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ABSTRACT: The paper presents a method of con-
structing simple fuzzy controi rules for the
determination of stabilizing signals of automatic
voltage regulator and governor, which are
controllers of electric power systems. Fuzzy con-
trol rules are simplified by considering a coor-
dinate transformation with the rotation angle @8
on the phase plane, and by expanding the range of

membership functions. Also, two rotation angles
g, and @ are selected for the linearizable
region and the nonlinear one of the system,
respectively. Here, @8, 1is chosen by the pole
assignment method, and 6. by a performance
index. Fuzzy inference is applied to the
connection of two rotation angles 6, and 6. by
regarding the distance from the desired
equilibrium point as a variable of —condition

parts. The control effect is demonstrated by an
application of the proposed method to one-machine
infinite-bus power system.

1. INTRODUCTION

Due to the large scale and complexity of
electric power systems, the stabilization has
become an important problem. Recently, fuzzy con-
trol ®*! has been studied for the stabilizing con-
trol =1 31 of electric power systems. The
authors have considered an application of fuzzy
inference to the determination of stabilizing
signals ue and ug of AVR (automatic wvoltage
regulator) and GOV (governor), respectively,
which are controllers of electric power
systems (41 -8l = Membership functions of fuzzy
control play an important role, but they are
chosen by way of trial and error. Therefore, con-
structing fuzzy control rules with many member-
ship functions 1is complicated. Thus, it is
desirable to construct fuzzy control rules for
power systems analytically.

The purpose of this paper is to propose a
methed of constructing fuzzy control rules for
zlectric power systems analytically, by
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simplifying variables of condition parts and
rules, and minimizing the number of membership
functions. In the method 1 ', wvarisbles of
condition parts and rules are simplified by a
coordinate transformation with the rotation angle
6 on the phase plane and by expanding the range
of membership functions. wue and ug can be
respectively determined by a rotation angle §
and one membership function which are suitable
for each controller. In the method I, two
rotation angles @, andf. are selected for the
linearizable region of the system, which is the
neighborhocd of the desired equilibrium point,
and for the nonlinear one, respectively. Here,
6, 1is chosen by the pole assignment method, and
6= by a performance index. Furthermcre, fuzzy
inference is applied to the connection of ¢,
and 8, , by regarding the distance from the
desired equilibrium point as a variable of
condition parts. To demonstrate the control
effect of the methods 1 and II, simulations are
performed by using one-machine infinite-bus
system. As the result, rules for AVR and GOV are
simplified, the number of membership functions is
minimized, and a good control effect is obtained.

2. MODEL SYSTEM

The model system used ir this paper is
one-machine infinite-bus system, which is shown
in Fig.1. Constants of the model system are

indicated in

g

T

Table 1. Block diagrams of AVR and

GOV

Fig.l OCne-machine infinite-bus system.



Table 1 System constants. Tabie 2 The equilibrium point.
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which are zpproximated £o the first order 3. Fuzzy control
are shown in Fig.2. usz and ug are

controlliers to edvance the control Fuzzy a relation
ving equations of the model system are between the the conirol
Toliows; quantity u such as "if ¥ is Kegarive Big then u
is Positive Big™,
dn A ERNR TN (1} knowledge and  expzrie
determine ue zand ug,
dow 4o = VNI I (2} structad under the equal

olang  of  al-sw

-ixd-xd gid)yTdet ‘ qcceleration
rules, the si
Ta-us. Ta . (4) that of aw
AVER, {

dafFmoan (mabr-Kgaw Jwad, Tgrug T 15 excitaril
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varizbles of the conditicn parts.

an g .
2ed of generator, Cue example of the previ v control
nduced veltage, ruies ™ constructed for the model systexm (Fig.l)
voltage, is shown in Fig.3. In the rules. 4w 2nd & 2re
powar input. ased  as  wvarizbles of the condition parts.
2 al power ourput A are used only in the
it cltage, cpndivion paris. in the speration  parrs,
:d-axig components of armature current, constants instead of fuzzy sets are used, and ue
inertia constant, and ug are obtained as eqs.(8) and (3) in Fig.3
U darpmg coefficient, by the weighted average method. Heowever ue and ug
Td, :time constant of d-axis circuit, must not exceed the restriction of egs.(6) and
xd :d-axis synchronous reactance, (7). In rules of AVR and GOV, Ruiel and Rule2 goa
xd' :d-axis transient reactance, rules hased on the knowledge that thes sign of ue
Ka :AVR gain, and ug is much related to that of 4w than
Ta :AVR time constant, others, Ruied and Ruled are preceding contro
Kg :GOV gain, rules, and Kuled is a rule fcr the neighborhood
Tg :GOV time constant, of the desired equilibrium point. It is 4difficult
Xt :transformer reactance, to construct such five rules for each controller
x¢ :line reactance, by way of trial and errcr. Especially., procedures
Vm :infinite bus voltage. for constructing the preceding control rules,
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*AVR

0 245 aw

54 -2 0 @
Rulel if 4w is PR then  uel=uemax
Rule? if 4w is NB then  uel=uemin
Ruled if 4w is N and @ is N then  ued=uenin/?
Ruled if aw s M and @ is P then  ued=uemax/?
Ruled if 4w is 20 and & is 70 then  ueh=0

we= ELNE (o) )

20

-20 0 I

Rulel if 4w is PB then  ugl=ugmx

Rule? if 4w is NB then  ugl=ugnin

Ruled if aw is M and & is N then  ugd=ugmin/?

