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Abstract

This paper proposes a design method of fuzzy
phase-lead compensator and its self-learning by neural
network. The main feature of the fuz:zy phase-lead
compensator is to have parameters for effectively
compensating phase characteristics of control systems. An
important theorem which is related to phase-lead
compensation is derived by introducing concept of frequency
characteristics. We propose a design procedure of fuzzy
phase-lead compensators for linear controlled objects.
Furthermore, we realize a neuro-fuzzy compensator for
unknown or nonlinear controlled objects by using Widrow-
Hoff learning rule.

1. Introduction

Fuzzy control was first introduced in the early
1970’s by Mamdani [1]. However, we lack at present
theoretical controller design methods although fuzzy control
has been applied to many real industrial processes. This
paper presents a theoretical compensation method of fuzzy
control systems based on frequency characteristics.

The main purpose of controller design is to realize
control system such that transient characteristics such as
speed of response and damping characteristics are satisfied.
The best way of realizing such a design is to introduce
concepts of frequency characteristics such as gain crossover
frequency and phase margin. Because transient characteristics
are strongly related to frequency characteristics. For
example, gain crossover frequency is related to speed of
response, and phase margin is related to damping
characteristics. Generally speaking, it is necessary to
compensate phase characteristics of control systems in order
to improve damping characteristics. It is, however, known
that compensation of phase characteristics is not generally
easy. In the field of fuzzy control, it has been said that a
phase-lead compensation can be achieved if we use a
coordinate transformation of e-é phase plane, exactly
speaking, rotation of e-€ phase plane [2,3,4,6]. However,
we reported in a previous paper [S] that the coordinate
transformation. does not always realize an effective phase-
lead compensation. We propose a new coordinate
transformation of effectively realizing it.

An irnportant theorem which is related to phase-
lead compensation is derived by introducing concept of
frequency characteristics. We propose a design procedure of
fuzzy phase-lead compensators for linear controlled objects.
Furthermore, we realize a neuro-fuzzy compensator for
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unknown or nonlinear controlled objects by using Widrow-
Hoff learning rule which is a basic learning method in
neural networks. The following symbols will be used in

this paper.

G(s):A transfer function of a controlled object.
Gc(S):A transfer function of a linear PI controller
(a+bs)/s.
Ge*(S): A transfer function of a linear PI controller
(a*+b*-s)/s.
wCG:A gain crossover frequency of
open loop transfer function Ge(s)G(s).
©6m:A phase margin of open loop transfer function
Ge(s)G(s).
w0CG:A desired gain crossover frequency of
open loop transfer function,
60m: A desired phase margin of
open loop transfer function.
€p:A overshoot of transient response of
control system.
Tp:A time to peak of transient response of
control system.

€0p:A overshoot of desired transient response of
control system.
TOp:A time to peak of desired transient response of
control system.
g(w): A gain in the frequency w of Ge(s)G(s).
V (w):A phase in the frequency w of Ge(s)G(s).
g*(w):A gain in the frequency w of Gc*(s)G(s).
W*(w):A phase in the frequency w of Ge*(s)G(S).

2. Frequency characteristics

Fig.1 shows an example of Bode diagram.
Generally speaking, wCG and 8m are related to speed of
response and damping characteristics, respectively. Let us
consider the following second order lag system.

Gls)= e ©F
2 + 2Lwas + 0F

where & is damping ratio and wn is undamping natural
frequency. It is known that wCG and Om can be represented

using G and wn,

0m=90-tan"4 /025, /4+L - 05
’\/ ¢ (n

wcs=VYal +1-28 0, @)




Fig.2 shows a transient response of second order lag

system. € and wn can be represented by using €p and Tp as
follows.

(-1/r) In( €5/100 )

VT (CUm In(e/100) 7 (3)
(Dn =____E__
TpV1- g2 )

The transient characteristics of a high order lag
system with a overshoot €p and a time to peak Tp can be

approximated by a second order lag system with § and wn
calculated by substituting €p and Tp into Egs.(3) and (4).
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3. Fuzzy phase-lead compensation
We derive an important theorem which is related

to phase-lead compensation by introducing concept of
frequency characteristics.

[Theorem 3.1]
If we use
G*c(s)=(a*+b*-s)/s
instead of
Ge(s)=(a+b-s)/s,
where

[a* b¥] =[a b] T, w cq), (5)
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T, w co) =
cos (-6.) (1/w co) sin (-0;)

w co sin (-6) cos (-60) , ©
then the gain crossover frequency and the phase margin of
open loop transfer function of G*c(s)G(s) become wCG and
6m+6c, respectively.

(proof)The proof is omitted due to lack of space.

We construct the following fuzzy phase-lead
compensator by using the transformation matrix of Eq.(6).

Rule 1:IF @ is about "- or Q or "
THEN
i1 =[a b] [ © ]
e,
®
Rule 2: IF @ is about "-7t/2 or T/2"
THEN

iz =[a b] T woco) | © |

)

k4

where © = tan'l(é/e). The final output of this controller is
calculated as

s - WiUl +walp
u= wi + w2 ’ 9)

where w1 is a membership value of the fuzzy set, about "-7T
or 0 or ", of Rule 1 and w2 is a membership value of the
fuzzy set, about "-1t/2 or /2", of Rule 2. Fig.3 shows the
fuzzy sets, where p is a premise parameter of the fuzzy sets.

about "-w or 0 or "

about "—g or%"

Fig.3 Fuzzy sets

The controller design is to determine a, b, a*, b*
of Eq.(8) and p of Fig.3. The design procedure for linear
controlled objects will be given below.

[ Design Procedure }
Assume that a controlled object G(s) is linear. The
procedure consists of five parts.
[Step 1]
Select a desired transient response of control
system with a overshoot £0p and a time to peak



TOp. From the values of €0p and TOp, derive 50,
wOn, 60m and wO0CG of the desired transient
response by Egs.(1) ~ (4).

