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Abstract

Caontrol Design of Generator Power Systems is important to stabilize the electricity

supply. The single machine infinite bus 1s ane of generator power system models. The Power
Svstem Stabilizer (PSS) is used to damp the mechanic eleciro oscillation in electricity power
svsiems. Here, the output feedback controller of single machine infinite bus is designed. The
mathematical model of sysiems is non linear, so before designing the controller, some researchers
approached it as a linear system. Here, those non linear systems are approached by applying the
Takagi-Sugeno fuzzy method, with active power (P), reactive power (Q) and external reactive (Xe)
as_fuzzy parameters. In this paper, the performance of system without controller, with controller
without fuzzy and with fuzzyv coniroller were compared. Some types of P, O and Xe are given o see
the performeance of fuzzy output feedback controller in single machine infinite bus. Copyright ©
2017 Praise Worthy Prize S.r.l - All rights reserved.

Keywords: Single Machine Infinite Bus, Owipnt Feedback, Takagi-Sugeno Fuzzy Conirol, Pole

Placement, Routh- Hurwirz

Nomenclature
Angle
Angular velocity
Induced emyf proportional to field current
Generator field voltage
Initial angular velocity
Mechanical Torque
Electrical torque
Current on the axis q
Current on the axis d
Generator s_\'m.:hruiwus reaclances
D-axis synchronous reactances
Q-axis synchronous reactances
Inertia coeflicient
Open circuit direct axis transient
Constant excitation
Reference value of generator field voltage
Terminal voltage
The voltage on the axis d
The voltage on the axis q
External reactive
Active power
Reactive power
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I. Introduction

Control design of generator power syslems is an
important aspect to keep the stability of electricity supply
[1]-[14]. One of generator power system models is the
single machine infinite bus (SMIB). The mathematical
model of SMIB i1s a non linear system, so some
researchers linearized those mathematical models of
system before designing the controller, such as in the
Improved Swarm Optimization to stabilize the SMIB [1],
the robust control PSS based on pole placement and LMI
[2][3]. Direct feedback lincanization 1s applied o design
the controller for SMIB [4], [5]. Fuzzy logic controller
was also applied to enhance the stability of SMIB [6][7]
and power system stability is enhanced through a novel
stabilizer developed around an adaptive fuzzy sliding
mode approach which applies the Nussbaum gain o a
nonlinear model of a single-machine infinite-bus (SMIB)
[8]. The ather research about the stability of SMIB was
also proposed based on a PSO-Tuned H2 Controller [9].
All those papers design the control system by defining
the linear svstem of SMIB model. The other control
method for SMIB is an Adaptive Backstepping
Coordinated Exeitation [10]. in  this method, the
eslimation parameler construction and nonlinear gain
was introduced to stabilize the SMIB. The second
version of non-dominated sorting genetic algorithms
(NSGA-II) is proposed to tune stabilizer parameters on a
wide range of loading conditions to create a data base,
two eigenvalue-based objective functions are considered
to place the closed-loop system eigenvalues in the D-
shape sector [11].

In this paper, the output feedback controller of SMIB
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was designed. Here, the non linear system was
approached in different ways with previous research. The
non linear system was written in state space form and
then the Takagi-Sugeno fuzzy method was applied with
active power (P), reactive power (Q) and external
reactive (Xe) as [uzzy parameters. There are eight fuzzy
rules, therefore, there are eight systems and the
controllers were designed for every mile of the fuzzy
system. The output feedback gain 15 determined by using
pole placement and Routh Hurwitz method for each rules
and then applying defuzzyfication to get the stable
overall system.

The performance of output fuzzy feedback controller
between Pole Placement and Routh Hurwitz method
were compared.

II. Mathematical Model of SMIB

The Single Machine Infinite Bus of the generator
power system can be modeled as a non linear model [4]:
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0=—L"Cosd-—=-
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The non linear SMIB system without controller is
presented in Figure 1. The SMIB system is unstable, &
tends to 0.305, @ tends to 4, [ tends to 300, at ime

1=200x0.001 s, and the overshoot of Eg; is 2x10°

with setthing time 7=200x0.001 s. Therefore. it is
necessary to apply the output feedback controller.
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Fig. 1. SMIB Performance without control

The output feedback controller for system Eqs. (1)-(4)
was designed. First, the state space system was bwilt.
Here, it was built the state space system without
lincarizing the system. The state space system is
proposed as below:

0 @ 0O 0 o
31 lo a -b 0| @
(0] 1 (0] 0
Ii';, =0 0 -c E ‘-: + U Upy (3}
1 =" &
Eul lo 0 o -L|Ex] |7,
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X =AX +Bu (6)
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Matrix A of system in Eq. (6) containm , § so that
the system n Eq. (6) 15 non linear. It is not possible to
design the output feedback controller directly. therefore
the system was changed in fuzzy system in order to get
the piecewise hnear system,

IIL

In this research, the output feedback controller was
designed without and with fuzzy. In both cases, the
output feedback gain was determined by using the pole
placement method and the Routh-Hurwitz method. The
performances of &,@, £, £, for system without control.

Design of Proposed Control

with control and with fuzzy controller were compared.

Il 1. Fuzzy Ouiput Feedback Conivoller

In this paper, P.0.X, were
parameters, by using the Takagi - Sugeno Fuzzy Model
[12). Pe[!" P‘] 0e[o 0]

taken as [fuzzy

and
X, e [.\',_.' '\',,"] were laken and the fuzzy rules were

oblained as [ollows:

IF...P(t)is.P"AND..O(1)is.Q" AND..X  (t)is. X
THEN
_\’[_1‘] = /llx{f}-l Bn[!]

y(1)=Cx(1)
Rule 2
IF....P(1)is.P"AND..Q(1)is. Q" AND..X (1)is. X}

THEN
i(t) = Ayx(r) + Bu(r)
(1) =Cx(¢)
Rule 8
IF ... P(t)is.P* AND. Q(t)is.Q* AND.. X, (1)is.X?
THEN
x(r) = Agx(t)+ Bu(r)
»(1)=Cx(1)

The member function of P,(2 and .Y, as follows:

B _ P i
L,:’ I ._LJP P
pt_p=" ¢ pr_pt
M, = @-¢ ;_UE_Q =d
o' -9 Q' -0
N,
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Supposing that:

Iyo= LM\N, sy = LMON;
by = LMyN, by = LM,N,

hy = LM N, by = LM N, ;
Iy = LMoN, by = LMON,

then the state space equation (Eq. (6)) can be written as a
fuzzy model:

8
x EZJJF{:]‘I‘. +Bu) (7)
i=l

with output:

y=Cx (3)

The output feedback controller was designed based on
Eq. (7) and Eq. (8).

The output feedback controller is determined by using
pole placement and Routh Hurwitz methods.

Define the output controller as follows:

8 k.
u==YK;y; == K,Cx, (9)
s s=
so that. the state space system is obtained:
5 8
=23 iy(4-BK,C, )y, (10)

fal ful

Syslem Eq. (6) is slable if system Eq. (10) is stable or
all eigen values of matrix:

B (4 - BK ,C;)

have a negative real parl, thal means that the system in
Eq. (5) has poles on the left half plane.
In this paper, the output system isy =m . so we have

the output equation "l-'-[U 10 U]_\‘ or  matrix
C=[0 1o O]und the polynomial characterisic of
matrix 4, =BK C is

il +[c, -n-j%-r.-,]i.1 +
&

d,
il 70 Tl

¢ 11,2
- — A" = (1)
[TE ?ry n]
[ I, T +b, T T R; A=0
E ] o ‘E
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The SMIB system (Eq. (6)) 15 stable 1f the solution of
polvnomial characteristic (Eq. (11)) have negative real
part or Re(4)<0. So. it was determined the output

feedback gain, K, such that Re(4)<0.

feedback controller K is

;'J
determined by using Pole Placement and Routh Hurwitz
methods.

Here, the output

112 Pole Placement Method

The state space system (Eq. (6)) is not controllable
then it is not possible to apply “the place” toolbox in
Matlab to determine the output feedback controller. K.

