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Power system inter-area oscillation damping control with FACTS devices
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Abstract: Various control schemes have been developed to solve the power system inter-area oscillation problem. Increasingly
Flexible AC Transmission Systems (FACTS) devices are being planned to solve various power system operational and planning
problems in some large-scale power systems in many countries. One of the design objectives is to reduce some critical inter-area
oscillations existing in the system. In this paper, FACTS controllers, based on variable structure control technology, were prop-
osed to alleviate the interarea oscillation problem. Both series and parallel connected FACTS devices were studied. Case studies
were presented to illustrate the effectiveness of the proposed controllers.

Key words: FACTS; inter-area oscillation; power system stability and control

MAFACTS R EXUWEBENESZXEEZBERBIEF

BRI FHMY EERYESE
(1. BMAFL B B/R T, AHI; 2. FHHET RFABYLTEER, F;
3. P EFE R EMEIFREE, TLJ5 Bt 210003)

WEATHRERENZARRAES M, C2EAREBRT HEHRR EF AR -BRABGE N ZE T, H
fR R BFRE 0 d ) AW BATAILR A, R A TR 20 FHAM e 2 %K E (FACTS) . &4t B 472 —
RBRY RAT AL —RIEREEES AT ELEMIERNEAR, R BT FACTS 424 %, A AL R 18 E % FI A, 5F
KT B BeFa A FACTS EF , 4 6] hm DABF 70 A vABLIA P32 b 3 ) 3B 69 A 201%

KEIF : FHIAME 2 K E S ;8 &AM HFdsh

FESES TM712 MXHERFRERRG A

0 Introduction

Power systems have been increasingly interconnected
over the past decades. Together with the corresponding

the

stressed transmission system has made system inter-area

complexity of the interconnected power system,

oscillations attracting more and more attentions from sys-
tem operators. A typical oscillation, once started, may
continue for a while and then disappear by the damping

toque from the system, or if there is no sufficient damp-
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ing, continue to grow and cause system instability through
losing synchronism. Inter-area oscillations have become
one of the major design objectives in system operations
and planning with many transmission network service pro-
viders (TNSPs) . Some of the inter-area damping control
can be realized by flexible AC transmission system
(FACTS) devices such as Static Var Compensators
(SVCs)", although the primary objective of FACTS de-
vices is to control power flow and improve transmission ca-
pability in steady state™” .

The electromechanical oscillation appears in a power
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system due to the interactions among the system compo-
nents. Most of the oscillation modes are generator rotors
swing against each other. The oscillation normally occurs
in the frequency range of 0.2 HZ to 2.5 HZ*' . The inter-
area oscillations, which are typically in the lower frequen-
cy range of 0.2 HZ to 1 HZ, are exhibited as one group of
machines swing relative to other groups. The inter-area
oscillations usually appear in the system involving several
groups interconnected by a relatively weak transmission
line with heavy power transfers. Compared with lower fre-
quency, the higher frequency oscillation modes typically
involve one or more generators swinging against the rest of
the power system, which is referred to as local mode os-
cillation™ .

The oscillations stability analysis and control is an im-
portant and active topic in power system research and ap-
plications. In the past, power system stabilizer (PSS) is
recognized as an efficient and economical method to damp
oscillations'>™ . In recent years, as a new solution, vari-
ous FACTS controllers have been developed for damping

451 Based on the control the-

of power system oscillations
ory applied, the presented controllers can be divided to
two groups: linear controllers and nonlinear controllers.
In linear control, the system dynamics are linearized
around the pre-selected system operating point according
to Lyapunov’ s linearization method. The linearized sys-
tem is an approximation of the original system at the oper-
ating point. Therefore, these controllers suffer from the
performance degeneracy problem when system operating
point deviates from the pre-designed point. Nonlinear
control techniques can provide more effective control of
power systems due to their capability to handle nonlinear
operating characteristics. There are already some re-
searches on nonlinear FACTS controller design for damp-
ing power system oscillations in recent years. The Feed-
back Linearization ( FL.) method has been used in FACTS
controller design in [5]. Energy based Control Lyapunov
Function Method (CLF) had been successfully applied in
series FACTS devices controller in [4].
control is used in FACTS controller design in [6]. The

The adaptive

H.. control is also successfully applied in TCSC controller
to damp inter-area oscillations in [7]. In [8], fuzzy con-
trol technique is applied in FACTS controller design.
These nonlinear controllers have good performance if the

system model is accurate and the parameters are precisely

obtained; however the robustness of these controllers is
not guaranteed in the presence of modeling inaccuracies,
i. e. parameter uncertainty and un-modeled dynamics,
especially in FL. method. The distinguished feature of
Variable structure control (VSC)[Q']()] is, under certain
conditions, the sliding mode of a VSC is invariant with
respect to system perturbations and external disturbances.
As a robust control technique, VSC has been widely used
in nonlinear control design. In the last decade, VSC has
been applied in power system control" . In [12], VSC
based controller is used to adjust the series capacitor ca-
pacity and the braking resistors to improve transient sta-
bility based on the SMIB case. In [5], feedback liberal-
ization combined with VSC controller is applied to design
power system stabilizer. The VSC based SVC controller is
used to damping inter-area oscillations in [13]. In this
paper, the nonlinear series TCSC controller based on the
sliding control theory is developed to increase damping of
system inter-area oscillations. The performance of devel-

oped controller is verified by example case.

