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Abstract

This paper presents a new method for Coordination of UPFC controllers. UPFC is one of the most important FACTS devices
which have many applications include damping low-frequency oscillations, transient stability enhancement, active power
and reactive power integrated control. Designing the appreciate controller for these devices has a major role in enhancing
the stability and damping the oscillations. Using the Power System Stabilizer (PSS) is one of the most important methods
for damping low-frequency oscillation which is economically efficient. In recent years, with the development of power
electronics, the use of FACTS devices is one of the main strategies for damping low-frequency oscillations. Designing appro-
priate controllers for these devices has a major role in enhancing the stability and oscillation damping. In this study a new
method based on output feedback is proposed for Designing UPFC controller. In this method input of the system expressed
in terms of available outputs, so with the right choice of the output feedback gain of the target the system, it become stable.
The output feedback gain are designed and compared for various UPFC and PSS controllers.

Keywords: Coordinated Design, Output Feedback, Power System Stabiliser, UPFC

1. Introduction

The rapid increase in load demand from consumers and
the development of power grids, lead to expand network
and connections between the regions, which leads to low
frequency oscillations in power system. If these oscilla-
tions are not damped, may increase in terms of amplitude
and cause the loss of stability of the system'. For several
years, Power System Stabilizer (PSS) was the most com-
mon controller for damping oscillations. Power system
stabilizer generates a supplementary control signal to
damp the power system oscillations immediately after a
disturbance*™. Different methods have been proposed
to design PSS. These methods include pole assignment,
damping torque concepts®, H_ method’, nonlinear and

*Author for correspondence

variable structure®’, the different optimization and artifi-
cial intelligence techniques and fuzzy logic*'°'* and other
approaches. Although PSS is the most important tool for
damping oscillations, but in some Operating point it is
not capable of damping oscillations, as well as is not capa-
ble to improve the voltage profile and power transmission
control of the system. Furthermore, the PSS does not
guarantee the system stability against sudden and severe
disturbances such as three phase short circuit on the gen-
erator terminals’.

Flexible AC Transmission Systems (FACTS) devices are
the controllers based on the power electronics which due
to advances in power electronics have rapidly expanded on
recent years. FACTS devices have been identified as a reli-
able tool to control and improve the system stability'*~'°.
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FACTS devices in addition to enhancing the damping of
the power system oscillations, is able to control the power
and the voltage of the system. Some of the FACTS devices
include the Unified Power Flow Controller (UPFC),
STATic synchronous COMpensator (STATCOM),
Static Var Compensator (SVC), Inter-phase Power Flow
Controller (IPFC), Static Synchronous Series Controller
(SSSC), Thyristor Controlled Series Compensator
(TCSC), Thyristor Controlled Phase Shifting Transformer
(TCPST), and Super Conducting Magnetic Energy Storage
(SMES)*. Nguyen and Gianto" use neural networks for
coordination of PSSs and FACTS devices. They also use
the optimisation-based control coordination of PSSs and
FACTS devices's. Many techniques have been reported in
the literature on the topic of coordinated design of PSS. Cai
and Erlich® develop a simultaneous coordinated tuning
of PSS and FACTS Damping Controllers in Large Power
Systems. However, it has been recognized that a set of PSS
parameters which works well under a certain operating
condition may no longer yield satisfactory results when
there is a drastic change in system operating conditions
and configurations.