Suppose, in pole placement method. the desired poles of
system are A,,4,,4;, 4, then satisfied:

(A=) (A=2)(A=25)(A=2g) =0
or
AP+ 2 +24)200+
(Aghy 4 Ay + Ay dy 4+ 2n g + Dy dg + I hy ) A7 +

(MAady + o2y + A iy + A da A, ) +

(Adads +Adady +Aadaiy VA +2dgdy =0

So. the poles 4,4, 4;, 4, must be satisfied Eq. (12)-
(15)

a+%+&+@=—&“+l—%] (12)
T,

Rl ity A R A Al A

13
[_i_] ]
i!;' 1, T!
FI SR B VL - TR
1 o Kgp.. 1 14
[“;cf—r-“l_,]-"'b;%kjf] i
TE j‘Ytr "J-.' 1'tl
Aiglaiy =0 (15)

Eq. (15) shows that one of Eigen values or poles is
zero. Supposing to choose A, =0 and substituting it to

Eq. (12), it is possible to obtain:

/‘.‘-—[r,+‘i—a,+).,+;12] (16)
3 Ty

by substituting Eq. (16) to Eq. (13) and A, =0, it is
possible to obtain:

Copyvright © 2017 Praise Worthy Prize S.r.1. = All rights reserved

Eq. (17) can be written as quadratic form in 4, to

obtain:

Al -{{c‘, +FI-——r.-, + Ay ]F., + A} +[c,- +?I-—a,]}'.2 -

E E
d. A
[c—' -t -, —i] =0
Ty T T
or.
A= : c + : a, + =
1 2 i ?! ; t Ay

(18)

bd | e

e
F S
P )
CYR)
1
CIES
s
=
]
Mo |_::
o NI

Supposing to have 4, <0. the system is stable if:
1 : 3 1
CI+F—HI+)1.'>0—)|f.42|<£‘,+?T—ﬂl (19)
2 E

Therefore, it is possible to choose 4, so that Eq. (19)
is satisfied, and 4;,4; can be choosen as Eq. (18) and

Eq. (16). The output feedback gain by pole placement
method can be oblamed from Eq. (10):

K= ’-l'lzi‘—“:‘—'fio*'“hi{ —jﬂ{’{ (20)
T 1, )oK
where ac;,d, are the parameters, which contain
PO.X,.

3. Routh-Ilwrwitz Method

In Routh Hurwitz method, the Eigen values or poles of
system were not chosen, but the output feedback
controller K , , was determined based on the Routh-
Hurwitz table. The Routh Hurwitz table can be built
based on the polynomial characteristic in Eq. (11}, and
based on the Routh-Hurwitz criteria, the SMIB system
(Eq. (6)) 15 stable 1F:

Inter [ Review of Automatic Control, Vel 10, N. 1
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[c,+7—uiJ>{] 21

[a,c, b S ly ] 22)
E Ty Ty Ty =0
1
[+5-e)
_[rx,c,—l,-—xr,i{+fj;i,£l,1{'}}>0 (23)
I}-ﬁ o £ fo

and the output feedback gain by Routh Hurwitz method
is obtained:

K, < aj-i‘.-a,c,-L. T’—T”v (24)
f;r I." b*ﬁ'u‘-'

where a;,¢;,d; arc the parameters, which contain

P.O.X,.

IV. Simulation and Discussion

In this simulation the parameters were taken from [4]:

o, =02, T, =8 x =12
x;=18; M=13; Kp =20
T =0.001; T, =8

a

with initial conditions J=0.3:m=0.2;€,’ =02 and
£y =0.1. In pole placement methed, from Eq. (19). it

was obtained:

g

= —rx[q +L—a,]:0 <g <]
Ty

and the output feedback gain:

. i Ty
Kiﬂak' '[’1&."1’3 +ay ,(_i =45 L]'u
0 Ty JBKg

and from Eq. (24). the output feedback gain of Routh
Hurwitz method is:

Ky = ﬁ["’:‘ i = l]ﬂ
0 Ty ) bKE

0<fil
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In this paper. the simulation for several values of «,
were done and the performance of fuzzy output feedback
controller SMIB between by pole placement method and
Routh-Hurwitz method were compared. From these
simulations, the performances of SMIB without control,
with control without fuzzy and control with fuzzy were
also presented. Figures 2-9 represent the performance of
SMIB for FP=180=02Ye=18 and
a=0.2,/8=0.2. The interval of fuzzy number is

Pef0.2 2):0e[-02 04];Xee[-02 2]

Figures 2-3 represent the performance of SMIB with
control but not with fuzzy controller. SMIB with control
is more stable than without the controller. The output
feedback controller by pole placement method is
represented in Figure 2. The performance & is stable and
tends to 0.3002, the performance @ is stable and tends
1o -0.1 in ime {=100x0.001 s. The performance Eq has

overshoot until 400 and stable with settling time
1=120x0.001 s, and the overshoot of Eg,is 3x%10% and

stable with settling time f =120x0.001 s.