Ruled if 4w is ¥ ad @ is P then ugl=ugmy/?
Ruled if 4w is 20 and & is 70 then  ugs=0
ug= L'E"‘fg" (i=1~5) ]

where PB:Positive Big . NB:Negative Big . M:Medium , P:Positive.
N:Negative . Z0:Zero . A. i :grades of the condition parts,
uemax=defe ., uemin=-3efo . ugnax=0.2Pme . ugnin=-0.2Pma.

Fig.3 The previous fuzzy control rules!*.

which combine membership functions of and

@, are too complicated.

4. A simplification of constructing membership
functions (The method 1 )

The method I
two aims, that is,
condition parts and rules ,
number of membership functions. In the method
1, rules are constructed on the aw-¢. phase
plane { & =ke¢ . k:positive constant). For the
first aim, instead of constructing the preceding
control rules, the rotation angle @ of a
coordinate transformation on the phase plane is
introduced as shown in Fig.4. The choice of @8
is much easier than constructing the preceding
control rules such as Rule3 or Rule4 in Fig.3.
Therefore, variables of the condition parts come
to be only 4@ (=awc0s8 + ¢ sing ). For the
second, since ue and ug seem to have the symmetry
with respect to the sign of 4@, the number of
rules can be decreased by expanding the range of
membership functions from (0,t] to [-1,1].
Consequently, the number of membership functions
for each controller are decreased to only one.
Here, the membership function for AVR is

proposed in this chapter has
simplifying variables of the
and minimizing the
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F(a8) Glaa)

GOV

Fig.5 Membership functions.

represented as F(u@), and that for GOV is as

G{.sip). Examples of F{a@) and G(ag) are shown in
Fig.5. For the construction of F(ug) and G(.@).
it is necessary to consider the inertia constant
M because .aw receives its influence. Then, ue
and ug are given by

ue=aF(s@) , ug=bG(u@) . (10)
where a,b: the greatest values of ue and ug.
Thus, by the method 1, five rules in the

previous fuzzy control for each controller can be
represented by the rotation angle 6 and one mem-
bership function.

To demonstrate the control effect of the
method I, simulations are performed under the
three-phase short circuit fault for 0.22(sec) at
the point f of one-machine infinite-bus system
(Fig.1). As soon as the fault is cleared, the
transmission of electricity by two lines is
switched to that by one line, and AVR and GOV are
operated. Constants k, &, a, and b are given as

k=0.25, B avir=35" , G eov=30" ,

a=3efg, b=0.2Pmg,
and F(s@) and G(s&) are shown in Fig.5. Time
responses of 485 and sw are illustrated in

Figs.8 and 7
the previous
first swing, the method |

with the result of No-control and
fuzzy control. In Fig.6, for the
is inferior to the
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Fig.8 Time responses of 45 with the parameterg.

previous fuzzy control, but for swings on and
after the second one, the former is superior to
the latter. In Fig.7, time response of 4w by
the method 1 converge to the desired equilibri-
um point faster than that by the previous fuzzy
control, and the method I gives an improvement
in transient stability.

In the method 1, the rotation angle @8 1is
chosen by way of trial and error. Time responses
nf 485 with the parameter © is shown in Fig.8.
If ¢ 1is set larger (smaller), the control ef-
fect for the first swing becomes better(worse),
but that for swings on and after the second one
becomes worse (better).
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5. An application of fuzzy inference to the

rotation angle O (The method I )

In the method 1[I, the rotation angle @,
which corresponds to the delay time, is chosen by
way of trial and error. The method II proposed
in this chapter presents an approach to obtain
0 analytically.

In the method I, the electric power system
is divided into two regions. One is a
linearizable region which can be approximated the
electric power system as a linear system in the
neighborhood of the desired equilibrium point.
Another 1is a nonlinear region. First, in the
linearizable region, membership functions F (4&)
and G{.«#@) shown in Fig.5 can be obtained as