[Step 2]
Determine a and b of Rule 1 such that speed of
response is satisfied, that is, Tp < TOp.

[Step 3]
Calculate the phase margin 6m and the gain
crossover frequency wcG of Ge(s)G(s). Next, derive
a* and b* from Eq.(5), where 6¢c = 60m - 6m.

{Step 4]
Assume that p=0. Next, investigate whether Tp <
TOp and €p < €0p or not. If both of them are
satisfied , then end, else go to [Step 5].

[Step 5]
Adjust the premise parameter p. The value of p
decreases if Tp >TOp and £p < €0p. Conversely, it
increases if Tp< TOp and €p > €0p. If Tp < TOp
and €p < €0p, then end, else go to [Step 2] and
select cther values of aand b.

We illustrate an example of the above design
method.

[Example 3.1}

Let us consider the following controlled object.
y=-4y-4y+3u

[Step 1)
We select a desired transient response such that €0p
= 5.0[%] and TOp =1.5[sec.]. From Egs.(1) ~ (4),
we obtain that 50 = 0.69, »On = 2.89, 60m =
64.63[deg] and w0CG = 1.89{rad/sec].

[Step 2]
a=6.70 and b=2.74.

[Step 3]
wcG=1.89.
6m = 39.94.
O6c =060m - Om = 64.63 - 39.94 = 24.69.
Therefore, a*=3.92 and b*=3.97.

[Step 4]~[Step 5}
TOp = 6.9[sec.] and €0p =0.02{%] when p=0{rad].
So, we attempt to adjust the premise parameter p.
TOp = 1.5[sec.] and &0p =4{%]} when p =
-607t/180[rad). Fig.4 shows control result.
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Fig.4 Control result.

4. Neuro-fuzzy compensators

The design procedure discussed in Section 3 cannot
be applied to unknown or nonlinear systems since frequency
characteristics cannot be used in this case. One of the
possible approaches for such a case is to introduce concept
of self-learning. In this section, we introduce a self-learning
control by Widrow-Hoff learning rule which is a basic
learning method in neural networks. The idea which
optimizes parameters of fuzzy model by using Widrow-Hoff
learning rule was first introduced by Ichihashi {7,8].

The performance function is defined as

] :%( Re-y)?
»
where Re is setpoint and y is the output of controlled
object. From Eqs.(6), (8) and (9), we can obtain
0 = K-[(ws T+wz [T-cos(-0.)+sin(-6.)) )¢
+ (wi+wz {c0s(-8.)-T-sin(-6)) }é]’

where K=b, T=a/b and aCG=1. We should notice that the
value of wCG can not be calculated since a controlled object
is unknown or nonlinear. So, we assume that wCG=1. Even
if it is assumed that wCG=1, we can improve phase
characteristics in the all frequency range by changing the
value of 8¢. By partially differentiating J with respect to
each controller parameter, we obtain

...a.l_z .a_J..éZ...a_u.. = - (RC - y)_g_-z,px

u

dK dy qudk

3 _ 3 3y an 9.
==L =-(Re-y)—Lpr
aT 9y au oT du |
ﬁ{.:g{-a-l'-@i=" - QX‘
3. 3y 35 0. (Re Y)aﬁ Pec

Pr = (Wi T+wz (T-cos(-0)+sin(-0,)) }

+ (wi+wz [cos(-0.)-T-sin(-0.)) )eé,
pr = K-[(wi+wacos(-0.)} e

- (wzsin(-0))} €]
Pe. = K-[(wz {-cos(-0)-Tsin(-0.)) }e

+ (w2 (T-cos(-0.)-sin(-6} }-€]
Therefore, the learning law is defined as follows.

K™ =K%+ £,AK,
T = T%® + AT,

6. = 9.2 4 EJ'Aec,

where
AK = e{wi T4+ wy (T™P-cos(-63)+sin(-67%)) )¢
+ (wi+wa [cos(-02P)»-T*-sin(-62D)) } é
AT = KO- [(wi+wzcos(-67)) e
- (wrsin(-62))¢].
A0, = K- [(wy {-cos(-677)-T*-sin(-62%)} }e
+ (war( ’I“‘D-cos(-efw)—sin(-e?’))}}é],

and e=Re-y and €1, €2 and €3 are leaming factors.

—847—



We show some examples of this self-learning
control. In these examples, €1=0.01, €2=0.01,
€3=0.000001, Top=1[sec.] and €0p=5([%].

[Example 4.1]
Let us consider the following controlled object.
y =-10y -16y +16u
Fig.5 shows a result of self-learning control, where the
numbers denote iteration numbers.

[Example 4.2]
Let us consider the following nonlinear controlled
object.

y =-10y -16y +{-5-sin(0.5w-u)+16}-u
Fig.6 shows a result of self-learning control, where the
numbers denote iteration numbers.

[Example 4.3]
Let us consider the following nonlinear controlled
object.

y =-10y -{-5-cos(4n-y)+16}-y +16u
Fig.7 shows a result of self-learning control, where the
numbers denote iteration numbers.

5. Conclusion

The fuzzy phase-lead compensation based on
frequency characteristics have been discussed. An important
theorem which is related to phase-lead compensation has
been derived by introducing concept of frequency
characteristics. We have proposed a design method of fuzzy
phase-lead compensators for linear controlled objects.
Furthermore, we have attempted to design a neuro-fuzzy
compensator for unknown or nonlinear controlled objects by
using Widrow-Hoff learning rule.
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Fig.5 Control result (Example 4.1)
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Fig.6 Control result (Example 4.2)
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Fig.7 Control result (Example 4.3)