1 Varnable structure control

In FACTS controller design, line resistance is usually
ignored and simple machine models is used to reduce the
problem complexity. However, this model’ s imprecision
has a strong effect on controller performance. The impre-
cision normally includes the uncertainty caused by the
simplified representation of system dynamics and system
disturbance. The variable structure control is recognized
as a powerful robust control technique to deal with this
model uncertainty .

The basic idea of VSC is to drive any state of the con-
trol system outside the switching surface to reach the sur-
face in a finite time. After reaching the surface, the sys-
tem follows the designed system dynamics to a stable equi-
librium point. During the control process, the structure of
the control system varies according to the designed reach-
ing law. Therefore, the main steps of design procedure
include sliding surface definition and reaching law de-
sign. The detailed VSC theory can be found in [9-10].

For a control system represented in (1), the basic pro-
cedure of the VSC-based controller design includes follow-
ing steps. The first step is a notational simplification,

which allows the nth order problems to be replaced by an
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equivalent first order problem. We define this first order

system model as a controllable form, which is shown in (2).

x=A(x)+B(x)/x, (1)
xl =x27
Xy = X3,
X =x

n-1 n

x, =a(x)+B(x)p. (2)
The sliding surface in the state-space R" can be de-
fined as the following equation.
S(x)=C"x=Cix,+ Comy ++ C,_1x,_, + %, ,
(3)

where C=[C, C, C,]and C, =1.

i-1

Based on (3), by substituting x; with FTEE 1 =1,

2,++,n, we have the following equation.

dn—l dn—Z d
( di + Cn—lw ++ G dr + Cl)xl =0. (4)
Then, we transfer (4) to eigenvalue form as (5)
(p=2)(p=2,)(p=-2,)=0. (5)

The eigenvalues of (5) are chosen at the left side of
the phase plane to make the sliding mode in the sliding
surface asymptotically stable. By expanding (5) and com-
paring it with (4), the constants C,, C,,***, C, can be
evaluated. It is important to note that the sliding equation
(3) is independent of the system parameters, which is
why the VSC is invariant in respect to system perturbation
and external disturbances' """’

Another important step is reaching condition definition
(SS<0). The popular reaching condition can be defined
as(6)", . Based on this reaching condition, the reach-

ing law can be defined as (7)

S<0 when S>0,
S=0 when S=0,
S>0 when S<O, (6)
§= - KS- Qsen($), (7)

where K and () are both positive constants and Sign func-

tion sgn( S) is defined as

1, S>0;
sen(S) =4 0, S=0; (8)
-1, S§<0.

After the switching surface and reaching laws are prop-
erly designed, the control algorithm can be proposed by a
differential the sliding surface equation (3) and combined

with reaching law equation (8). We have:

S(x)=Ciay+ Cysiy+ "+ C,_ 1%, + 4, =
Cixyg+ Coxy++C,_ x5, +%, =
Cixy+ Cyxy++C,_yx, +a(x)+
B(x)p =~ KS - Qsgn(S). (9
Obviously, the control algorithm is derived as
#=ﬁ(—1§5—05gn(5)—(]1x2—

Cn 1%, ) . ( 10)
During the control design, an ideal sliding mode is dif-

sz3 e

ficult to obtain due to the sampling mechanism and system
delay. We can observe the chattering control signal gener-
ated by the sign function sgn(S) especially near the equi-
librium point. This high-frequency discontinuous signal
should be replaced by smoother signals. A simple and widely
used method is by using the saturation function Sat(S/¢)
instead of sgn(S) in reaching law (7)[10’16] , where

S

g[8

S

¢

1;

\

(1)

S

S

¢

<l1.

