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Indirect adaptive fuzzy finite time synergetic control for power systems

Introduction. Budget constraints in a world ravenous for electrical power have led utility companies to operate generating stations with full
power and sometimes at the limit of stability. In such drastic conditions the occurrence of any contingency or disturbance may lead to a
critical situation starting with poorly damped oscillations followed by loss of synchronism and power system instability. In the past decades,
the utilization of supplementary excitation control signals for improving power system stability has received much attention. Power system
stabilizers (PSS) are used to generate supplementary control signals for the excitation system in order to damp low-frequency oscillations
caused by load disturbances or short-circuit faults. Problem. Adaptive power system stabilizers have been proposed to adequately deal with
a wide range of operating conditions, but they suffer from the major drawback of requiring parameter model identification, state observation
and on-line feedback gain computation. Power systems are nonlinear systems, with configurations and parameters that fluctuate with time
that which require a fully nonlinear model and an adaptive control scheme for a practical operating environment. A new nonlinear adaptive
fuzzy approach based on synergetic control theory which has been developed for nonlinear power system stabilizers to overcome above
mentioned problems. Aim. Synergetic control theory has been successfully applied in the design of power system stabilizers is a most
promising robust control technique relying on the same principle of invariance found in sliding mode control, but without its chattering
drawback. In most of its applications, synergetic control law was designed based on an asymptotic stability analysis and the system
trajectories evolve to a specified attractor reaching the equilibrium in an infinite time. In this paper an indirect finite time adaptive fuzzy
synergetic power system stabilizer for damping local and inter-area modes of oscillations for power systems is presented. Methodology. The
proposed controller design is based on an adaptive fuzzy control combining a synergetic control theory with a finite-time attractor and
Lyapunov synthesis. Enhancing existing adaptive fuzzy synergetic power system stabilizer, where fuzzy systems are used to approximate
unknown system dynamics and robust synergetic control for only providing asymptotic stability of the closed-loop system, the proposed
technique procures finite time convergence property in the derivation of the continuous synergetic control law. Analytical proofs for finite
time convergence are presented confirming that the proposed adaptive scheme can guarantee that system signals are bounded and finite
time stability obtained. Results. The performance of the proposed stabilizer is evaluated for a single machine infinite bus system and for a
multi machine power system under different type of disturbances. Simulation results are compared to those obtained with a conventional
adaptive fuzzy synergetic controller. References 20, table 1, figures 9.

Key words: adaptive fuzzy systems, synergetic control theory, finite time convergence, power system stabilizer, multi-machine
power system.

