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It is difficult to design a fuzzy controller because there are many parameters should be adjusted. In this paper

a new methodology is proposed for designing a fuzzy logic controller. Control surface is used to bridge the gap

between the conventional PID controller and fuzzy controller. Based on a system model the conventional PID

control parameters are tuning and its linear control surface is used as the knowledge basis for a fuzzy controller.

This fuzzy controller is optimized by computer-aided design system according to the restriction condition of con-

trol response. The tuned control surface of the fuzzy control have non-linear properties which is corresponding

to the controlled plant. The proposed method is applied to a non-linear control system design and simulation

shows it is robust when the controlled system model has error and when it is in different initial conditions. Its

effectiveness has been proved that it is a practical method for designing fuzzy controller.
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1. Introduction

With the development of computational intelligence
and soft computing techniques, the fuzzy logic con-
trol(FLC) has received increasing attention in the control
community. It has been shown that there are several dif-
ferent types of system which use FL.C as essential system
components V. The most popular type being studied by
many researchers throughout the world is popularly called
fuzzy linguistic control that is PID (proportional-integral-
derivative) strategy. One of the distinct feature of this
kind of fuzzy logic controller is that fuzzy logic provides
a nonlinear relationship which make fuzzy logic promis-
ing for process control where conventional PID control
technologies do a poor job. However, the fundamental
problem in fuzzy control technology is that there lacks
a design theory on fuzzy control and it is extremely dif-
ficult to establish a systematic design method for fuzzy
controller.

Generally speaking, the design fuzzy control is com-
posed of two steps, one is to set up the membership func-
tions and rule-base the other is parameters tuning. Many
efforts has been done on how to design a fuzzy controller.
Based on a phase-plane analysis, Han-Xiong Li proposed
a rule base establishing method in which a standard and
robust rule bases are proposed for fuzzy two-term con-

trol, but it is remain a tedious work to adjust scaling
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factors 2 ®. Hao Ying analyses the structure of fuzzy Pl
controller and proved theoretically that a fuzzy PI con-
troller, the smallest possible with two inputs (error and
rate change of error) and four rules is precisely equiva-
lent to a conventional linear PI controller if a linear de-
fuzzification algorithm is employed. But it do not supply
more about when the system is not a smallest possible
fuzzy system4). In recent years there have been consid-
erable developments in the tuning of parameters in fuzzy
control system like training of fuzzy logic systems using
artificial neural networks-the so-called back-propagation
algorithm ®) . Because the fuzzy logic system is nonlin-
ear in its adjustable parameters, the back-propagation
algorithm implements a nonlinear gradient optimization
procedure and can be trapped at a local minimum and

12) . When sample data may be expensive

convergence
to obtain, fuzzy logic system can be trained by nearest
neighborhood, but it is time-consuming to take hundreds
of learning epochs to train so many parametersls). It
is urgent that from both theoretical and practical points
of view to explore a systematic design procedure follow-
ing which a fuzzy controller with reasonably good perfor-
mance can be quickly constructed.

It is said that a modern paradigm for a computer-aided
control design should provide an environment that accepts
the following challenges '):

e Complexity of practical system;

o Required high quality and accuracy of design;

e Speed of design;

e Competition with available design tools; and

o Robustness, reliability and safety arising from the de-
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sign.

Challenging for these points, a new kind of methodolo-
gies for design and tuning the fuzzy controller is presented
in this paper. Control surface is used to bridge the gap
between the conventional linear controller and fuzzy con-
troller. Firstly the conventional linear control parameters
are tuned and then its linear control surface is used as
the knowledge base of a fuzzy controller. A practical pa-
rameters tuning method of fuzzy control is also proposed
which is carried out by computer. The tuned control sur-
face of fuzzy control behaved non-linearity property which
is corresponding to the controlled plant. The design prin-
ciple is described in section 2 and a design example of a