Among the FACTS devices, the UPFC has more fea-
tures than other’s*. UPFC is composed of a STATCOM
and a SSSC which are connected by a DC link which is
connected to a power system in series and shunt combi-
nation®’. UPFC controls the parameters that influence on
power flow, such as fault impedance, voltage magnitude
and voltage angle, therefore, it can change the power flow
in transmission line. UPFC can be applied to enhance
transient stability, voltage control and damping system
oscillation in addition to controlling the power flow of the

transmission line. UPFC is able to simultaneously or selec-
tively control of all parameters affecting the value of the
power in transmission line (voltage, impedance and phase
angle). Furthermore, it can be independently control the
value of both active and reactive power in transmission
line. Recently, many studies has been done in the field of
modelling UPFC, dampers controller design for UPFC,
use it in power flow and enhance transient stability*-*.
A neural-network-Based Adaptive UPFC has been imple-
mented for improving transient stability performance
of power system in *. Ilango et al.*® developed control
algorithms for control of real and reactive power flows
and power oscillation damping using UPFC. Intelligence
technique has been applied in many researches®!>"%,

In this paper, a novel method for the design of out-
put feedback controller for UPFC is developed in order
to enhance the damping of power systems low frequency
oscillations. The system under study is a single machine
connected to infinite bus equipped with a PSS and a UPFC
controller. UPFC has four input controller signal which
can be used to design the damping controller. First, the
nonlinear and the linear model of the system is presented
and then to demonstrate the efficiency of the proposed
stabilizers, the results of this controller takes into account
a wide range of operating conditions and system configu-
rations and compared with a classic PSS controller.

2. Problem Statement

Figure 1 shows a SMIB system equipped with a UPFC.
The power generated by Synchronous generator delivered
to the infinite bus by a double-circuit transmission line
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Figure 1. SMIB power system equipped with UPFC.
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equipped with UPFC. The UPFC consists of an Excitation
Transformer (ET), a Boosting Transformer (BT), two
three-phase GTO based Voltage Source Converters
(VSCs), and a DC link capacitors. The DC link provides
a path of active power exchange between the converters''.
The four input control signals to the UPFC are m_, m,, 6,
and §,, where, m__ is the excitation amplitude modulation
ratio, m, is the boosting amplitude modulation ratio, &,
is the excitation phase angle, and §, is the boosting phase
angle.

2.1 Power System Non-linear Model

The dynamic model of the UPFC is required in order to
study the effect of the UPFC for enhancing the small signal
stability of the power system. The system data is given in
the Appendix. By applying Park’s transformation the non-
linear system model with UPFC obtained from neglecting
resistance of ET and BT transformers, transmission lines
and generators as well as neglecting transients of line and
transformers. So, the UPFC can be modeled as *'*.

VEu
vth
mg cos OV,

VBtd 0 —xg ipq 2
= X\ . + .
Vth xB 0 qu mB Sln(SBVdC

mg cos OV,

x|+ ,
XE 0 lEq mg Sln5EVdC

L2 1o

L 2 1 @)
.3 fpa | 3 i
y =k [cos5E sin5E} ) L. [cosSB sin3B] o
“ 4Gy, 'rq | 4Cy 'Bg
(3)
where v, i, v, and i, are the excitation voltage, exci-

tation current, boosting voltage, and boosting current,
respectively; C, and v,_are the DC link capacitance and
voltage, respectively.

The non-linear model of the SMIB system of Figure 1 is

5=wh(w—1) (4)
o Bu=P-D(@-1) )
M
. E , —E
Er=—t_1 6)
Tdo
_kA(vref_vt)_Efd
fa— T, (7)
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where
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where P_and P are the input and output power, respec-
tively; M and D the inertia constant and damping
coeflicient, respectively; x, the synchronous speed; § and
w the rotor angle and speed, respectively; E, E , and v
the generator internal, field and terminal voltages, respec-
tively; Tdo the open circuit field time constant; x , x'd, and
x, the d-axis reactance, d-axis transient reactance, and
q-axis reactance, respectively; k, and T, the exciter gain
and time constant, respectively; v__the reference voltage;
and U, the PSS control signal.

