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In this paper, a simplified nonlinear method is proposed to enhance the transient stability of multima-
chine power system by using a Static Synchronous Series Compensator (SSSC). The rate of dissipation
of transient energy is used to determine the additional damping provided by a SSSC. The proposed algo-
rithm is based on the direct Lyapunov method. The simplicity of the proposed scheme and its robustness

with respect to large disturbances constitute the main positive features. Simulation results in the case
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of 3-machines power system show the effectiveness of the proposed method under large disturbances
(3-phase and single phase short-circuits).
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1. Introduction
1.1. Antecedents and motivations

The fast development of the power electronics industry has per-
mitted the use of Flexible AC Transmission Systems (FACTS) con-
trollers in power systems. The potential benefits with the
utilization of FACTS devices include reduction of operation and
transmission investment costs, increasing system security and reli-
ability, and increasing transfer capabilities in a deregulated envi-
ronment [1]. The detailed explanations about the FACTS
controllers are well documented in the literature and can be found
in [2-4]. Static synchronous series compensator (SSSC) is one of the
important type of FACTS family which can be installed in series in
the transmission lines. SSSC is very effective in controlling power
flow in a transmission line with the capability to change its reac-
tance characteristic from capacitive to inductive [4-6]. An auxiliary
stabilizing signal can also be superimposed on the power flow
control function of the SSSC to improve power system stability
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[7]. In [7], the author proposed a SSSC damping controller based
on phase compensation for single-machine infinite-bus and an
objective function based searching algorithm is suggested for mul-
timachine power system. Menniti et al. [8] proposed the use of
SSSC to damp the transient frequency deviation in a deregulated
electric power system. This method is based on the application of
the overlapping decomposition technique to design a decentralized
control law of a SSSC device where a multi-area power system is
decomposed into two decoupled subsystems. Ngamroo and Tippa-
yachai [9] developed a robust decentralized frequency stabilizers
design of SSSC by taking system uncertainties into consideration
and proposed to use a SSSC in an interconnected power system
which was subjected to load disturbances with frequency variation
in the vicinity of the inter-area oscillation mode. In [10], stability
analysis and design of the SSSC controller based on modal analysis,
nonlinear simulations, pole placement techniques and time and
frequency response techniques are investigated. In [11], PID struc-
tures are proposed to modulate the injected voltage through differ-
ential evolution algorithm. In [6], the authors propose a 12-pulse
based SSSC with and without superconducting magnetic energy
storage for enhancing the voltage stability and power oscillation
damping in multi area system.

These proposals are based on small disturbance analysis that
requires linearization of the system involved. However, linear
methods cannot properly capture complex dynamics of the system,
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especially during major disturbances. In [12,13], the authors pro-
posed nonlinear control law based on Lyapunov stability concept
to determine the additional damping provided by Controllable Ser-
ies Capacitor (CSC). However, the time-derivative of the signals
used in the control law are obtained by using band-pass filters
and the problem of noise is not completely solve. The Lyapunov’s
stability theory have also been used to design a control law for
SSSC in [14,15]. But in these contributions the formulation of the
proposed control in the case of multimachine configuration has
not been investigated.

Given that wind power is becoming increasingly significant
source of energy, many power systems contain nowadays both
synchronous generators (SGs) and doubly fed induction generators
(DFIGs). It is known that a DFIG can contribute to stabilize a power
system when it is subjected to small perturbations [16]. To the best
of our knowledge, the impact of DFIG after large disturbances has
not been investigated in multimachine power systems with the
presence of FACTS device.

1.2. Main contribution

A simplified nonlinear method is proposed to enhance the tran-
sient stability of multimachine power system using SSSC device by
exploiting the concepts developed in [12,13]. A new nonlinear con-
trol scheme has been derived and the time-derivative signals used
in the proposed control scheme has been estimated in finite time
by using second order sliding mode observers. The impact of DFIGs
after large disturbances with the presence of FACTS device in mul-
timachine power system has been investigated.

1.3. Structure of the paper

The paper is organized as follows. In Section 2, the injection
model of the SSSC is described. The design procedure of the formu-
lation of the proposed control algorithm is presented in Section 3.
Simulation results are presented in Section 4 to demonstrate the
performance of the proposed controller. Finally, in Section 5, some
concluding remarks end the paper.