Bcemyn. brooswcemni obmedicenna y ceimi, x#cadibHomy 00 enekmpoenepeii, 3myuyioms KOMYHANbHI NIONPUEMCINGA eKCHAyamysamu
CMaHyii, wo zeHepylomv, HA NOGHY NOMYNCHICMb, d iHOOI i HA Medxci cmabitbHocmi. Y maxux pisKux yMoeax 6UHUKHEHHS 0YOb-sKOi
nosawmamuoi cumyayii abo 30ypenHs Modce npuzeecmu 00 BUHUKHEHHS KPUMUYHOL cumyayii, wo NOYUHAEMbCS 3 NO2AHO 32ACAIOYUX
KOMUBAHb 3 NOOAILUIOIO 8MPAMOI0 CUHXPOHI3MY A HeCMiliKicmio enepeocucmemu. B ocmanni decamunimms eéenuxa ysaea npuoinsanacs
BUKOPUCIAHHIO  000AMKOBUX —CUSHATIG, Kepylrouux 30VodiceHHs, Ona  nioeuwenns cmitikocmi  enepeocucmemu. Cmabinizamopu
enepeocucmemu (CEC) cryocamv 0ns 6upoOieHHs: 000amKOSUX CUSHANIE KEPYBAHHS CUCEMOIO 30VOXCEHHs 3 Memoio 2aciHHs
HU3bKOYACMOMHUX KOAUBAHb, CHPUYUHEHUX 30ypeHHAMU HAaeaHmagicenns abo kopomkumu samuxanusmu. IIpoonema. Aoanmusni
cmaobinisamopu enepeocucmem Oy 3anPONOHOBAHT Ol MO20, Wob A0eKBAMHO CHPABIAMUCS 3 WUPOKUM OianasoHoM podouuUx yMos, ae
60HU CcMpaxcoaromv 6i0 OCHO8HO20 HeOONIKY, WO Nofdedae 8 HeoOXioHocmi ioenmudbikayii Mooeni napamempis, cnocmepedstCceHHs 3d
Ccmanom ma ooYucienHs KoepiyicHma nocuneHHs 360pOMHO20 36'sI3Ky @ pedcumi peanvhozo uacy. Enepeemuuni cucmemu € neninitinumu
cucmemamu 3 KOH@ieypayiamu ma napamempamu, AKi 3MIHIOIOMbCA 3 YACOM, WO NOMpedYE NOBHICMIO HEMIMIlIHOI Modeni ma cxemu
adanmueHo20 ynpaeninHa Ol NPAKMu4Ho20 onepayilinoeo cepedosuwya. Hoeutl Heninitinutl a0anmusHo-HewimKkull nioxio, 3acCHO8AHUL HA
CUHep2emMUYHILl meopii YNpasinHs, po3podaeHull Olisk HEHIIHUX CMabini3amopie eHepeocucmem 071 NOOOAAHHSA BULYE3A3HAYEHUX NPOOIEM.
Mema. Teopis cunepeemuynoe0 YNpAaGuiHHA YCHIWHO 3ACMOCOBYBANACS NIO 4YAC NPOECKMYBAHH cmabinizamopie enepeocucmem. Lle
HaUOILbW NePCneKmMuUHUL HAOTHULL MemOoO YAPAGIIHHS, 3ACHOBAHUL HA MOMY ¢ NPUHYUNL THEAPIAHMHOCMI, WO | 8 KOG3HOMY PeNcumi
ynpaeninHa, ane 6e3 1020 HeOoniKy, nogssanozo 3 eiopayicio. Y 6invuiocmi c80ix npospam cumepemuuHull 3aKOH YNpAseniHHA 0Y8
PO3poONeHUll HA OCHOBI AHATIZY ACUMIMOMUYHOI CIIUKOC, i MPACKMOpIi cucmemu esontoyionyoms 00 3a0aH020 ampaxkmopd, wjo
docseae pieHoBazU 34 HeCKiHYeHHull yac. Y cmammi nooamo Henpsamull a0anmueHull HeuimKull CUHepeemuyHuil cmaobilizamop
eHepeocucmemu 3 KiHYeUM 4acom O 2aACiHHA JOKAIbHUX MA MIJIC30HO8UX MOO Koaueans enepeocucmem. Memooonoeia. [Ipononosana
KOHCMPYKYISL pe2yiamopd 3ACHO8AHA HA AOANMUSHOMY HEYimKOMY VHPAGUIHHI, WO NOEOHYE CUHEP2EMUYHY MeOpilo VAPAGTIHHA 3
ampaxkmopom Kinyeeo2o yacy ma cunmezom JIanynosa. Yoockonanioouu icHyrouuti cmaoinizamop adanmueHoi Heuimkoi cunepeemuiHol
eHepeocucmemy, Oe HeuimKi CUCeMU GUKOPUCIOBYIOMbCsL Ol anpoKCuMayii OUHaMiku HesiooMoi cucmemu ma HAOUIHO2O
CUHEP2EMUYHO2O YNPAGTIHHA MIIbKU OISl 3a0e3NeUeHHss ACUMNMOMUYHOL CIIUKOCMI 3AMKHYMOL cucmemu, 3anponoHO8aHULl Memoo
3abesneqye eracmusicms 30ICHOCII 34 KiHyeguil 4ac npu eueoenHi 6e3nepepeHozo CuHepeemuiHo20 3aKomy Kepyeanns. Haeedeno
ananimuyni 0okasu 30i%cHOCMI 3a KiHYegull 4ac, wo niomeepodcyiomby, W0 3anponoHo6aHa aoanmueHd cxema Modice 2apanmyeamu
obMedIceHicmy  cueHanig cucmemu ma OMpUManHa cmitikocmi 3a xinyesuil uac. Pesynemamu. [Ipaye3oammuicmv npononoéanozo
cmabinizamopa oyiHIEMbCA 0l OOHOMAUWUHHOL cUCmeMu 3 HeCKiHYeHHUMU WUHaMu I 6a2amomMawuHHol enepzocucmemu npu pisHux
munax 36ypens. Pesyibmamu mo0eno8ants nopieHIolomsCs 3 pe3yiomamam, OMpUMAHUMU 34 OONOMO20I0 38UHAUHO20 HeHimKO20
adanmugHozo cunepeemuyno2o pezyismopa. biomn. 20, tadmn. 1, puc. 9.