PSS
Also, from Figure 1 we can have:

V, = jop (i + i) + Vg, (8)
Vi =V T jXp, I TV, )
where i, and v,, are the armature current and infinite bus

voltage, respectively; v, v,, and i, the ET voltage, BT
voltage, and BT current, respectively.
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where

xqz =(x, +xp +xp)(xp +xp,) + x5 (x, +x1)

Xpg =X, +Xp +Xp+xp,

q
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Xge =X +Xp +Xp, X

q E=xq+xT

q

xdz =(x)+xp +xp) (x5 +xp,)+xp(x; +x7)
Xpg =Xj+Xp+Xp+Xp, Xpy=X;+xp +xp
Xgp =X+ X7, Xpp = Xp + Xp,
where x,, x, are the ET and BT reactances, respectively.

2.2 Power System Linearized Model

Considering the equations of the system and their linear-
ization around a given operating point, the state-space
of the power system with UPFC is expressed as follows.
Where signals m_, m,, 8., and §, are UPFC control signals
that are shown in Figure 1.

ASzwaa) (15)
. —AP,-DAw
A =—FF—— (16)
M
. AE,—(x;—x))Ai, — AE;
A = 1 a~Xq)Alg q (17)
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do
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= (18)
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(19)
where
AP, =k A8 + K, AE] + k4 AV + ke A + K 5, AD
+ kpmhAmB + kpahAaB
(20)
AE; =k A8 +k;AE, + K,y AV, +k, 0 Ay + k5, A,
+ kembAmB + keﬁbA6B

1)

Av, =k, AS + kéAE; + k.5 AV + ke A + k5, AS
+ Kk, Amp + k5, A0 (22)

where k, k, ..., k;, k, kpu, k., and k_ are linearization
constants.

In state-space representation, the power system can be
modeled as:

X=AX+BU (23)
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where the state vector X and control vector U are:
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(24)

The block diagram of the linearized dynamic model of the
SMIB power system with UPFC is shown in Figure 2.

3. Simulation Results

The potential of the output feedback UPFC controllers
to enhance the dynamic stability is evaluated. To ensure
the robustness of the proposed damping controller, the
design process takes into account a wide range of oper-
ating conditions and system configurations. It should be
noted that the four control parameter (m, <m, <5, and §,)
in the UPFC, can be used as regulator to reduce the
power system transient oscillations. In this paper,
m, and §, have been used for this purpose. And results

]

Figure 2. Modified Heffron-Phillips transfer function model.
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are compared with the classical method of power system
stabilizer. The desired controller must be capable of
optimal performance in all operating conditions, espe-
cially in critical situations that require a reduction in
oscillations. Therefore, several operating conditions have
considered that are as follows:

e Nominal loading: P = 0.8 pu, Q = 2.14 pu and X, =
0.25 pu.

e Heavyloading: P=1.2 pu, Q= 2.36 puand X, = 0.25
pu.

e Light loading: P = 0.2 pu, Q = 1.98 pu and X, = 0.25

pu.

In this paper, the performance of the desired output
feedback controller in the transient conditions has been
investigated with a 10% initiate change within the input
power generators. The power deviation, the generator
terminal voltage deviation and generator speed deviation
in the different operating conditions, based on the out-
put feedback controller, with the input of m, and §, and
also power system stabilizer, are shown in Figures 3 to 11.
This demonstrates that the overshoot, undershoot, set-
tling time and speed deviations of the machine are greatly
reduced by applying the proposed output feedback UPFC
controller. Moreover, it can be concluded that the 6, con-
troller is the most robust controller.

4. Conclusion

UPFC is one of the FACT'S device which is capable of con-
trolling power and voltage simultaneously and can also
improve network stability. Improve the transient stability
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Figure 3. Dynamic responses for power deviation at
nominal loading (PSS: dotted, m,: dashed, and d,: solid).
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Figure 4. Dynamic responses for power deviation at heavy
loading (PSS: dotted, m,: dashed, and §,: solid).
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Figure 5. Dynamic responses for power deviation at light
loading (PSS: dotted, m,: dashed, and §,: solid).
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Figure 6. Dynamic responses for voltage deviation at
nominal loading (PSS: dotted, my: dashed, and (SE: solid).
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Figure 7. Dynamic responses for voltage deviation at
heavy loading (PSS: dotted, m,: dashed, and §,: solid).
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Figure 8. Dynamic responses for voltage deviation at light
loading (PSS: dotted, m,: dashed, and §,: solid).
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Figure 9. Dynamic responses for speed deviation at
nominal loading (PSS: dotted, my: dashed, and (SE: solid).
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Figure10. Dynamicresponses for speed deviation at heavy
loading (PSS: dotted, m: dashed, and §,: solid).
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Figure 11. Dynamic responses for speed deviation at light
loading (PSS: dotted, m,: dashed, and §,: solid).