2. Modeling of the SSSC

The SSSC consists of a boosting transformer with a leakage reac-
tance X, a three phase GTO based voltage source converter (VSC)
and a DC capacitor C. The SSSC can be modeled as AC source Ve/0s.
[17]. 0se is the phase of the injected voltage and is kept in quadra-
ture with the line current (I,£60.) assuming that inverter losses are
ignored. Therefore, the compensation level of the SSSC can be con-
trolled dynamically by changing the injected voltage. Hence, if the
SSSC is equipped with a damping controller, it can effectively
improve power system dynamic stability.

2.1. VSC dynamic model

In the time scale of transient stability, in which the switching
dynamics are neglected, the model of a VSC with the modulation
ratio m and the firing angle 0. is given as follows [18]:

Ve = mkVyc(cos O, + j sin Os,), (1)

L=l +jlg, (2)

. mk .

Vdc = C—(I[d COS Ose +11q sin 959), (3)
dc

where k is the fixed ratio between the VSC and DC voltage. During
transient periods, the DC link capacitor exchange energy with the
system and this is described by the dynamical Eq. (3).

2.2. SSSC unit insertion into a power system line

If a SSSC unit is inserted into a line between bus [ and bus k (see
Fig. 1) characterized by the reactance Xy, the voltages V; and V, and
the current [, are related as follows:

Vi = Veeel™ — j(Xpe + Xse) I + Vi (4)

The series voltage source can then be transformed to Norton equiv-
alent having current [, :M,k!T) as shown in Fig. 1:

The transformed series voltage source enables the introduction
of bus power injections into buses as shown in Fig. 2 (see [19,20]).
The injections are obtained using the current L, and the bus volt-

ages V20, and Vi Z6; as:

§lse = Mll;g = Plse +lese (5)
§kse = Mk(*!;e) = Pkse +ijse (6)
where
. 'A% . .
Pie +Que = 3y (= Sin(0h = Ose) +j cos(0) — 0
Pyse +jQuse = ViVse [sin(0y — Ose) —jcos(0x — Ose)]
Xlk +Xse

3. Design procedure of nonlinear controller for SSSC in
multimachine power systems

Direct Lyapunov method is a powerful tool for transient stabil-
ity assessment and control of power systems. This method has
been used in [12,13,21,22] for the design of damping controllers.
In the following analysis, the Lyapunov theory is used to design
an additional damping nonlinear controller in order to improve
power system transient stability.

3.1. Concept of Lyapunov’s stability theory

Let us consider the following nonlinear system
X =F(x), (7)

where x is the vector of the state variables. The state x, is the equi-
librium point of the dynamic system (e.g. F(x.) = 0). Lyapunov’s sta-
bility theorem states that this equilibrium point is asymptotically
stable if there exists a Lyapunov function 9(x) such that 9(x) is po-
sitive definite with a minimum value at the equilibrium point x, and
the time derivative J(x) along the system trajectory x(t) is negative.

3.2. Multimachine power system model

Consider a power network which is modeled by 2n + N nodes
connected by lossless transmission lines which is represented by
node admittance matrix Y =j[By]. The first n nodes are the internal
buses of the generators. The nodes n+1 to 2n are the terminal
buses of the generators. The remaining N nodes are the load buses.
For the nodes k=n+1 to k=2n + N, the bus voltage is described by
Vi £ 0.

j(xlk'*'xse)

Ise -Ise

Fig. 1. Current source model of SSSC.
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: J(Xit+Xse) §

Sise =PisetjQise Skse =Prsetj Quse

Fig. 2. Injection model of SSSC.

Each generator k is described by some parameters: J is the
power angle of the generator which is valid over the region defined
by 0 < 6, < 7r; wy is the generator rotor angular speed; M, is the mo-
ment of inertia; Dy is the damping coefficient; x4 is the direct axis
reactance; xJ;, is the generator transient reactance; Egy is the equiv-
alent EMF in the excitation coil; T, is the direct axis transient
open circuit time constant; P is the mechanical input power
and Py is the active power delivered to the terminal bus.

The center of inertia (COI) for the whole system 5y and the
center of speed wg are defined by [23]:

-l n
[E— M,o 8
MT,; KOk (8)
Wo ZMkwk where My = ZMk 9)
pas

The variables J;, wy and 0, are then transform to the COI variables
as: & = o — o, O = Wy — o and O = O — .

The dynamics of the synchronous generators are described by
the following differential equations with respect to the COI
reference frame [12].