dala by P ety PP
83004 a3
['H
0300
an
a3
[
L3 - - Ak
o ] o 00 o CEC] E]
Eqly PP a By PP
o —— 4
00 H
[ [
L] 0 a0 0 (] L] xna »

Fig. 2. SMIB Performance with Control by Pole Placement

The output feedback controller by Routh-Hurwitz
method is represented on Figure 3. The performance of
d tends to 0304, @ tends to 13 in tme
1=100x0.001 s. £, has overshoot until 80, and the

overshoot of £ ; is 15%10" . E 4y tends to -3x10" with

settling time ¢ =180x0.001 s,

Fuzzy output feedback controller was also applied to
SMIB. Figure 4 represents the performance of system
with fuzzy output feedback controller by using pole
placement methods and the performance by using Routh-
Hurwitz method is represented on Figure 5.

Figures 5-6 show that, in Fuzzy output feedback
controller, the performance of & using pole placement
method (Fig. 5) 1s almost the same between that and the
performance by using Routh-Hurwitz method (Fig. 6).
When using pole placement method. @ has overshoot
until 0.5 and stable tends to zero (Fig. 5), but by using
Routh Hurwitz method, there is no overshoot and o
tends to 0.3 (Fig. 6).

Inter [ Review of Automatic Control, Vel 10, N. 1
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Fig. 3. SMIB Performance Control by Routh Hurwitz
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Fig. 4. SMIB Performance with Fuzzy Controller by Pole Placement
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Fig. 3. SMIB Performance Fuzzy Control by Routh Hurwitz

By using pole placement method, £ has overshoot
until =500 and it is stable after time ¢ =100x0.001 s
(Fig. 5), but by using Routh Hurwitz method, there is no
overshooting  and ,F.',|r tends to 5 (Fig. 6). The
performance £y has overshooting ~6x10° in the

beginning but after that it is stable and tends to zero (Fig
5) by using pole placement method, and by Routh-

Hurwitz method. £y has smaller overshooting (5x 10"

(Fig. 6) than when using pole placement method.
For the same interval of fuzzy parameters:

Pef02 2];Q0e[-02 04]:Xee[-02 2]

other simulations were also done, by taking a« =0.02

Copyvright © 2017 Praise Worthy Prize S.0.1. = All rights reserved
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and f§=0.2 . The performances of 3,0k, and I, for

all simulation are represented in Figures 6-9. In this
simulation, “control R-H™ is the system with control by
Routh Hurwitz method without fuzzy, “control P-P" is
the system with control using the Pole Placement method
without fuzzy. “control fuzzy R-H" is the system with
fuzzy control by Routh Hurwitz method and control
fuzzy P-P” is the system with fuzzy control using the
Pole Placement method.

The pedormance of celta for wites 002 betan0.2

0.3012
contrel RH
a3 *  contral PP
control arzy R-H
coniral farzy PP
0.3008 wehout conerel

Fig. 6. The Performance of &

The perkemance of emega for aife=0, 02 betw=0.2

Fig. 8. The Performance of

Inter [ Review of Automatic Control, Vel 10, N. ]




Tamaji, Imam Robandi

=t The padormance of Efd for aifae0. 02 betas 0 2
Z5¢ - :
2
—
Fs
15 &
conol RH
E 1 = condol PP
conwal kxzy RH
control hxxy PP
0s *  without contrl
o8 -
L] 20 40 @ L] 100 )
e &

Fig. 9. The Performance of £,

Figures 6-9. show that &, have almost the same
performance for all output feedback controllers. either
with fuzzy or without fuzzy, using pole placement or
Routh-Hurwitz. The performance of E, and Eg on
output feedback fuzzy controllers using pole placement 1s
worst than with other controller methods.

In the next simulation,
Pe [0. 2 2] De [—0_2 0.4],‘ X, e [—0.2 2] and
P=080=02X,=08 for a=002,=02 were

chosen. The performances are represented in Figures 10-
13, Dufferent values of PO X give different
performances results. Design output feedback controller
using Routh Hurwitz with or without fuzzy have almost
the same result, and have better performance compare to
the pole placement method. The fuzzy output feedback
controllers using the pole placement method has worst
performance. There are overshootingon 7, and /7, .

