwards More details of the former can also be
found m [1].

3.1 Lyapunov-Based Fuzzy Approach
Let us assume that the system can be described by a set
of state equations as follows

x = F(x,u) 3)
y =h(x)

where, x, ¥ and w are state, output and mput vectors,
respectively Let us also consider a candidate Lyapunov
function F(x); the function will indeed be a Lyapunov
function if the following conditions are met

Y(0)=0
V(x)>0,x 20 4)

. o
V=a— , <0x=0
&,

It should be noted that without loss of generality, x =0
has been assumed to be the equilibrium pomt

The nput(s) can be designed in such a way that F,
which 1s a function of the states and hence the nput(s)
salisfies the requirements of (4)

To apply the method to the VRM described by (1), we
define the tracking error e = x; — y,, where ¥, 15 the
reference trajectory, mn addition the candidate Lyapunov

function 15 defined as ¥ = %(e2 +e )?

Bemg a quadratic function, V¥ obviously satisfies the
first two conditions of (4) Dafferentiating V' yields

V =eet+ew, where w=x2— Ve - In order for ¥ to become

a true Lyapunov function, we need to have V =ee+ew <0
The following rule base 15 formulated 1in such a way to
force V to satisfy this last requirement

« IF e 15 positive and ¢ 15 posifive, THEN w 15 negative
big.
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* IF e 18 negative and e 18 negatfive, THEN w 13

posttive big

* IF e 1s positive and e 18 negative, THEN w18 zero.

» IF ¢ is negative and e 1s positive, THEN w 15 zero,

The above conditions should be used to determine the
necessary current in each phase To derive the phase

currents, we note that:

(1] L
X2 =Wt Y e = 0106 +(Z 0, (1B ()8,

=1

Solving this nonlinear equation yields the phase
currents, Taking mnto account the ughly nonlinear nature
of the functions involved, the solution can be quite
challenging and needs a highly tailored method. For this
purpose the approach presented wn {7] 1s adopted The
approach 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 will therefore be avoided

3.2 Classical Control Approach

A classical approach to the design of trackmg controller

for a VRM can be formulated as follows:
Define the auxiliary signal

LL]

V={Vpep — X))+ V= X2)+ Vyor

where, ¢; and ¢, are constant gains, which are selected so
that s*+¢s+e; 18 Hurwitz Equating the left hand side of

the relation for xz with v yields:

L
()0 + (2 0,()B ), =v

Similar to the previous section, this equation 1s solved
to obtamn phase currents u,. The solution method follows

exactly the same steps.

It 15 also nteresting to note the dynarmues of the errer.

Letus define € =X = Vpgr and ey =x3 =¥, .

Then, we have.
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EL’J ) [—01 —C’JLJ ®
which, under the assumptions made about ¢; and ¢, will
cause the tracking error and 1ts derrvative to converge to
zero. It 15 also observed that proper selection of the
constants ¢; and ¢; directly affects the rate of convergence
of the e; and e;

In the following section, the two aforementioned

methods are applied to a sample VRM, and the results are
compared.

4. Simulation Results

This chapter 1s devoted to computer simulation results
of a sample motor. Tracking controllers for the motor are
designed using the two previously mentioned methods.
Performances of the controllers obtamed are then
compared taking into account 1ssues such as robustness to
parameter deviation in VRM model

Parameters of the VRM are given n Table 1. Reference
trajectory 1s considered to be y,, = —ncos(ar), which

causes the rotor to smoothly rotate between 0 and 27 rad
with a frequency of 0.5 Hz

Before proceeding with the simulation results, it should
be asserted that 1t 15 a common practice not to measure x,,
but to estimate 1t through approximate differentiation This
15 the underlying 1dea of sensorless motor drive
applicationst”), The estimation can be formulated as
follows-

~ wgs

¥E @)
52 +1 dwys + wg

where, ;2 15 the estimated value of x; The cutoff
frequency wy 1s chosen to be by far larger than the highest
frequency component of the system. In the following
simulations, the value of wy 18 assigned to be 150 rad/sec
Rotor position samples are taken with a sampling
frequency of 400 Hz

The membership functions for the Imguwistic variables in
the fuzzy nference system of chapter 3 1 are taken to be
of the following forms.
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Table I Parameters of the VRM

T

o Parameter it 1 Value
Numberm(;fk' spline functions (MY 5
Spline interval size (&) 025
Load coefficient (&) 67
Winding coefficients (&) 50
Number of poles (P) 8
Number of phases (1) 3

1
Hposine (X} = T+ exp( 300
f"[nega.'lve(x) = m
egaire-big ()= oxXp(—{u + 5)) (19)

Hrero () = exp{—u 2 )

Hpositive-big (w0} =cxp(—(u - 5)2}

The fuzzy mference system deploys the product
nference engme and the center of area method for
defuzaification,

Design parameters for the classical approach are
mutially set to ¢; =6 and ¢; =5 Fig. 1 shows the reference
trajectory and the actual rotor positions obtamned using
fuzzy and classical approaches. Imtial conditions for the
states are x;(0) =30 deg and x,(0) = 0 6 rad / sec

Fig. 2 shows the tracking errors for the same conditions.
Tracking error 1n steady state is also shown mn Fig 3. It 1s
observed that the fuzzy controller has performed
successfully, and has caused the rotor to follow the

Rotor Angle (rad)

|
;

0 05 1 15 2 25
Time (se)
Fig 1 Reotor Position (a) Reference Trajectory, (b) Actual

Rotor Positton (Classical Method), (c) Actual Roter Position
{Fuzzy Method)
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Fig 2 Trackmg Emror (a) Classical Controller, (b) Fuzzy
Controller

T o1 - - .