Fork=1---n
Sk = d)lﬁ
- - M
M@y = P, — Pex — Doy — ﬁ’;Pcou (10)
. X X, X
Tyo By = Epa, — E’ 3+ Xk = Xy, oS0k — Orin),

Xdk

where

n
Pcor = > (P, — Pet).

k=1
It is assumed that the mechanical input power of the generator is
constant. The machine model considered here is flux-decay model
(one-axis model). Exciters and governors are not included in this
model.

For the lossless system, the following equations can be written
at bus k where P is the real power and Q is the reactive power
injected into the system from bus k.

Fork=(2n+1)---(2n+N),

2n+N
Py = Z BV sin(0, — 0y),
I=n+1
2n+N
— Z B ViV, COS(@k — 91).

I=n+1

For k=(n+1)---2n,P, and Q, are similar, but also take account of
generated real and reactive power [12,13,23].

Real load at each bus is represented by a constant active load
and reactive load by an arbitrary function of voltage at the respec-
tive bus.

Thus, for k=(n+1)--.

PLk = ngs
QLk :qu(vk)

(2n+N),

3.3. Design of control Lyapunov function for SSSC

An energy function for the differential algebraic (10) is given by
[24,13]:

8
(w 5,E,V, 0):191+;192k+190 (11)
k—

where
1 n 5 n -
U1 = jZMlcwﬁ7 D12 = =) Pricdi
k=1 k=1

2n+N N 2n+N QLk
op = Z Pyly, V3 = / dvy

k=n+1 k=n+1
2n 1 5 ~ ~
Vg = o [Eqk n+ Vi = 2Ey Vi cos(0r_n — 1)
k=n+1 dk
1 2n+N 2n+N ~ ~
a5 = ) Z Z BV Vi cos(0k — 01)
k=n+1l=n+1
X, — Xgk—n [y,2 2 3 P
7926 = Jdk—n _ 7qk-n V \% COS(Z(ék, - 9, ))
k;l AX e _nXgle-n [ « o ]
EracE}, n Ep,
a7 = — <
z ; Xdk — Xdk Z 2 Xdk - xdk)

¥4 is known as the kinetic energy and }_ 9, as the potential energy.
Jo is the constant such that at the post-fault stable equilibrium
point, the energy function is zero.

Using the notation [4/] ~ for 2292 and similarly for the other
states, we have:

_% dvy +d1924 d1925
dr |, dt " de " de

ZDk (12)

_dﬁzz d’[924 d’l925 d’l926 _ ~ _
T dthz(PHPLk)@kfo (13)

[ddys  dYs  dis dﬂzs}

_T+T+T+TV_Z(Qk+QLk)V—k_O (14)

_d1927 d’l923 d1924:| _ . TdOk 2

| dt T T ak (15)

!
k=1 Xdk — Xdk

The time derivative of the energy function without SSSC is given by:

n
ZDkwk S Taox E; <0 (16)

19"0555c = X X
k=1 “dk — gk

The introduction of the SSSC does not alter the energy function (11).
However, it does alter 4. The sums (13) and (14) no longer equal to
zero. To prove this, let’s consider the k-th term of (13). Without the
SSSC connected to bus k, (P +PL,<)(§k = 0. When the SSSC is con-
nected, the power balance gives (P + Pri + Pise) = 0. Therefore, the
k-th term of (13) becomes (Py + P)0x = —Pise0x. A similar argument
is given for the [-th term of (13) and for the corresponding terms of
(14). Then, with the SSSC connected between bus [ and bus k, (13)
and (14) are modified, resulting in (17) and (18) as:

{dﬂzz Yy  ddys  die

lee V kae V . (18)

ddys  dYy  d¥ys  disg
[W*W*W*W}
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where

Pye = —% sin(0; — Os),

Que = g e cos(0)— ),

Prse = % sin(0y — Ose),

Quse = f% €oS (O — Ose).

Since Py, = —Pyse for the SSSC and all control series devices, the time

derivative of the energy function becomes:

n

T y
N B

=7 Xk —
- Plse(él ) lee V kae V (19)
= ’lgnomc + ’195530 (20)
with
. PR 1% 1%
195556 = - Plse(ol - ok) + leeJ + kae*k (21)
Vi Vi
VeVi [5 Vi Vi
= Oy sin(0; — Ose) — — €OS(0; — Ose) + = coS(Ok — Ose) |, (22
Xlk+Xse|:”< (O ) 7 (O ) 72 (Ok )} (22)
where Hlk = 01 — 9/(7 élk = é[ — ék.