Knrouoei cnosa: aganTHBHI HeYiTKi cHCTeMH, CHHepreTH4Ha Teopis ynpasJliHH#A, 30DXKHICTH 32 KiHNeBHUi 4Yac, cTadiaizaTop
€HepProcucTeMy, 0araTOMalIMHHA EHEProcucTEeMAa.

Introduction. Power systems are one of the most
complex and nonlinear systems, with configurations and
parameters fluctuating with time thus require a fully
nonlinear model and an adaptive control scheme for
adequate and sound operating environment [1-4].

Therefore, guaranteeing system stability for all operating
condition is a major concern for utility companies. It is a
recognized fact that hindering low frequency oscillations
often occur in power networks upon advent of
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perturbations and power system stabilizers (PSS) have been
developed to suppress them and to enhance overall system
dynamic stability. PSS are used to generate supplementary
control signals for the excitation system in order to damp
low-frequency oscillations during disturbances [3-5].
Adaptive stabilizers have been proposed to provide better
dynamic performance over a wide range of operating
conditions [3, 4], but they suffer from the major drawback
of requiring parameter model identification, state
observation and on-line feedback gain computation.
However, a nonlinear adaptive fuzzy approach based on
synergetic control theory (SC) has been developed for
nonlinear power system stabilizers [6, 7] to overcome
above mentioned problems.

Synergetic control, a powerful tool for nonlinear
system control [8-12] is a most promising robust control
approach relying on the same principle of invariance
found in sliding mode control, but devoid of its
shortcoming: inherent chattering. Its robustness and its
ease in implementation have put forth this recent control
technique. Synergetic control has been successfully
applied in the design of power system stabilizers [6-8]. In
most of these papers, synergetic control law was designed
based on an asymptotic stability analysis in which system
trajectories reach the equilibrium point in infinite time.
Several papers have proposed a so called terminal
approach resulting in a finite time convergence based on
terminal attractor techniques [13-15]; it is evident that
reducing the time required in reaching the equilibrium
point reinforces convergence as well as dwarfs
disturbance impacts.

In the present paper, the first contribution lies in
investigating the efficiency and robustness of indirect finite
time adaptive fuzzy synergetic PSS (ITFSC-PSS) to control
partially known or unknown systems and the second one
consists in determining a new dynamic evolution of the
synergetic attractor, such that system trajectories evolve to
a specified attractor reducing the time required in reaching
the equilibrium point and reinforcing the convergence as
well as faster attenuation of disturbances. A nonlinear
power system model consisting of a single machine
connected to an infinite bus and a nonlinear multi-machine
power system model, are used to assess performance and
effectiveness of the proposed controllers. Performances
obtained with the proposed ITFSC-PSS are compared to
those obtained using an indirect adaptive fuzzy synergetic
power system stabilizer (IFSC-PSS) [6], under different
operating conditions.

Synergetic power system stabilizer. In order to
design the power system stabilizer proposed in this paper, a
power system dynamics can be expressed in a canonical
form given in [6, 7, 16, 17], using speed variation
Aw, = @; —a; and the accelerating power AP; = P,,; — P,; as
measurable input variables to the PSS. The synchronous
machine system model can be represented in the following
non linear state-space equations form [8, 16, 17]:

riy =L AP
2H, (1)

APf =f;(Awi’APi)+gi(Aa)i’AB)ui

where ; is the angular speed in per units; P, is the

delivered electrical power; P, is the mechanical input
power treated as a constant in the excitation controller
design and H; is the per unit machine inertia constant; u; is
the necessary control signal to be designed, i.e. the PSS
output; f; () and g; (.) are the nonlinear functions with
g: () # 0 in the controlled region.

