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Abstract— The purpose of this paper is to study the ef- characterizing the instability of the system [3], [4].
fects of three Flexible AC Transmission Systems (FACTS) This study investigates the effects of three FACTS
controllers: Static Synchronous Compensator (STAT- controllers, Static Synchronous Compensator (STATCOM),
COM), Static Synchronous Series Compensator (SSSC) Static Synchronous Series Compensator (SSSC) and Unified
and Unified Power Flow Controller (UPFC) on small  Power Flow Controller (UPFC), on small signal power sys-
signal voltage stability. A system composed by a load tems voltage stability of a system composed by a load fed
fed by a generator via a loss-less transmission line is by a generator via a loss-less transmission line. The system
examined. The inclusion of these three FACTS controllers is modelled using the Power System Model (PSM) [5], [6].
shows the improvement on voltage stability margin. This
study is based on investigation of the eigenvalues of II. FACTS CONTROLLERS
the linearized power system model in the framework of
dynamic bifurcation theory. The results presented show
that using this model in conjunction with the P-V curve,
all the basic aspects of the small signal voltage stability
can be easily addressed.

The FACTS is a concept based on power-electronic con-
trollers, which enhance the value of transmission netwbyks
increasing the use of their capacity. The potential benefits
FACTS equipment are now widely recognized by the power
systems engineering andkD communities.

] ] The first group of FACTS controllers, such as Static

Keywords—FACTS, Saddle-node bifurcation, SSSC, var Compensator (SVC) and Thyristor Controlled Series
STATCOM, UPFC, Voltage stability. Capacitor (TCSC), used thyristor to control the reactor and

I. INTRODUCTION capacitor banks, respectively. The second group of FACTS
controllers, such as STATCOM, SSSC and UPFC are based

The voltagg sFab|I|ty refers to the ability Of a power,, \oltage Source Converter (VSC) that employed GTOs to
system to maintain steady voltages at all buses in the syste oduce solid- state synchronous voltage sources at funda-

after being subjected to a disturbance from a given initia

operating conditions [1]. Since the rapid development o ental frequency [7]

power glectro_nics has made it possiple to design power Ill. POWER SYSTEM MODEL

electronic equipment of high rating for high voltage system

the problem resulting from transmission system may be, at The analysis of the STATCOM, SSSC and UPFC influence

least partly, improved by use of the equipment namely a§n the power system voltage stability can be accomplished

Flexible AC Transmission Systems (FACTS) controllers. ~ for a single generator connected to a dynamic load where the
Many ana]ysis methodok)gies have been proposed to soNACTS controller is installed, as shown in Flg 1. The StUdy

the problem of voltage collapse phenomena and are current8f impact of these FACTS is made separately.

employed for such issue [2]. Most of these techniques are

based on the identification of system equilibrium points Vi L6t gsss L uPRC: Vin LOm
that are typically referred to as points of voltage collapse I /.\ ] g
These points can be mathematically associated to saddke-no — = x @\
bifurcations points. Py, 2ol Pt @

Local instability of an operation point is characterized by 5
three kinds of local stability in algebraic-differentiabatel of S
power system: Singularity induced bifurcation (chardzest - | smatcom
by infinite eigenvalues crossing the imaginary axis), saddl — — —

_nOde_ (charagterized by a Pure r.eal eigenvalu? crossing t%. 1. Generator system - Transmission line - Dynamic Loatlidiog
imaginary axis) and Hopf bifurcation (characterized by a paracTs controllers.
of pure imaginary eigenvalues crossing the imaginary axis)

The bifurcation theory is used here to analyze the eigen- The dynamic load model proposed in [8], use a set of equa-

values of system on the collapse (or bifurcation) pointtions to represent the load in Fig. 1. This model consists of

LOAD
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algebraic and differential equations, which can be expess

as follows: )
& =f(z,y, 1) ®)
1 0=f(z,y,n) (6)
iy =7 [Ps(V) — 2, P (V)] (1) . . . .
Ty wherez is a vector of dynamic state variabless a vector of
1 B algebraic variables and is a parameter, which can be varied
T T, [Qs (V) = 24Qu(V)] 2) slowly, such as nodal powers . For small signal stability

wherez, and z, are state variables,P,(V), Q.(V)} and analysis, we assume the system parameter variation is slow
p q bt s y S . .