Since the angle of the injected voltage 0, is kept in quadrature
with the current (Ij) through the SSSC,

let s, = 0. +y with y = + Z and 0. the angle of this current. Then
(22) becomes:

. ViV siny v, . v, .

Dssse = —————— | W COS O)c + — SN O — — SiN Oy | . 23
SSSC Xlk n Xse 1k Ic Vl Ic V, ke ( )

where

O = 0, — 0,

ekc = Hk - 60

O = O = O

The SSSC device contributes to the system damping if Jgc is
negative. In order to achieve this objective, let (K> 0 is a design
parameter and its value depend on the rating of the SSSC):

Ve =Ko Vi, 0< Ve <VE™, (24)
siny = sign [w,k CoS 0 +$ sin 0 — % sin 94 . (25)
] ]
By choosing V. and siny as given by (24) and (25), (20) becomes:
_kad)z B i Taok 2
= ‘ = Xak — Xgi a
K} Vi v . Vi .
— —%—— |0y COS O, +— Sin O — — Sin Oy
Xi+Xee | " “Ty, T .
=9 <0. (26)

This means that the introduction of the SSSC controlled by (24) and
(25) provides additional damping of the power system.
Remarks:

(i) The above control law relies only on locally measurable
information and is independent of system topology and
modeling of power system components.

The proposed control scheme is implementable in real-time
since it needs only measurable signals (V; i=1, k; 0;) which
can be obtained using phasor measurements [12].

(ii) The control law is in the form of pure derivatives. The time-
derivatives of V,, V}, and 6y, cannot be obtained directly using
numerical differentiation due to the presence of noise. In
[13] band-pass filters tuned at the frequency range of inter-
est have been used to avoid adverse action of the controller
of a CSC. However, the problem of noise is not completely
solve in this method. To overcome this problem, second
order sliding mode observers must be used to estimate the
above unavailable states in finite time in Section 3.4.

3.4. State observers design
To estimate the unavailable time-derivative signals required for

the implementation of the above controller, let us introduce the
following variables:

xin = Vi

X =Xp = Vn i=1Lk (27)
U1 = O

U = Upe = Oy (28)

The following assumption will be considered until further notice:
(i) The signals (V;, i =1, k; 0y) are assumed to be continuous and
bounded.
Let us consider now the following second-order sliding mode
observers [25,26]:

Xn=Xp+2L, i=Lk; (29)
;(iZ = Zﬁi.

gt = Gl + z;,k; (30)
ﬁllcz = Zﬁ,k~

where the variables z; .z}, z} and z are given by the following
expressions:

2y, = —PBy ki — x| sign(xi —x), (31)
Z; = —ou,Sign(Xn — Xan),

zh, = P lna — g |"?sign (i — ), (32)
Zg, = —Oh, SigN (ly — Uper).

and o, fy,, 0y Py, are positive tuning parameters. The solutions of
the above observers are understood in the Filippov sense [25]. Tak-
ing ey, =X — Xi1, €x, = Xip — Xi2, €y, = Upa — Xik1» Cuy, = Uiz — U2,
the following dynamics errors equations are obtained:

€x, = €x, — By, e, | *sign(ey, ), (33)
éxu = —Xip — OCX“SigI'l(eX“ )s

Cupy = Cuyy — Buy, l€u, | sign(ey,, ), (34)
€y, = —Uika — Oluy, SIZN(Cyikr )- (35)

Assuming that the states of the system is bounded as reported in
assumption (i) then there exists positive constants g, and g,
such that the inequalities

xi2| < by, (36)
[Uia| <y, (37)
hold Vt, x;1, Xi2, Uy and uy,. Then the variables of the observers con-
verge to the states of the nonlinear reference model.

The proof of the finite time convergence of the estimated states
to the real states can be found in [25].
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1
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Fig. 3. WSCC system with SSSC.

3.5. Global convergence analysis

To achieve the global convergence and stability analysis, let us
recall the nonlinear controller (24) and (25):

Vee =Kwi Vi, 0< Ve VR (38)
siny = sign | wy, cos O +% sin O — % Sin O (39)
] 1

It has been proved in Section 3.3 that the introduction of the SSSC
using the above non-adaptive controller provides additional damp-
ing of the power system.