It has been assumed that two nonlinear functions can
be found from system dynamics analysis [6, 7, 16, 17]. In
generic terms, the equation set (1) for the /™ generator is:

X =Aw= Lx2
2H 2)
%, =AP=f(x,x)+g(x,x,)u
Synthesis of a synergetic controller begins with a
choice of a state variables function called a macro-variable:
o=Ax+x,; A>0. 3)
Desired dynamic evolution of the macro-variable can
be designer chosen such as (4):
c+170=0, 4)
where 7 is the positive constant imposing a designer
chosen speed convergence to the desired manifold.
Differentiating the macro-variable (3) along (2)
leads to (5):
G =A% +%,
:ix2 + f(xl , X, )+g(xl , X, )u
2H
Combining equations (4) and (5), leads to (6):

)

%xz+f(x1,x2)+g(xl,x2)u=—ra. (6)

Solving for the control law u, leads to (7):

u:—(%xz +f(xl,x2)+70'j(g(xl,x2 ))71. (7

The power system under synergetic control stabilizer
(7) has an asymptotic stability and its trajectories
converge to the equilibrium point in infinite time.
Therefore, robust operating conditions may not be
satisfied and even slight disturbances can destabilize the
system. To improve robust tracking and finite time
convergence, a terminal synergetic controller leading to
fast response and more robust performance is proposed.
Finite time synergetic power system stabilizer. In
this new approach, aiming to reinforce robustness and
better tracking, a reformulation of the dynamic evolution
of the macro-variable (4) is adopted by defining a new
nonlinear functional equation given in (8).
6+70"+ac=0 , (8)

where « > 0 is the constant and n, m are the odd positive
integers.
It can be derived that the time to reach the
equilibrium o= 0 is [13-15]:
a|0'(0)

. 1 | T ©)
t = n s
a(l-m/n) T
where ¢ is the finite expressing a finite time convergence
as opposed to the asymptotic infinite time convergence to
the attractor o= 0 resulting in the previous scheme.

This approach inspired from sliding mode
techniques [13-15] will be used to express the finite time
synergetic control law u. Using (5), (8), the synergetic
control law is then obtained as:

1-n/m
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u=-

A
aa+ﬁx2 + f(xl,xz) (g(xl x, ))71 (10)

+rom

Equation (10) is used in the design of a synergetic
power system stabilizer which assures finite time stability
of the system, in which o= 0 is guaranteed in finite time

Stability and robustness analysis. Under the
control law (10) and macro-variable design constraint (8),
the state trajectories of the power system (2) can be driven
onto the manifold o= 0 in a finite time (9) thus ensuring
finite time stability.

Theorem 1 [13-15]: suppose that there exists a
positive definite continuous function v(f) with positive
real numbers p, fand 0 < y< 1, such that v(f) satisfies the
differential inequality:

v(t)<-pv(t)-Bv (1) . (11)
Then the positive definite continuous function v(f)
will converge to the origin in finite time given by:

1 (o) +p
i, = In .
"op(-y) s

Proof: let’s consider Lyapunov function candidate:
v = ¢/ 2, where o defined as in (3). Then the time
derivative of v leads to:

V= O'dza(%xz +(f(x1 , X, )+g<x1 , X, )u)j (13)

Substituting (10) into (13), one can obtain

(12)

v<—r """ —ao’. (14)

Using (11), (14) becomes
v<—1 2(l+n/m)/2 v(1+n/m)/2 “2av. (15)
Defining constants: p and B as: p = 2« and

B = 72072 if the parameter y = (1+n/m)/2 is chosen
such that 0<(1+n/m)/2<1, therefore, (15) can be further
simplified as:
v<=pVv —pv. (16)

Thus according to Theorem 1, the stability of the
power system (1) is guaranteed and the state trajectories
can be driven onto the manifold o= 0 in a finite time ¢
given in (9). Therefore, o= 0 is achieved in finite time, and
the proof is complete. However, power system parameters
for nonlinear functions are not well known and imprecise;
therefore it is difficult to implement the control law (10) for
unknown nonlinear system model. A fuzzy logic system
will now be used to address this latter issue.