{P:(V),Q:(V)} are the the transient and steady-state Ioacznailfi%rr]iusn? tg?r:t t:: model can be linearized around some

characteristics, respectivellj, and7, are the time constants d P ’

that describe the load response.

A STATCOM Az =J1 Az + JoAy + BAu @)

The STATCOM is a shunt connected FACTS controller 0 =JsAx+ Jady (8)
which integrates the SVC technique and the voltage sourocghere .J;, J, J3 and.J; are Jacobian matrices g¢f and g
conversion. It resembles an ideal rotating synchronous conelated to dynamic state and algebraic variables, resedgti
denser operating under no load conditions, generating and B is the perturbation matrix. For the system shown in
balanced three-phase voltage, with controlled amplitute a Fig. 1, considering only the presence of the STATCOM, the
angle. This machine does not have inertia, and its responsellowing state equations can be formulated according to
velocity is almost instantaneous, and does not affect thmodal power balance methodology [5]:
system impedance. Therefore, it can generate and absorb

reactive power. Besides, it can exchange active power with . 0 - 0 0 0
the system if coupled to an appropriate energy source.9B], [ igq 0" 5 0 0
The most important function of the STATCOM is to control | oz * 0 0" —L o 0 0
the bus voltage where it is connected. Its functional maglel i | A, | 0 0 0 -z 0 0
shown in Fig. 2. We will consider that the STATCOM wiill AA;“; 0 0 0 0 2 0
only exchange reactive power with the system, so the supply 0 0 0 0 0 -7
energy source can be eliminated [9]. Ka Ky g 0
AE(} TzliKO, I%{T,(/m
AE) -~ = 0 0 NG
Transmission Lin a0 9 AV,
ansmission Line Aff;D + o ?T(: 0 0 ) |%®;] (9)
Vi Az, 0 0 0  Kpq AV
Q,l Al 0 0 0 Kga
Qo) Coupling 0 Ay, Asy, 00 0 0
T Transformer 0| _| By Ry 0O O 0 0
mm [ 0 ‘| - [ Oq Oq 0 —Acq 0 0
0 0 0 0 0 —Rea Vm
AE!
AEZ —A1, — A1, Az, — Az,
AEFrD + —Ri, — Ri;, Rz, — Ry,
A‘rP Alnl _A37n
Az(] RlnL —3m
Algp
VSC
Al —As, NCH
R, —Rg AV,
VdC _Altm _A2m _tAlc : AO, (10)
—Ri,, —R2, — Ri.+ Ln AV,

||
Il The coefficientsd and R represent local sensitivity functions
DCSC\)/JJrlégge of active and reactive powers, respectively. They are edlat
to the state and algebraic variables. As can be seen in (9) and
(10), the rotor angle deviation and the rotor speed deviatio

. are not include in the modelling as state variables since
The STATCOM may be represented by the following seély,o system studied represent a problem strictly of voltage
of equations [9]:

Fig. 2. Circuit for a Static Synchronous Compensator (STAMJO

stability.
An important characteristic of this model used is the
Qo = —IL,Vy, (3) maintenance of the structure of the system. The power flow
K Jacobian of the system can be derivative Jof as follow
Iy=—Vi., — Vi 4 :
h 1+3Tsh( ves ) (4)  below:
The power system can be represented by a set of differen- T — —Aq, —As, — A, (11)
tial and algebraic equations, which can be expressed as: FC=1_Ry,, —Ry, —Ri + I
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If the Jacobian/, is not singular, so the vector of algebraic wherew is described below:
variables can be eliminated. Then the representation td-sta
space system can be obtained as:

u=V2+ V2 —2V,V,,cos(0t — Om) (17)
Ai = AAz + BAu (12) The active and reactive power power flow equations in the
where: opposite sensd;,,,; and@Q,,;, are written analogously as the
equations above.
A=Jy— Jod; s (13) For the SSSC case, the state equations can be obtained as:
is the system state matrix.
—2d 0 . 0 0 0
B. SSSC AE:/(; “”f(i)Tdo e Tgo 0 o o
The SSSC is a series FACTS controller that is based on AAzf:D 0 ‘”‘BT““ L 0 0 0
voltage source conversion. It consists of a VSC that cosvert | A, | — 0 0 o a3 0 0
a dc voltage into a three-phase ac voltage at fundamenta 2"’?; 0 0 0 0 -3 0
frequency [7]. The SSSC has the capability to improve : 0 0 0 0 0 -z
the stability margin of the system making the series line )
compensation where it is installed. The output ac voltage AR T T 000
of SSSC can be kept in quadrature with the line current, Nz —Ka e g o A6,
making the SSSC exchange only reactive power with the AAE;D +1 o _f‘f 0 [ﬁg;] (18)
power system. The behavior of SSSC can be similar to a Az, 0 0 0 Kpa AV,
. . . AV, 0 0 0 Kgya
controllable series capacitor and a controllable seriastoe : 0 0 0o o
where the degree of compensation can be constant and its
output voltage magnitude will depend only of the loading 0 Azg Ay, 00 0 — A
factor that the SSSC will be submitted [10]. Fig. 3 depicts th [ 0 1 = [ S TP 1
basic circuit of a series connected SSSC with the transomissi 0 0 0 0 0 —Rea —Ra,
line.
AL
v Coupling Vi A l TR IR
Transformer Az, + A, 2ay,
Transmission Line Qo) 2@: R, —Rsn,
CID) Ay, —As, i
*ﬁlltm 7A2;RitA16 ] [ AA(;/; ] (29)
Q,V ¢ —Ri,, —Ra, —Ri, AV,
Like the STATCOM case, the matrix-- can be derivative
of the Jacobian matri¥, and can be expressed as:
DC Jrc = {_glm _é% B 21} (20)
Voltage —— v/ Im Zm Le
Source C. UPFC
VSC
The UPFC is a power electronic controller which can
Fig. 3. Circuit for a Static Synchronous Series Compens&8iSC). be used to control active and reactive power flows in a

transmission line by injection of variable series voltage a

The SSSC can be described by the following dynamigeactive shunt current. Like the others FACTS presentés, it
equation: based on VSC and it was proposed by Gyugyi in 1991 [11].
The UPFC consists of a SSSC and a STATCOM, connected in
V. — 1 v (14) such a way that they share a common DC capacitor. The DC
ST 14 ST, link provides a path to exchange active power between the
where 1, is the injected series voltage of SSSC in steadyCOnverters. The UPFC makes the voltage regulator func’Fion
state. The active and reactive power flow equations after th@rough the shunt converter (STATCOM) and makes the line

inclusion of the SSSC, can be written as [10]: series compensation, injecting a series voltage in quamdrat
with the line current, where the series converter (SSSC) is
11 VV connected. [12]. The schematic of the UPFC is shown in
P, = [1 + ﬁ} " sin (0t — Om) (15) Fig. 4.

) The UPFC can be represented adding the characteristics of
Qi = {1 + L} [V_t _ ViV cos(0t — Om) (16) the STATCOM and the SSSC. The dynamic equations of the
Vul [ X X UPFC may be described as follows [12]:
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Coupling
Vt Transformer S Vm
W Transmission Line I
¢ o QI ¢ I
Coupling
SSSC STATCOM Transformer
Yo DC Voltage NG
Source

Fig. 4. Circuit for a Unified Power Flow Controller (UPFC).

1
Vi=—— 21
1+ Ty, ° (1)

K,
Is e E— ‘/m - ‘/m, 22
sh 1+STSh( ref ) ( )

Considering the UPFC, the Jacobidg¢ in this case is
given by:

—Aq, —As, — Ay,
—Ry,, —Rp, —Ri + 1

IV. SIMULATIONS AND RESULTS

The system of Figure 1 is simulated over a range of
operating points. The small signal voltage stability asses
ment is performed by monitoring the critical eigenvalues of
matrix A and the determinants of the Jacobiahs Jrc as
the system loading is increased. The singularities of these
Jacobians represent the singularity induced and saddle-no
bifurcations, respectively.

The steady-state component®;(s) and the transient
components K;,Q;) are modelled as constant power and
constant impedance, respectively. The results were aatain
considering the load time constant Bs= T, = 30s.