In practice, the adaptive controller is used because the time-
derivative signals required for the implementation of this control
are not available. In this case, these time-derivative signals are
substituted in the above non-adaptive controller by their esti-
mates. Therefore, the adaptive controller is given by:

Ve = Kﬂlzsz,, 0< Ve < V's“e“" (40)
siny = sign | iy, €os 0 + )% sin 0, — }% Sin O, (41)
1 1

The global convergence and stability analysis taking into account
the interconnections between the second order sliding observers
(29) and (30) and the nonlinear controller (40) and (41) are based
on the separation principle theorem. The finite-time convergence
of the observers allows to design the observers and the nonlinear
control law separately, i.e.,, the separation principle is satisfied
[25,26]. The only requirement for its implementation is the bound-
edness of the states of the system (assumption (i) and inequalities
(36) and (37)) in the operational domain.

4. Simulation results

The effectiveness of the proposed state-variable stabilizing con-
trol has been verified by numerical simulations within the Matlab/
Simulink environment software. The configuration of the multi-
machine used is the nine-bus WSCC system shown in Fig. 3. This
system consists of three generators located at buses 1-3. All gener-
ators are assumed to be equipped with turbine-governor and volt-
age regulator loops [27]. Bus 1 is considered as the slack bus. Buses
5, 6 and 8 are the load buses. Pi-models are used for the transmis-
sion lines. A SSSC device is inserted in the line between bus 7 and
bus 8.

The large disturbances considered in this work are 200 ms three
phase; 650 ms three phase and 500 ms single phase short-circuit
faults. These faults are supposed to occur at the end of the line
4-6 (near bus 6).

The 200 ms three phase short-circuit fault has been conducted
according to the following sequence:

e ,(pu)

exk1 (pu)

Fig. 4. Observer errors of the estimation of V}, Vj, and 0y, time-derivatives in case
200 ms three phase short circuit.

x 10° Bus 6 admittance
= 15 y -
2 10}
8 5t
> 0
0 1 2 3 4
Direct voltage component of SSSC
= 0.1F
;'c 0 - -
-0.1 ' : : '
0 1 2 3 4
Quadrature voltage component of SSSC
5 02F - - - -
2 o1} f\
>7 0 -3

Fig. 5. Control voltage of SSSC in case of 200 ms three phase short circuit.

N —

0.2

V, observer error

-0.1

2 3

0
V observer error
02| ' ' '
0
-0.2 . . . .
1 2 3 4
0 KI observer error
0.1
0
-0.1+
-0.2 . . . .
0 1 2 3 4
Time (s)

-0.1 ;
0 1

At t =0, the system is in pre-fault state.
. At t=1s, a three phase short-circuit fault occurs in the

transmission lines.

2 3
Time (s)

is in a post-fault state.

. Att=1.2s, the transmission line is restored and the system

The 650 ms three phase short-circuit fault has been conducted
according to the following sequence:

1.

At t =0, the system is in pre-fault state.

2. At t=1s, a three phase short-circuit fault occurs in the

transmission lines.

At t=1.65 s, the transmission line is restored and the sys-
tem is in a post-fault state.

The single phase short-circuit fault has been carried out accord-
ing to the following sequence:

1.

At t =0, the system is in pre-fault state.

2. At t=1s, a three phase short-circuit fault occurs in the

transmission lines.

At t=1.5s, the transmission line is restored and the system
is in a post-fault state.
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Fig. 6. Case of 200 ms three phase short circuit: (a) Relative speed of Generator 1, 2, 3. (b). Relative rotor angle of Generator 1, 2, 3.

15X 10° Bus 6 admittance
3 10t ]
% 5| ]
> 0
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Direct voltage component of SSSC
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Fig. 7. Control voltage of SSSC in case of 650 ms three phase short circuit.

The tuning parameter used has been obtained by trial and error
during multiple simulation tests and good results have been ob-
tained for K = 2. For comparison, simulation results have been car-
rying out by using the conventional PI controller for SSSC.

The tuning parameters of the second order sliding mode observ-
ers (29) and (30) have been computed by using the guideline pro-
vided in [25] and these parameters are given in the appendix. The
observer errors of the estimation of V;, V), and 0y, time-derivatives
are shown in Fig. 4.