performance using the output feedback UPFC controller
was studied in this paper. To ensure the robustness of
the proposed damping controller, the design process was
taken into account a wide range of operating conditions
and system configurations. The simulation results of the
proposed output feedback UPFC controllers at the differ-
ent disturbances confirmed the high performance of this
method compared with conventional PSS. Moreover, the
system performance analysis under different operating
conditions show that the 6, based controller is superior
to the m, based controller. Therefore by using control-
lers based on §, can achieve more appropriate dynamic
stability in the power system.

5. Appendix

The nominal parameters and operating condition of the
system are listed in Table 1.
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Table 1.

The test system parameters of SMIB and
UPFC

Generator

Excitation System
Transformer

Transmission Lines

M =8 MJ/MVA; T’dO: 5.044 s; D = 0;
w, = 120m rad/s; x,= 1; x,= 0.6;x°,=0.3;

kA= 10; T,=0.05s;
x,=0.1; x,=0.1;
X, = 0.25;

m, = 0.08; 8, = -78.21°

UPFC Parameters my = 0.4; 6, = -85.35°%
k=1,T=0.05s;
DClink Parameters v, =1;C, = I;
=1.0;v = 1.0;
Operating Condition v, =1.0v, = 1.0

P =0.8Q =214

6. References

1.

Ford J], Ledwich G, Dong ZY. Efficient and robust model
predictive control for first swing transient stability of power
systems using flexible AC transmission systems devices.
IET Gener Transm Distrib. 2008; 2(5):731-42.

Jiang S, Annakkage UD, Gole AM. A platform for valida-
tion of FACTS models. IEEE Trans on Power Delivery.
2006; 21(1):484-91.

Rouhani A, Tirtashi SMR, Noroozian R. Combined design
of PSS and STATCOM controllers for power system sta-
bility enhancement, Journal of Power Electronics. 2011;
11(5):734-42.

Shayeghi H, Shayanfar HA, Jalilzadeh S, Safari A. A PSO
based unified power flow controller for damping of power
system oscillations. Energy Conversion and Management.
2009; 50:2583-92.

CL C, YY H. Coordinated synthesis of multimachine power
system stabilizer using an efficient decentralized modal
control (DMC) algorithm. IEEE Trans Power Sys. 1987;
9(3):543-51.

Gibbard MJ. Coordinated design of multimachine power
system stabilisers based on damping torque concepts. IEE
Proc Pt C. 1988; 135(4): 276-84.

Klein M, Le L, Rogers G, Farrokhpay S, Balu N. H_ damp-
ing controller design in large power systems. IEEE Trans
Power Sys. 1995; 10(1):158-66.

Lu Q, Sun Y. Nonlinear stabilizing control of multimachine
systems. IEEE Trans Power Sys. 1989; 4(1):236-41.
Samarasinghe V, Pahalawaththa N. Damping of multimodal
oscillations in power systems using variable structure
control techniques. IEE Proc Gen Trans Distrib. 1997;
144(3):323-31.

Vol 7 (11) | November 2014 | www.indjst.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Taranto J, do Bomfim A, Falcao D, Martins N. Automated
design of multiple damping controllers using genetic algo-
rithms. IEEE Power Eng Society. 1999; 1(31):539-44.
Abdel-Magid Y, Abido M, Al-Baiyat S, and Mantawy A.
Simultaneous stabilization of multimachine power systems
via genetic algorithms. IEEE Trans Power Sys. 1999; 14(4):
1428-39.