For the simulations realized were considered a nominal
loading factor ( = 1.0 p.u.) of 100 + j48.7 MVA. The

Jro = (25)

where VO is the injected series V0|tage of UPFC in Steady_parameters of the AVR, transmission line and the FACTS are

state. The shunt currert;, has the role of maintenance of given in Appendix A.
the bus voltage at the level specified, through of injection, System without FACTS

of reactive power. The series voltagle emulates a reactive

series compensation.

Figs. 5 illustrates the critical eigenvalues loci of system

For the UPFC case, the following state equations can pstate matrix without FACTS. As can be noted, the critical

obtained:
. _ =g 1
AE'q 24 Th0 Tho
AE'4 0 - 0
AE *a %0
FD 0 0 _ 1
Ay = Te
Ady 0 0 0
: 0 0 0
Alsh
AV 0 0 0
s 0 0 0
0 0 0 0 ,
0 0 0 0 AE,
0 0 0 0 AE;
_ by 0 0 0 AEFrD
Tp o Az,
0 —7t 0 0 Az,
0 0 _ Tlh 0 Alsh
“h
0 0 [ AV
Kg Ky
Ty i 00
K/’ K/ 0 0
T(;o Té{o AO,
0 — T 0 0 AV, 23
Tl oo 0 0 Kpa ABq, (23)
0 0 0 Kga AV,
0 0 0 -
sh
0 0 0 0
0 Az, As, O 0 0 0 —Ag
0 Rgg R4g 0 0 0 0 _R4t
o |~ 0 0 0 —Aeqg 0 0 —Ag,
0 0 0 0 0 —Rea Vin —Ra,,
AE!
AEZ —A1yg — A1, Az, — Ay,
AERp —Ri, — R, Rsy, — Ry,
Avp + At — Az,
g .
Al Ry, —Rs3,,
AV
Ay, —As, NG
Ry, —Rg, AV,
—Aiy, — Az, — Al T AOn, (24)
—Ri1,, —Ra,, —Ri,+ I AV,
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eigenvalue crosses the imaginary axis characterizing the
saddle-node bifurcation.

x 10"

0.5

Imaginary part of critical eigenvalues

i i i i i i i i
-7 -6 -5 -4 -3 -2 -1 0 1
Real part of critical eigenvalues x10°

Fig. 5. Critical Eigenvalues loci.

Fig. 6 shows real eigenvalue loci as loading factor increase
up to 1.042 p.u. The system instability occurs for a loading
factor of 1.036 p.u.

B. System with STATCOM

The analysis of the eigenvalues of the system with STAT-
COM is made analogous as the previously. Fig. 7 shows the
real part of the eigenvalues as the system loading is inedeas
In this case, the STATCOM keeps the system stable for a
loading superior than 1.042 p.u.

Figs. 8 and 9 exhibit the determinants of Jacobiarand
the Jacobian/rc have a tendency to be singular, occurring
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Fig. 6. Real Eigenvalues loci. Fig. 10. P-V Curve.

o | the system with SSSC occurs for a loading factor at 1.203
p.u.
Without FACTS
-0.005 - E
3
=}
©
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2
w Without FACTS
T 00151 4 " SSsc
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© [
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2 £
5-_> -0.015 R
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o
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Active Power (p.u.) _0.025 i
Fig. 7. Real Eigenvalues loci.
-0.03 | 5

0.2 0.4 0.6 0.8 1 1.2
Active Power (p.u.)

the singularity induced and the saddle-node bifurcations,

respectively. Fig. 11. Real Eigenvalues loci.

Fig. 12 illustrates that the system with SSSC have the volt-
age stability margin increased. Although the SSSC does not
have the main function of regulate voltage, it could improve
the bus voltage level through its reactive line compengatio
function.

Figs. 13 and 14 depicts the behavior of the determinants
v of JacobianJr- and J,. The divergence of power flow of
B T i @ the system with SSSC occurs for a loading up to 1.266 p.u.
Fig. 8. Determinant of Jacobian Fig. 9. Determinant of Jacobian A_gam, thes’_e figures _ShOW t_he Occurrenc_e of saddle-node and
Ja. Jro. singularity-induced bifurcations, respectively.