2 g2f

kel

g o —

g 02 . . . .
0 1 2 3 4 5

» 05F

o 0

gN -05} = = =PI Controller

2 1 ] Proposed Controller
0 1 2 3 4 5

2

o

Y

vt")

3 . ]

4 5

Time (s)

(a)

The comparative results for 200 ms three phase short circuit are
documented in Figs. 5 and 6. In Fig. 7, Vq is the injected compen-
sating control voltage. The SSSC performs the function of a variable
reactance compensator, either capacitive (Vgq>0) or inductive
(Vg <0).

It can be noticed in Fig. 6 that the proposed method contribute
to improve transient (first swing) and oscillation damping than the
Pl regulator. This is because, the conventional Pl is linear controller,
normally used to improve dynamic stability for small signals
perturbations.

The comparative results for 650 ms three-phase short circuit
are reported in Fig. 8.

The comparative results for 500 ms single-phase short circuit
are reported in Fig. 9.

It can be noticed that the proposed method gives better perfor-
mance than the PI controller.

In order to evaluate the impact of wind farm on the transient
stability under large disturbance, generator 2 is replaced by the
DFIG. The dynamics equations of the ith DFIG which take a similar
form as those of the synchronous generator are [16,28]:

sV i coS(0; — Or)

/ b
EQi

L Xgi— Xy Vi SIN(9; — Oin)
0i = ; + ¥ T
di q; ~ do;

B - M;
M;@; = Py, — Pei — Di0; — M;Pcou (42)

) ) . Xdi g Xdi — Xy 3
do; ;i = Tdoiwsvﬁ Sin(o; — 0y) — —/Eqi +———"Visn €0S(6; — Oisn),
Xai Xd

1
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Fig. 8. Case of 650 ms three phase short circuit: (a) Relative speed of Generator 1, 2, 3. (b). Relative rotor angle of Generator 1, 2, 3.
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Fig. 10. Case of 200 ms three phase short circuit with G2 = SG/DFIG: (a) Relative speed of Generator 1, 2, 3. (b) Relative rotor angle of Generator 1, 2, 3.

where w; is the synchronous speed and V,;£0,; the rotor voltage of
the ith DFIG.

The comparative results for 200 ms three phase short circuit in
presence of DFIG are reported in Figs. 10 and 11. Fig. 10 shows that
G2-SG has more effective action in transient stability than

Active power of G2
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Fig. 11. Active power G2, reactive power G2 With G2 = SG/DFIG.

G2-DFIG, even in the presence of SSSC. The good performance in
the presence of SG can be explained by the fact that there is no
interruption of reactive power injected by G2 during the fault.

Fig. 11 shows that G2-SG injects (Q, < 0) reactive power during
the fault while G2-DFIG consumes (Q» > 0) reactive power during
the fault. This behavior explains the high magnitude value of oscil-
lation during the fault and poor oscillation damping after fault
clearance time.

5. Conclusion

In this paper, a simplified nonlinear method, suitable for tran-
sient stability enhancement of the multimachine power system
using SSSC has been described. The proposed control law relies
only on locally measurable information and is independent of sys-
tem topology and modeling of power system components. The
control scheme is implementable in real-time since it needs only
measurable signals which can be obtained using phasor measure-
ments. The simulation results show that the proposed nonlinear
SSSC controller improves very satisfactorily the stability perfor-
mance of the power system under severe disturbance operating
conditions (200 ms, 650 ms three phase and 500 ms single phase
short-circuit faults).
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Appendix A. System data and observers/PI-regulator parameters

The Generators data and initial operating points are taking from
[29,23]:

Parameter Gen, Gen, Gens
H (s) 23.64 6.40 3.01
X4 (pu) 0.1460 0.8958 1.3125
X, (pu) 0.0608 0.1198 0.1813
D (pu) 0.3100 0.5305 0.6000
w0 (s) 8.96 6.00 5.89
P, (pu) 0.7157 1.6295 0.8502
Oref (deg) 2.16 21.63 12.53
Egrer (PU) 1.0768 0.9833 1.0713
DFIG data are given as follows:
H(s) Xa (pu) x; (pu) D (pu)
6.40 0.8958 0.1198 0.5350
do (8) Jrer (deg) Ej o (PU) w; (pu)
01 21.63 0.9833 1

SSSC: Xse =0.12 pu; C=2.26 pu.
State observers: o, = 2.55; o, = 2.75; B, = 2.40.

SSSC PI Controllers.

DC voltage regulator: Kp=5; K; = 10.
Vq voltage regulator: Kp=0.1; K;=9.
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