non-linear system presented in section 3.
2. Fuzzy Control Design

Like the conventional control which has two-term (PD
and PI) and three-term (PID) control, the fuzzy con-
trol also has two-term and three-term fuzzy control. Be-
cause three-term fuzzy controller requires a large number
of rules in order to establish a complete control surface,
two-term fuzzy controller is used to complete the control
signals which are fuzzy PI control and fuzzy PD control.
The difference between them is the shape of fuzzy rule.
For PI control, the general rule is " if e is A and is B then
u s C7. For PD control, the general rule is 7if e is A
and 18 B then Aw s C”. These two type fuzzy control are
corresponding to conventional PI and PD control respec-
tively %) In this paper the interesting is focused on fuzzy
PD controller, because it yields quick response with less
oscillation. The architecture of a fuzzy PD controller is
the same as conventional PD controller that is to generate
a control input based upon the error/output information
resulting from feedback.

In view of the modular structure an FLC is composed
of three basic parts:

1. Input signal fuzzification that transfer the values of
input variables into fuzzy information;

2. A fuzzy engine that handles rule inference; and

el v
—b»| fuzzification |—»| inference
\ engine

rule base

Fig.1 The structure of fuzzy controller.

3. Defuzzification that generates continuous signals for
actuators such as control values.

The process of design the FLLC can be divided to two
stages: knowledge base design and FL.C tuning. A knowl-
edge base of a FLC is composed of two components, a
data base and fuzzy control rule base. The later is the
fuzzy inference rules. The data base include:

1. The actual range of universe of discourse for each
decision variable. That is the scaling factor;

2. Number of fuzzy sets for each decision variable; and

3. Membership function which contains the fuzzifica-
tion and defuzzification function.

From fig.1 we can see that to design a fuzzy controller
there are many parameters should be adjusted, for a given
plant it is difficult to construct a suitable knowledge base
by human experience. In view of the control surface, the
conventional PD controller which behaves a linear control
surface can be thought as a special case of fuzzy PD con-
troller and it is easy to be adjusted, because it only have
two adjusted parameters. If a control surface of a fuzzy
PD control is defined as the same surface of tuned conven-
tional control, this fuzzy PD controller will have the same
merit as this conventional PD control. That is this linear
control surface can be used as the knowledge base of the
fuzzy PD controller. The designing and tuning the fuzzy
PD controller can be started from designing and tuning
conventional PD controller. And the design process of the
fuzzy PD controller can be divided to shape the control
surface and its adjusted.

2.1 The control surface analysis

Fuzzy PD controllers are non-linear systems which im-
plement a non-linear law between control inputs and con-
trol outputs %), The non-linear control law is character-
ized by a hyper surface in the product space of controller
inputs and controller outputs. But if we choose the suit-
able parameters, the fuzzy control surface can be a linear
surface as conventional PD controller. In order to find

the relationship of the control surface between the con-

Fig.2 The conventional PD control surface.



ventional PD controller and a fuzzy PD controller it is
necessary to analyze the control surface property of the
controller.

2.1.1 The conventional PD control surface

A conventional PD control algorithm is expressed as:
u=kpe+kaé (1)

After tuning the &k, and kg to for a given plant by com-
puter paradigm. A control surface with z, y and z (z
example input e, y example input ¢ and z example out-

put u) expressed as:
kpz+kay—2=0 (2)

Its control surface is a linear surface as fig.2.

2.1.2 Fuzzy PD control surface

As stated before, fuzzy PD control surface is a non-
linear surface. But if suitable parameters are chosen
which include two inputs partitioned into uniformly dis-
tributed fuzzy regions, a linear-like fuzzy control surface
can be generated by linearly defined control rules with
simplified inference method ' 1%:1%) " Such a controller
is named Linear-like Fuzzy Logic Controller. A linear-like
fuzzy PD control is defined as following:

1. The actual range of universe of discourse for each of
two decision variable is [—Ly,L;],[—L2,L2] respectively;

2. For each decision variable the fuzzy sets is 2n+1 that
is (mf_n, mf_(n_yy, ... , mf1, mfo, mfi, ..., mfin_yy,
mfn),

3. The membership function of fuzzification is as fig.3
(L = L1 or L), the apex of each triangular membership
function is (—L, == 7 =lp o, Lp =l 1)
and

4. The simplified inference method is used and the
(2n+ 1)2 fuzzy rules are defined as following:

1.) ifeis mf_, and éis mf_, then u is —R;

2.) ifeis mf_(n_1) and € is mf_, then uis —R+ 1%2715;

-L
L
la — — — 2n+1

Fig.3 The fuzzification membership function of Linear- like
Fuzzy Logic Controller.