Finite time adaptive fuzzy synergetic power
system stabilizer. The control law (10) for power system
(1) can be modified as:

u :—(aa+%x2 + f(x)+1'0'”/’"](g(x))_] .(17)

In a practical real case where f{x) and g(x) are
unknown functions, they are replaced by their fuzzy
estimates [6, 7, 16, 17]:

[(x18)=675(x);
g(x/6,)=06,&(x),
where &(x) is the fuzzy basis functions defined as:

(18)
(19)

n

H/”p,' (x)

I=1 \_i=1

(20)

where 42, (x,) is the membership function value of x; in

labels of fuzzy sets F' in U= HU . €R" and the
parameters vectors &-and 6, of the fuzzy logic systems (18)
and (19), can be continuously updated as [6, 7, 16, 17]:

0, =n0&(x); 1)

0, :nzof(x) u, (22)
where 77; and 77, are the positive constants that will be
used as learning rates in the adaptation procedure.

It is to be noted that the approximation issue has
been addressed in great details in [18] where the universal
approximation theorem is used to prove that fuzzy
systems can approximate any continuous real function on
a compact set to any arbitrary accuracy, while fuzzy rules
are derived based on experts’ recommendations.
Therefore the new control law is rewritten as:

u=-

y) .
+aa+ﬁx2 +f(x/l9f) (é(x/&g))il. 23)

m

+ro"

The power system models shown in Fig. 1, Fig. 5 are
used to evaluate performance of the terminal adaptive
fuzzy synergetic stabilizer (23) and results obtained are
compared with a IFSC-PSS [6]. Different operating
conditions are used in a simulation study and results are
given and discussed in the next section.

Simulation results. The basic function of a PSS is
to damp power oscillations that occur upon perturbations
such as sudden change of loads or in the event of short-
circuit occurrence. In this study, we will investigate the
performance of the proposed power system stabilizer as it
is applied to both single machine infinite-bus and multi-
machine power systems. The success of the proposed
PSS, with the single-machine infinite-bus case, motivates
us to test its capability on a multi-machine model.

Application to the single-machine infinite bus
model. A simplified schematic diagram of a single-
machine infinite-bus system, which illustrates the position
of a PSS, has been shown in Fig. 1.

— b Transmission Line
Synchronous nu

2
machine /@Y

ansfo fini
Transformer Infinite-bus

Ao AP

i

Fig. 1. Single-machine infinite-bus power system

The power system consists of a synchronous
machine connected to an infinite bus through a
transformer, a double transmission line and automatic
voltage regulator (AVR) is represented by a four order
model [3, 4]. The power system equations and parameters
can be found in [4]. When the power system is operating
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with a leading power factor, the stability margin is
reduced and, thus, the PSS faces adverse operating
conditions. This scenario is now considered and power
system simulation is carried out under the following
severe fault cases:

Case 1. 0.2 p.u. disturbance in mechanical torque
occurring at =1 s.

Faster oscillations damping occurs, as can be seen in
Fig. 2, for the ITFS-PSS than for the traditional fuzzy
synergetic stabilizer IFSC-PSS under a mechanical torque
disturbance. A larger control effort is solicited by FFSPSS
but only as a transient that rapidly dies out as opposed to
its counterpart.

0,6

i3
rS
T

—— ITFSC-PSS
IFSC-PSS

u)

— ITFSC-PSS
| IFSC-PSS e

e o o
M o N

2
>
Elzctrical power (p
)
o

Speed deviation (rad/s)
o
=
T

o
=)

o
)

03 | | | 1 1
6 0 2 e B 4
Time (s)

2 i3 4
Time (s)

Fig. 2. System response for case 1

Case 2. Three-phase fault to ground on the
transmission line occurring at ¢ = 1 s with 0.06 s duration.

1,0 1,0
—— ITFSC-PSS
- IFSC-PSS

— ITFSC-PSS
IFSC-PSS 08

Spe(l-;d deviation (rad/s)
Electrical power (pu)

2 Timd) ¢+ %

2w 3 4 5 6 0 1
Time (s)

Fig. 3. System response for case 2

Even in the case of severe three-phase short circuit ,
the proposed controller effectively exhibits and confirms
superior performance in improving finite time
convergence of the system responses as clearly shown in
Fig. 3, compared to [FSC-PSS.

Case 3. 0.1 p.u. step increase in reference voltage
appliedatz=1s.

0,24 F 0,76

—— ITFSC-PSS
IFSC-PSS 0,74 |-

0,70

——ITFSC-PSS
- IFSC-PSS

Speed deviation (rad/s)
o

2l 3 4 5 6 0 1
Time (s)

2 Tlmg (s)

Fig. 4. System response in case 3

Simulation results show that the output responses of
the IFSC-PSS are considerably affected by the step
change in reference voltage as shown in Fig. 4, while
oscillations are rapidly damped with the use of proposed
PSS. It can be easily concluded that the latter achieves
better robustness and has satisfactory time response under
these types of disturbance and uncertainties over its
presented counterpart.