For the same interval of fuzzy parameters,
Pefo.2 2);,0<[-02 04];X,e[-02 2] with
P=12;0=01X,=12 =0025=02,
performances are represented on Figures 14-17. For

for the

different  values of P,0.X,. there are different
Ehd,
performances results.
Tha partormance of deta for alfa=0.02 bete=0.2
0.3008 - - N " -
0.3004
©.3004
0.3004
03003,
goma-
03002
03001}
contral R
a3001 * contl PP
contred fzay R-H
a3} contral a2y PP
i 4 A i g
['] n 40 L] ] 100 120
time k

Fig. 10. The Performance of &
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The perfrmance of emega for ara=(.02 bete0 2
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Fig. 11. The Performance of -«
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2 i - .
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2t
-4
=
=
&
control RH
| & +  coonl PP
& oonl uzzy R-H
o controd LTy PP
-10} & 1
e
a2l ; .
] E 4 & ] 100 120
e &
Fig. 12. The Performance of E,
x 10" Tha pariomance of E4d for alas0 02 betas0 2
2|
44 4
contrel RiH
= o contol BF
o * control fuzzy R ||
control uzzy PP
&l 1
10|
BH
1al L . " s : |
] 2 » @ 0 100 120
time &

Fig. 13. The Performance of E

Design output feedback controller using the Routh
Hurwitz with or without fuzzy have almost the same
result, and better performance compare to the pole
placement method. The fuzzy output feedback controller
using pole placement method has the worst performance
There is overshooting on E ;. Finally, simulation were

done with  different parameters fuzzy  interval
PE[—U.E 2.2],-95[41.4 u.s].-.\‘,e[~0.4 2.2] and
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P=18;0=02X, =18 for e =0.02; =02.

The results are represented on Figures 18-21. This
simulation  shows that the designing fuzzy output
feedback controller can be done using Routh-Hurwitz
method and pole placement method. The output feedback
gain obtained by using the Routh-Hurwitz method gives
hetter results than by using the pole placement method.
The performance of system obtained by using Fuzzy
Routh-Hurwitz has also better performance than using
Fuzzy pole placement.

The performance of deita for aita=0. 02 beta= 0.2

contiol R-H
o contiol P-P
control Aarzy R-H

=
time i
Fig. 14. The Performance of &
The performance of omeags for aa=t 12 beta=0 2
1.5 - - - -
gontiel RH
+  contiel P2
contrel kazy R-H
contial Az ry P-P
1
5
e
o N - . : J
] 50 100 150 200 2%
time &
Fig. 15. The Performance of
The pesformance of Eq for afas(.02 betas0 2
180 s
| control R-H
120/ contrel PP
190
=
40
- :
T e————
5 50 100 150 20 =
time k
Fig. 16. The Performance of E_
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Fig. 18. The Performance of &
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045
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028t
-
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time &

Fig. 19. The Performance of @

V.

As of the discussion in Section 3 and the simulation in
Section 4, the conclusions are:

1.The system of SMIB is non linear, fuzzy Takagi-
Sugeno control system was used to design the output
feedback controller. Different state space system models
were proposed.

2. The output feedback gan, K 1s obtained by using
Pole Placement, Routh-Hurwitz, Fuzzy Pole Placement
method and Fuzzy Routh-Hurwitz. Those methods are
called Pole Placement output feedback controller, Routh-

Conclusion
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Hurwitz  output  feedback controller, Fuzzy Pole
Placement output feedback controller and Routh-FHurwitz
output feedback controller.

3.The performance of SMIB by using the Routh-
Hurwitz output feedback controller is almost the same
than by using the Fuzzy Routh-Hurwitz output feedback
controller. The performance of SMIB by using the Fuzzy
Pole Placement output feedback controller is the worst.

4. The non linear system SMIB can be stabilized using
Routh-Hurwitz, Pole Placement and Fuzzy Routh-
Hurwitz output feedback controllers.

Tha pedormance of Eq for atee0 02 betam0.2

= f’_ oo
=
| ] conwol R
=) + conol PP
| control furzy RH
& 15 control Lezy PP
10
e
L p—
o‘\_
o : — : .
] [ 100 ] ) %0
tame &
Fig. 20. The Performance of .‘:"
T The perfomaance of E4d for atta=0l 02 beta=0.2
25 = = = =
contral RH
*  control PP
z +  contrel dzzy R-H ||
centrol hazzy P-P |
1.5
g

100 150 0 250
time ik

Fig. 21. The Performance of ¥,
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