¢ ’
2 TCSC model and controller design

The basic principle of TCSC is to compensate the in-
ductive voltage drop in the line by an inserted capacitance
to control the effective reactance of the transmission line.
For transmission lines involving TCSC, the TCSC can be
modeled as a variable reactance as shown in Figure 1

(a)“s] . Its injection model is shown as in (b), where:

1 .
P; = #CSCYIVL'VJ'SIHGL] ’ (12>
P,=-P,, (13)
X
o= (14)
Hese X, - X,
The control output limitations are:
/"min < /’(CSC < /umax ’ (15)
Whereﬂ-z& 1 = Cmax
m XL - X(Imin ’ h XL - XCmax
V; £ 6; iX, -iXc Vv, £ 6;
. Y /H’
(a)
VLL@L .]XL VJL@J
> O
> «
Py + jQsi (b) P + jQy

Fig.1 TCSC injection model

With the defined injection model, the two-area sys-



34 I NI - G} %395
tem dynamic equations with TCSC installed can be ex- ence. Then, we have:
pressed as: S=kd+kw=
d=w, kyw + ky (F-Gsind-GsinSpeg, + e(1)). (23)
& = w AP, — % V1X Vs sind (1 + pese) + e (1), By similar procedure, the new controller can be designed as:
eq L 1 k Q é E
(16) ese = Gsm6( kzw + F - Gsino + k, Sat( 3 ) +k2 S) .
where § =0, - 8,, w =w, — w,. (24)
Let
F = w,AP,, 3 Case studies
wo ViV, an
G= E X, - A typical two-area power system with a series connected

The system dynamic equation can be expressed in the form:
@ = F - Gsind — Gsinduey, + e(t). (18)
The control objective is to make the relative oscillation
between the two areas to be zero. Therefore, speed devia-
tion is chosen as the system control state. Thus, the slid-
ing surface can be designed as:
S=ko=0,
S=ko=k(F- Gsind - Gsindpege + e(t)),
(19)
where £ is a positive constant.
Similar as before, the reaching law is defined as in

(20) to eliminate chattering.
S:—KS—QSaz(g)za. (20)

Finally, combining (19) and (20), the control law

can be defined as:
K
).

(21)
where (/Fk is chosen to be greater than the magnitude of

Hese = Gsm8(F Gsind + —QSat(g) +

the uncertainty e(¢). The control output sz is limited
by the operating limitation of TCSC as defined in (15).
K, Q and k are

The only unknown variable is &,

In controller (21), F is a constant,
positive control gains.
which can be estimated by the same method as in shunt
controller design.

Controller (21) can be further designed for both angle
differences and speed oscillation control, which means the
angle difference between two areas can be controlled at a
desired value when system oscillation is damped out under
a revised TCSC controller. To achieve this control objec-
tive, the sliding surface should be modified to be:

S=k(8-085) + ko,

where Jy is a designed post-fault equilibrium angle differ-

(22)

FACTS device is illustrated in Figure 2"’

are considered in a two axis model with AVR control.

. The generators

a1 1 5 6 7 10Km8
25Km|{10Km
1o ol
f —EC7 C9
217
Areal G2

Fig.2  Classical two-area four-machine system with TCSC

The basic configuration of the system includes two areas
which are connected through long transmission lines (two
circuits) . Two local loads and fixed shunt capacitive com-
pensators are connected at Bus 7 and Bus 9 respectively.

Under steady states, 400 MW active power is transmit-
ted from Area 1 to Area 2. The simulated fault sequence
is as follows: a three phase fault occurs at one line from
Bus 8 to Bus 9 close to Bus 9 and this fault is cleared by
opening the breaker of the faulted line (fault happened at
1.5s, cleared at t =1.6s). Followed by the fault and
tripping action, the line impedance between Bus 7 and
Bus 9 is altered, which causes power oscillation. The
system has four generators, according the eigenvalue anal-
ysis in [16]; the system has three oscillation modes, one
inter-area mode in which generators in Area 1 oscillate
against generators in Area 2, and two local oscillation
modes including one in which Generator 1 oscillates
against Generator 2 and another in which Generator 3 os-
cillates against Generator 4. In this paper, damping the
speed difference between two centers of inertia wgg, —
weop 1s chosen as the control objective.

The TCSC device is located at the un-faulted circuit
from Bus 8 to Bus 9. The proposed control law is applied
to adjust the capacitance of the inserted TCSC to add

damping for inter-area mode oscillation. The controller
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parameters are chosen as $ =05, K=2, Q =5,
o =0.35 and g, = — 0.15. The original percentage
compensation of TCSC at a steady state is set to 0 per-
cent. The control results of relative rotor angle and veloci-
ty between two areas COI during the whole control process
are shown in Figure 3. The solid line is performance with
the TCSC controller and dashed line is without control.
The oscillation frequency is approximately f = 0.55 Hz.
Obviously, the results show that inter-area oscillation can
be damped within 5 seconds. Since the TCSC is settled
down in a new operating condition, the inter-area phase
angle is finally in a status different with the system re-

sponse without control.