2n—|—1.) if eis mf, and é is mf_,, then uis —5;
2n+42.) if e is mf_, and é is mf,—1) then wu is
_R+ R+S.

2n !

2(2n+1).) if eis m f,, and éis m f(,_1) then u is S—l—%;

(2n + 1)2.) if eis mf, and € is mf, thun u is R.
The surface equation is:

R-S R+ S

T y—2z=0 3

on, Tt v (3)
if

R=Liky+ Laka (4)

S=1Loka—Liky (5)

The control surface of fuzzy PD controller shown as fig.4.
If L1 and 1.2 are large enough, a fuzzy PD controller can
be easily acquired which has the same control surface as
the tuned conventional PD controller. This linearity sur-

face is used as the knowledge base of fuzzy PD controller.

2.2 The tuning of fuzzy PD controller

The non-linearity of the control surface should corre-
spond to the plant characteristics in order to ensure a de-
sirable controller response. Two sources of non-linearity
can be distinguished in a fuzzy controller. Firstly, there
is the non-linear relation described by the fuzzy rules.
Secondly, additional non-linearity is introduced by the
inference mechanism depending on the particular choice
of membership functions, aggregation, implication and
the defuzzification operators. If the simplified inference
method is used, the non-linearity property tuning of fuzzy
PD controller is focused on tuning the antecedent mem-
bership function and consequent value.

Tuning the parameters of fuzzy controller is a non-linear
optimistic problem. It is said the Sequential Quadratic
Programming(SQP) methods represent state-of-the-art in
non-linear programming methods. A non-linearly con-

strained problem can often be solved in fewer iterations

Fig.4 Linear-like fuzzy control surface.
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using SQP than an unconstrained problem. One of the
reasons for this is that, due to the limits on the feasi-
ble area, the optimizer can make well informed decisions
regarding directions of search and step length 14),

On the basis of fuzzy rules and scaling factors which
behave a line surface, using SQP the parameters of fuzzy
controller is tuned by computer using MATLAB tool at

the same time® 7).

3. A Design Example

As a design example, we consider the problem of con-
trolling translational oscillations with a rotational actua-
tor(TORA) 8). The problem is of interest as a case study
in nonlinear controller design because the model exhibits
nonlinear interaction between the translational and rota-
tional motions. The structure of the TORA system de-
picted in Fig.5.

It consists of a platform that can oscillate without
damping in the horizontal plane. On the platform a ro-
tating eccentric mass is actuated by a DC motor. Its
motion applies a force to the platform which can be used
to damp the translational oscillations. Assuming that the
motor torque is the control variable, our task is to design
a control system to asymptotically stabilize the system
at the equilibrium as soon as possible from its different
initial conditions.

Let 21 be the normalized displacement of the platform
from the equilibrium position, 2 = 1, xs = 8 be the
angle of the rotor, and z4 = x3. The dynamics of the

system are described by
X =f(e)+g(x)u+q(a)d (6)

where u is the torque applied to the eccentric mass and

d is a disturbance. The vectors f, g, ¢ are given by:

T2
—z14ex?si
F()= e (7)

e cos x3(xy—¢ .ri sin #3)

1—e2 cos? x3

-
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where ¢ is a constant parameter which depends on the
rotor, platform and eccentricity(usually e = 0.1).

The first step to design the fuzzy controller is to choose
the controlled parameters. According to the property of
the TORA control system, #; and z3 should be as two
of the control parameters. Because one fuzzy PD con-
troller with two input only accept one control parameter,
a cascade control system composed by two controllers is
proposed shown as fig.6.