Fig. 10 presents the PV curve of load bus where thup' System with UPFC
STATCOM is installed. For the loading increase up to 1.205 Fig. 15 shows the real part of the eigenvalues for the
p.u., the STATCOM keeps the bus voltage at the leveloading up to 1.388 p.u. The saddle-node bifurcation hagppen
specified until the limits of current injection did not have only for the system without FACTS.

exceeded. The divergence of the power flow, for the system with
) UPFC, occurs for the loading up to 1.388 p.u. The deter-
C. System with SSSC minants of the Jacobiang, and Jr- show the singularity

Fig. 11 presents the real part of critical eigenvalues as thimduced and saddle-node bifurcations, respectively irs.Fig
loading factor varies from 0.1 to 1.266 p.u. The instabitify 16 and 17.
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Without FACTS

0.2 0.4

Fig.

L
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Active Power (p.u.)

12. P-V Curve.
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. 13. Determinant of Jacobian Fig. 14. Determinant of Jacobian
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Real Eigenvalues loci.
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. 16. Determinant of Jacobian Fig. 17. Determinant of Jacobian

Like the others FACTS presented, the UPFC enhance the
voltage stability margin of the system. The Fig. 18 shows the
PV curve ofV,, bus.

0.9

0.8~

0.7+ Without FACTS —

0.6 . B

051 B

V., (pu)

0.3 B

0.2 . B

0 I I I I I I
0.2 0.4 0.6 0.8 1 1.2 1.4

Active Power (p.u.)

Fig. 18. P-V Curve.

Table | presents the maximum values reached over a range
of operating points until the divergence of the power flow.
All the FACTS have the ability to provide a greater margin
stability for the system studied.

TABLE |
Stability Limits p.u.
without FACTS | with SSSC| with STATCOM | with UPFC
1.036 [ 1203 ] 1.205 | 1.388

V. CONCLUSION

This work has examined the effects of the STATCOM,
SSSC and the UPFC on small signal voltage stability. The
voltage stability is evaluated by the analysis of the PV eurv
in conjunction with the trajectory of the critical eigerwab
of the state matrix of the system.

The simulation results presented show that these FACTS
controllers have a good effectiveness to improve the stabil
of the system and thus the loadability margin of power
systems.

APPENDIX A
TABLE Il
Generator and Transmission line Parameters.

[ H(s) ] D [ Re(pu) [ zalpu) | ah(pu) [ z (pu.) |
[ 64 [ 00 | 00 | 08958 | 01198 | 0.8645 |
[zg(pu) [ Tao(s) [ Tpols) [ Ke(pu) [ Te(pu) [ Xe(pou) |
[ 01969 | 60 [ 0535 ] 20 | 0.2 [ 0.1 |

TABLE Il

STATCOM Parameters.
(Fulpw) [ Ton() | Lihmas @) | Lohpyy, @)
[ 100 [ 0.005 ] 0.3 [ —0.3 |
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TABLE IV
SSSC Parameters.
(T | Vemae 00 | Vepy, ) |
[ 0.005 ] 0.2 | —0.2 |

TABLE V
UPFC Parameters.
TS}L(S) | IShma;L' (p.u.) | Ishwnn (p-u.) |
0.005 | 0.3 | 0.3 |
Vermas 00) | Vopo (0w) | |
0.2 [ —0.2 | |

| |
| [
[ T(s) ]
| [

APPENDIX B
Nomenclature

E Generator voltage.

1) Generator rotor angle.

w Generator rotor speed.

E’ Transitory voltage quadrature axis component.

EZ Transitory voltage direct axis component.
Erp Field voltage.

M Inertia constant.

Tq Direct axis reactance.

z, Transitory direct axis reactance.

Zq Quadrature axis reactance.

Ty Transitory quadrature axis reactance.
T},  Transitory direct axis time constant.

T,,  Transitory quadrature axis time constant.
K. AVR static gain.

Te AVR time constant.

X Transmission line reactance.

Vi Bus t voltage.

Vi Bus m voltage.

0, Bus t angle.

(. Bus m angle.

K, STATCOM or UPFC voltage regulator gain.
Vs SSSC or UPFC voltage.

I STATCOM or UPFC current.

T SSSC time constant.

Ton STATCOM or UPFC time constant.
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