Application to the multi-machine model. In this
study, the three-machine nine-bus power system shown in

Fig. 5 is considered. Details of the system data are given
in [3, 4]. To identify the optimum location of PSS’s in
multi-machine power system the participation factor
method [19] and the sensitivity of PSS effect method [20]
were used. Both methods result indicate that G2 and G3
are the optimum location for installing PSS’s in WSCC
system. To assess the effectiveness and robustness of the
proposed method over a wide range of loading conditions,
three different cases designated as nominal, lightly and
heavily loading are considered. The generator and system
loading levels at these cases are given in Table 1.

Load C
Bus 7

ONR

—
Gen 2

Bus 9

Bus 8 e

“"\N

Bus 1 Bus3 Gen3

Bus5

Lua'd A Load B

Bus 1

Gen

Fig. 5. Multi machine power system

Table 1
Loading operating conditions for the system (in p.u)
Nominal Heavy Light
Gen P (0] P 0 P 0
Gl 0.72 | 0.27 2.1 1.09 | 036 | 0.16
G2 1.63 0.07 192 | 0.56 | 0.80 | 0.11
G3 0.85 0.11 1.28 | 036 | 045 | 0.20
Load P 0 P 0 P 0
A 1.25 | 0.50 2.0 0.80 | 0.65 | 0.55
B 0.9 0.30 1.80 | 0.60 | 045 | 0.35
C 1.0 0.35 1.50 | 0.60 | 0.50 | 0.25

The performance of the proposed controller under
transient conditions is verified by applying a 6-cycle
three-phase fault at t = 1 s, on bus 7 at the end of line 5-7
[4]. The fault is cleared by permanent tripping of the
faulted line. System response under the nominal, lightly
and heavily loading conditions are shown in Figs. 7-9.
Figure 6 shows the system response without PSS. It is
clear that the system response without PSS is highly
oscillatory and eventually becomes unstable.

Changein W , W, ;and W, | (pu)

Timg. (s)
Fig. 6. Response of Wy, W, 3 and W;_; in nominal operating
condition without PSS
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ITFSC-PSS ITFSC-PSS
———————— IFSC-PSS. ~———— IFSC-PSS

ITFSC-PSS
- IFSC-PSS

Change in W3.| (pu)

o

5 & o0 5 s 0 i s 6

3 2 s 4 2 3
Time (s) Time (3) Time (s)

Fig. 7. Response of W15, W, 3 and W3, in nominal operating condition

It is evident from the results in Figs. 7-9, that the
damping of the low frequency oscillations in IFSC-PSS
requires more time and has more oscillations before the
speed deviation response is stabilized. The indirect
adaptive fuzzy synergetic PSS improves the damping of
oscillations in the change of operating conditions.

ITFSC-PSS
———— IFSC-PSS

Change in W53 (pu)
Change in W3, (pu)

Change in W13 (pu)

2 3 4 s ' 2 a4 s ' 2 2 o
Time (s) Time (s) Time (s)

Fig. 8. Response of Wy, W, 3 and W3_; in heavy operating condition

However, the superiority performance is clear with
the proposed controller. The proposed controller provides
significantly better damping enhancement in the power
system oscillations. It is possible to observe that the
overshoot and the settling time are reduced.

ITFSC-PSS
— IFSC-PSS

Change in V1. (pu)
Change in W73 (pu)
Change in W. (pu)

Time (s) Time (s) Time (s)

Fig. 9. Response of W1, W,_3 and W3_; in light operating condition

Conclusion. An indirect finite time adaptive fuzzy
synergetic power system stabilizer has been presented and
its performance evaluated by simulation using nonlinear
power system models. Furthermore results have been
compared to simple adaptive fuzzy synergetic PSS
showing the pre-eminence of the proposed approach in
both time response and steady-state performance. Despite
the critical conditions, power systems considered have
been subjected to the overall performance using the
indirect adaptive finite time fuzzy synergetic power
system stabilizer shows remarkable fast suppression of
undesirable oscillations.
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