Al-Awami AT, Abdel-Magid YL, Abido MA. A parti-
cle-swarm-based approach of power system stability
enhancement with unified power flow controller. Electrical
Power and Energy Systems. 2007; 29: 251-9.

Tirtashi SMR, Rouhani A, Noroozian R. PSS and STATCOM
controller design for damping power system oscillations
using fuzzy control strategies. 18" Iranian IEEE Conference
on Electrical Engineering (ICEE2010); 2010; Iran.

Tirtashi SMR, Mazlumi K, Rouhani A. TCPS controller
design using fuzzy logic controller for power system stabil-
ity enhancement. IEEE International Conference on Power
and Energy (PECon2010); 2010; Malaysia.

Nguyen TT, Gianto R. Neural networks for adaptive
control coordination of PSSs and FACTS devices in mul-
timachine power system. IET Gener Transm Distrib. 2008;
2(3):355-72.

Nguyen TT, Gianto R. Optimisation-based control coordi-
nation of PSSs and FACTS devices for optimal oscillations
damping in multi-machine power system. IET Gener
Transm Distrib. 2007; 1(4):564-73.

Kumar KB, Singh SN, Srivastava SC. Placement of FACTS
controllers using modal controllability indices to damp out
power system oscillations. IET Gener Transm Distrib. 2007;
1(2):209-17.

Mhaskar UP, Kulkarni AM. Power oscillation damping
using FACTS devices: Modal controllability, observability
in Local signals, and location of transfer function zeros.
IEEE Trans on Power System. 2006; 21(1):285-94.

Tang Y, Meliopoulos SAP. Power system small signal sta-
bility analysis with FACTS elements. IEEE Trans on Power
Delivery. 1997; 12(3):1352-61.

CaiL, Erlich I. Simultaneous coordinated tuning of PSS and
FACTS damping controllers in large power systems. IEEE
Trans on Power Systems. 2005; 20(1):294-300.

Shaheen HI, Rashed GI, Cheng SJ. Application and compar-
ison of computational intelligence techniques for optimal
location and parameter setting of UPFC. Engineering
Applications of Artificial Intelligence. 2010; 23:203-16.
Haque MH. Evaluation of first swing stability of a large
power system with various FACTS devices. IEEE Trans on
Power System. 2008; 23(3):1144-51.

Gholipour E, Saadate S. Improving of transient stability of
power systems using UPFC. IEEE Trans on Power Delivery.
2005; 20(2):1677-82.

Indian Journal of Science and Technology | 1811 -



Coordinated Design of Output Feedback PSS and UPFC Controllers for Enhancing Dynamic Stability of Power System

24.

25.

26.

Mishra S. Neural-network-based adaptive UPFC for
improving transient stability performance of power system.
IEEE Trans on Neural Networks. 2006; 17(2):461-70.
Ilango SG, Nagamani C, Sai AVSSR, Aravindan D. Control
algorithms for control of real and reactive power flows and
power oscillation damping using UPFC. Electric Power
Systems Research. 2009; 79:595-605.

Shayeghi H, Shayanfar HA, Jalilzadeh S, Safari A. Design
of output feedback UPFC controller for damping of

- 1812 voi 7 (11) | November 2014 | www.indjst.org

27.

28.

electromechanical oscillations using PSO.
Conversion and Management. 2009; 50: 2554-61.
Taher SA, Akbari S, Abdolalipour A, Hematti R. Robust
decentralized controller design for UPFC using y-synthesis.
CommunNonlinearSciNumerSimulat.2010;15(8):2149-61.
Pandey RK, Singh NK. UPFC control parameter identifi-
cation for effective power oscillation damping. Electrical
Power and Energy Systems. 2009; 31:269-76.

Energy

Indian Journal of Science and Technology