~ 0 Inter-area Oscillation Damping Performance
E ~10 T T ——Non Controller
<” 0 —TCSC Controll
g -130 ! \\“ /"\‘ 4
2-10 T
;%_ 50 SN
- 60 i
g -70 4
() 5 pa 10 15
z ; T j ——Non Controller
l ——TCSC Controller]
= \ ~ -~ - 4
i é ‘\\ ’I’ \\\ 4’1 l\ I” \\ r
= g \\‘ / \\\ /1 \\ /' \_/’
= % "~ d -
§ =3 1 1 |
= 0 5 o 10 15

Fig.3 Simulation results (two-area four-machine system)-TCSC

Figure 4 shows that the power flow oscillation between
two areas has been effectively damped by controller ac-
tion. The performance is similar to speed oscillation
damping. The TCSC compensation level is finally settled
down at proc =0.056. Iis output is given in Figure 5.

Inter-area Power Transmission Oscillation Damping
i ———Non Controller

AWANAWLW:
TRIA'AY

Power Flow( BUS8-BUS9)
(9%)
S

0p 5 10 15
tls

Fig.4 Power transmission curve (two-area four-machine

system)-TCSC

TCSC in this case study is mainly designed for damping
inter-area oscillation mode, so the other two local modes
are not the primary objective. Figure 6 shows machine
speed difference, where the oscillation frequency for local
mode (w, — w,) is around f'=1.1 Hz. The magnitude of

the local mode oscillation is very small compared with the

inter-area mode. As shown in the figure, the designed
TCSC controller has a minor effect on local mode oscil-
lation compared with the inter-area mode (w, — ws) .

Control Output

0.4
0.3} 1
0.2} 1
0.1} 1

0 4

Control Qutput(u)

-0.1y1 ]

al=y 5 10 15
tls

Fig.5 Control output (two-area four-machine system)-TCSC
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Fig.6  Speed oscillation between machines (two-area four-

machine system)-TCSC

To verify the robust performance of the designed control-
ler, various operation status and fault types are simulated.
The first case is the load at Bus 7 increased 200 kW to
1167 kW and load at Bus 9 decreased to 1 567 kW. Under
the revised operating condition, the transferred power from
Area 1 to Area 2 is reduced to 200 kW. The same fault se-
quence is tested with the same controller parameters as the
previous simulation. The angle and speed oscillation damp-
ing results are shown in Figures 7 and 8. As shown in Fig-
ure 7 and 8, oscillation is damped out within five seconds
after the fault is cleared, which is longer than the previous
result. As the principle described in previous controller
design process, the damping result is related with the pow-
er flow in the line where TCSC is connected. In case of
heavy power flow, AP, has a wider controllable range
compared with light flow. Consequently, controller has
better performance, which is shown with a shorter damping
time in the first simulation result.

Another test is for a different fault type. A various fault
type, mechanical power surge, is applied to test the con-
troller’ s robust performance. In this case, the mechanical

input of machines in Area 1 was suddenly increased 20
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percent at ¢ = 1.5 s and went back to normal at ¢ = 1.6 450 Robust Performance (Pl & Pur2 increase 20% )
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. More and more FACTS devices are being installed in
%) . . .
E g the power systems for various operational and planning
2 200 purposes. With the increasing inter-area oscillations ob-
é 103 served in many power systems worldwide, damping of
E—loco L m T such undesirable oscillations has become one of the main
t/ . Lo . . .
0.4 : controller design objectives in planning for FACTS devices
E 0.3 . I hi iabl
% 0.2 In a power system. In this paper, a variable structure
3 0.1 control based design approach is presented for damping
0
§-0.1 power system inter-area oscillations with FACTS devices.
-0.2 : z . . . .
0 5 tls 10 15 TCSC is used as an illustrative FACTS device to show the

Fig.8 Robust performance in light power flow (power flow and

control output)-TCSC

Figure 9 shows system angle and speed response after
the fault. Obviously, oscillation is effectively damped,
which can prove the robust performance of the designed
TCSC controller. The corresponding control output and
power flow oscillation damping are shown in Figure 10.
Since the system is back to its original status, the control-
ler output finally settled down at the same value as pre-

fault Hese = O .

Inter-area Oscillation Damping Performance( Pml & Pm2 increase 20% )
T

v ~ N T ~Naa Controller
\ \ \ n — e

\ I
~
\ ] T
\ H FAAY
v [

Rotor Angle (Areal-Area2)
11
5%

cooo ooo

Rotor Speed ( Areal-Area2)

O = Ot W

tls
Fig.9 Robust performance ( P, fault)-TCSC

m

effectiveness of the proposed controller. It provides some
useful information for the system operators and planners in

their planning practice with FACTS devices.
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