= ‘ Classical Method

L 005

o

I~

w o

2

E-oos

01 - -
16 165 17 175 18 185 19 185 20

Time (se}

Fuzzy Method

(=)
o ©
L=

Traclkang Error {rad) Trac
f=4
h=4
;

01 . .. !
16 165 17 175 18 185 19 195 20

Time (se)

Fig 3 Steady State Tracking Error

reference trajectory within a reasonable time. The reason
for faster response of the classical controller 15 the fact
that ¢; and ¢; are chosen so that the error 15 damped quite
rapidly Manipulating ¢; and ¢; can obviously result m
faster or slower convergence rates Phase currents for the
classical and fuzzy methods are shown m Figs 4 and 5 It
15 clear that at every instance, a proper combmation of
phases with certamn amounts of currents flowing through
them has been selected to provide the electrical torque
needed to rotate the rotor

It 1s interesting to note the robustness of the
performance of these two control schemes. To do so, two
sttategies are adopted, one to investigate 1obustness to
model parameter deviations, and the other to study the

effect of measurement noise on the performance of the
System.
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Fig 4 Phase Currents (A) fot the Classical Case
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Fig 5 Phase Currents (A) for the Fuzzy Case

Table 2 shows the perturbed values of load and winding
coefficients, which show a quite significant change. Note
that with reference to the (1), any mcrease in winding
coefficients causes the nonlmear part to be more
pronounced, the perturbations mtroduced m  the
parameters therefore cause further nonlmeanty in the
system Other parameters are assumed to be unchanged

The reference and actual rotor positons for the two
controllers are shown 1 Fig 6. Initial conditions are the
same as before Although the parameter deviations are
quite considerable, the controllers have successfully
performed. This 1s a promising sign of thewr performance
robustness Transient and steady state tracking error for
the two controllers are also shown m Figs. 7 and 8,

respectively.
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Table 2 Perturbed Values of VRM Mode¢l] Parameters
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Load coefficient (£) 17
Winding coefficients (6) 1004
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Rotor Position {rad)

0 05 1 15 2 25 3

Time (se)
Fig 6 Rotor Position (a) Reference Trajectory, (b) Actual
Rotor Position (Classical Method), (¢) Aciual Rotor Position
{Fuzzy Method)
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g 7
Controller

Trackmg Error, (a) Classical Controller, (b} Fuzzy

To mvestigate the effect of measurement noise on the
performance of the control system, a umformly distributed
noise over the mterval [-0.03, 0.05] was added to the x;
measurement  Figs. 9 and 10 show the tracking
performance of the system under such conditions for the
classical and fuzzy schemes, respectively Reference
trajectory and mutial conditions are left unchanged Model
parameters were also set back to thewr ornginal values
listed m Table 1
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Fig 9 Tracking Performance under Measurement Noise
(Classical Controller)

Rator Angle {radians)

¥ 05 1 is 2 25 3
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Fig 10

(Fuzzy Controller)

Tracking Performance under Mcasurement Noise

It 15 seen that the classical controller has a better
performance with regard to disturbance rejection. This 18
partly due to the fact the tracking error dynamics of the
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classical approach can be adequately determined by the
coefficients ¢; and ¢,. It should be noted that manipulating
the parameters of the fuzzy mference engine, 1e
membership function parameters, may result m better
disturbance rejection mdex for the fuzzy scheme,

5. Conclusions

Lyapunov-based fuzzy conttol scheme for a VRM has
been compared with a classical control approach

Lyapunov-based fuzzy approach not only guarantees
the stability of the closed loop system, but also resulis in a
very small rule base The simulation results for this
method show close conformity with those of a classical
approach. The results also show robustness of the method
to parameter deviations However, the disturbance
rejection of the fuzzy system may be inferior than that of
the classical controller, further adjustment of the inference
engimne parameters may be needed to overcome this
deficiency The method can therefore stand out as a prime
candidate 1 controller synthesis for nonlinear systems

The most appealing features of the approach are its
small rule base and its applicability to a wide range of
nonhnear systems Taking into account the wide range of
nonhnearity forms that can happen mn a real system,
Lyapunov-based fuzzy scheme can signmificantly ease the
controller design procedure, with limited knowledge of the

nonlinearity type
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