1
Flag)= Rl
1 .
=7 (4w COSBave + K@) SiNBave) ,  (11)
Glag)= -4@
= —(Ju) CO0SBgov + ke Sinesov) (12)

By substituting eqs. (11) and (12) into eq.(10),
ue and ug are given by

ue= %(Ju} COSBave + ke SINBavr) , (13)
Ug= -b(2w COSBcov + k@ sinbaoy) (14)
Substituting eq.(2) into & of eqs.{13}) and
(14), eq.{13) into eq.(4), and eq.(14) into
eq.(5), gives
daef a
at Ta(-gef—Kath% m(dwCOSGAvR
k
+E (Pm'Pe—DAw )SineAvR} ) (15)
daPm 1 Aw b
at = Tg( aPm ngu) Tg (J(A) C0SBcov
k .
+_I-‘1- (Pm—Pe-D.aw )Slnecov} (18)
At the desired equilibrium point, eqs.(1l), (2),
{3), (15), and (16) can be linearized as
X=AX (17)
By the pole assignment methoed'™, @Ba.vr: and
Bsov: are chosen to give the greatest absolute

value of the real part in the dominant roots of
A depending on Bavr and Heov (see Appendix for

A ). Then, the rotation angle @, in the
linearizable region can be given by Havk: and
Baov:. Secondly, in the nonlinear region, @avee



1 near far

di de d
*AVR
Rulel if d is near then Baue=0Oaurs and uel=aF (a%1)

Rule? if d is far ther Havr=Bauke and uel=aF (ad2)

xGOV
Rulel
Rule2

if d is near then Bsov=8cour and ugl=bG (a&)
if d is far then Beou=0Bcove and ugl=b G (ae)

Erueltsouel
eitee

n1ugltnaugl
nitne

ue=

(19)

vhere d= (sw?+d,2) '7?
the condition parts.

. €1, £2, 71, ne:grades of

Fig.9 Rules for fuzzy inference.
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Fig.10 Time responses of z6.
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The method 1

3
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Fig.1l Time responses of aw.

and Oeove 85 Oz are chosen by the following
performance index ;
t lad1dt , (18)

J=17

where T: simulation time.

This index is related to the speed of response

and the stability. Also, fuzzy inference 1is ap-
plied to the connection of two rotation angles
o, and 6. by regarding the distance d from
the desired equilibrium point as a variable of
the condition parts. The rules are shown in
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Fig.9.
arizable
region.

Rulel indicates a rule
region, and RuleZ for

for the line-
the nonlinear

To demonstrate the control effect of the

method I, simulations are performed. The fault
condition, k, a, b, F(a@), and G(a@) are
the same as those of the method I in chapterd.
GBave1r Bavez, Osovi. Bsova. di, and d. in
Fig.9 are given as
8 avr = 48° ’ GAVRE:33° , Baeovi =47,
650\/2:12o ) d, =3, d?=7
Time responses of 48 and .w are illustrated in

Figs.10 and 11 with the result of the method I.
In Figs.10 and 11, it turns out that time re-
sponses of s& and aw by the method 1 converge
to the desired equilibrium point faster than
those by the method 1.

8.CONCLUSION

A method of constructing fuzzy control rules
for electric power systems has been proposed in
this paper. By the coordinate transformation and
expanding the range of membership functions,
variables of the condition parts and fuzzy
control rules are simplified, and the number of
membership functions is minimized. By considering

the rotation angles ¢, for the linearizable
region and @- for the nonlinear region, the
control effect can be improved. However,
membership functions F{a@) and G(a@) are
constructed by way of trial and error. An
analytical construction of F(.&) and G(s@),
and an application to multi-machine electric

power systems are presently being investigated.
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8. APPENDIX

~1

)y are given s follows;

a0 SRR
a4 LT W
X = FERD = e31 ~873's , ALl
anf ef —ef, :
aFnm Pm — Pm.
3 ! 0 G J

A= R (3.2)
where
, A ( eq'yVmeos S (xq-xd'iVm#ras(28g) )
Ty xa+zd’ (xe+xd" ) (xe+xq)

M{xe+xd ')

~ {xd-xd 1Vvmsing o

Tde ' (xe+xd’) !
Aos - (xe+xd)
Tas Tdy ' (xe+xd’) ’
A= Ka{(P=2-R®)sin 5500585 0-QReq asind g}
Agqar= -

Ta{P?sin®5 ,+(Qeq o*Rcos§al2} 72

aksing ave 2qQ oVmeos So +(xq—xd')‘»’m%os('zsg)
4MTa xe+xd’ (xe+xd )Y {xe+xq)
P aco0sfBave  aDKSinBHave
o 473 4¥Ta
Ka(Q%eq o+QRcos &g}
Aan= -

Ta{P“sin®§,+{Qeq ' g+Reos & ni2}i-=
akVesind osiny ave
dMTa(xe+xd")

aksing ave
Bas=

44Ta
. bPkSin g oy eq ' oVmCcos S
“e1 T - Py {- —
MTg xe+xd

(xgq-xd " )Vm=cos3{254)
(xe+xd’ ) (xe+xq)

K D .
Ases - _"—g + bCOSGuoy - — bksinBaow) ’
Tg' o Bl

bkimsiné ¢$ine gov

Asa= -
= WTg(xe+xd ) ’
I bksin8gow
Agp™ - == -
Tg MTg
- xgVm ~ xe xd'Vm
I eeeem— , u:‘ - N = -
Xe+xX3 xe+xd xe+xd