The cascade TORA control system design process are
stated as following:

(1) Turning the parameters of conventional PD con-
troller.

At first, the cascade control system is composed two
conventional PD controllers. There are only four param-
eters should be tuned kp1,ka1,kp2 and kq2. Based on the
linearity TORA system, the parameters of the conven-
tional PD controller are k;1=0.5, kq1=0.5, kyo=-0.5 and
ka=-0.5, when TORA in its initial variable z(0)=1.0
tune the four parameters using SQP by computer(Intel
Pentium 200MHZ) because it is also a constrained mini-
mization optimistic problem. After 55 seconds, we get fol-
lowing results: kp1=1.45, kg1 =-1.32, kp2=-0.88 and kgo=-

0.79. The simulation of control result before tuning and

0 50 100 0 50 100
time(s) time(s)

(a)before tuning the parameters (b)after tuning the parameters

Fig.7 The result of conventional PD controller before and
after tuning the parameters e=0.1,71(0)=1.0.
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Fig.8 The membership function of a linearity fuzzy PD con-

troller with 3*3 partitions.
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(a)before tuning the parameters (b)after tuning the parameters

Fig.10 The control result of fuzzy PD controller =0.1,
1 (0)=1.0.

after tuning are shown as fig.7.

(2) Fuzzy PD controller design.

Change two of the controllers by two fuzzy PD con-
trollers. Each controller is with 3*3 partitions. Based
on equation (4) and (5), for FLC1 let Ly=L,=2, and for
FLC2 letL1=L2=1.3, the membership function is fig.8.

The left picture of fig.10 shows that when the param-
eters of fuzzy PD controller are chosen according to the

method of section 2, it has the same function as PD con-

fuzzy control PD control

05 : 05
* 0 * 0
—05 : 05
1 1
0 20 40 60 80 100 0 20 40 60 80 100
time(s) time(s)

model error (¢=0.06, z1(0)=1.0)

fuzzy control PD control

0 20 40 60 80 100 0 20 40 60 80 100
time(s) time(s)

large initial variable (e=0.1, 1(0)=1.4)

Fig.11 Compare the control result of two type control sys-
tems.

troller. Then tuning the parameters of two fuzzy con-
trollers with the antecedent membership function and
consequent value in the same situation, there are 20 pa-
rameters tuned. After 2 minutes and 40 seconds two con-
trol surface behave nonlinearity shown in fig.9 and its con-
trol result is in fig.10. The right picture of fig.10 shows
its control result after tuning.

(3) Compare the control result of conventional and
fuzzy PD control system.

From fig7 and fig.10, both the conventional PD con-
trol and fuzzy PD control get the steady result after 20
seconds. It seems there is no difference between the two
type controllers. To compare the property of these two
type controllers, two situation are considered which are
when there is a model error (5:0.6)and x1 has large ini-
tial condition(z(0)=1.4) the simulation results of conven-
tional and fuzzy PD control system are shown in fig.11.
When there is a model error, the TORA get its desired
equilibrium after 30 seconds by fuzzy control and after 50
seconds by conventional linear control. When 1 has large
initial condition, the TORA get its desired equilibrium af-
ter 30 seconds by fuzzy control and after 40 seconds by
conventional linear control. These results show that the
cascade fuzzy control system behaves more robust prop-
erty than the cascade conventional control system espe-
cially when there is a model error and in the different

initial condition.
4. Conclusion

In this paper a new type of practical methodology
for design fuzzy controller are proposed which avoids a

painstaking parameters design for a knowledge base. Due



to the fact that the problem of fuzzy control system de-
sign is equivalent to a multi-dimensional, multi-modal,
multi-objective optimum problem, the proposed method
provides a practical and effective way and it is easy for
practising engineers to use. Although it can not ensure
that the designed fuzzy controller is the best one for the
controlled plant, it is better than a conventional linear
controller. According to the control surface analysis, the
conventional linear controller can be thought as a special
fuzzy controller which explain the reason why the fuzzy
control has a better control characteristics than a con-
ventional linear controller. The methodology meet the

challenges required for a computer-aided control design.
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