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ABSTRACT

Low frequency oscillations may cause blackouts.
Power system operators are increasingly facing in-
stability problems due to the fact that the current
system is much more loaded than before. Tuning
the lead-lag controllers, as power system stabilizers
(PSS) or FACTS-based supplementary stabilizers, is
a well-established method to enhance the damping ca-
pability of power systems. In this paper we propose
a technique to optimally locate the place of unified
power flow controller (UPFC) on a transmission line
considering low frequency oscillation (LFO) damping.
A lead-lag compensator is designed for UPFC based
on imperialist competitive algorithm (ICA). The pro-
posed method is applied to a single machine infinite
bus system equipped with UPFC and the results ob-
tained show its superiority.

Keywords: Imperialist Competitive Algorithm

(ICA), Low Frequency Oscillation (LFO), Siting of
UPFC, Supplementary Controller.

1. NOMENCLATURE

a objective function parameter

BT boosting transformer

Cye DC capacitor

COA cuckoo optimization algorithm

D machine damping coefficient

DC direct current

Eq equivalent excitation voltage

E(; internal voltage behind transient
reactance

ET excitation transformer

f frequency

FACTS flexible AC transmission systems

GA genetic algorithm
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4] rotor angle

0B boosting phase angle
op excitation phase angle
AP, electrical power deviation
Avg. DC voltage deviation
Ad rotor angle deviation
Aw rotor speed deviation
¢ damping ratio

o damping factor

w rotor speed

Wh base rotor speed

2. INTRODUCTION

As electric power demand grows rapidly and gen-
eration is restricted with the limited availability of
resources and the strict environmental constraints,
power transmission lines are today working near their
stability limits. Since the development of intercon-
nected large electric power systems, there have been
spontaneous system oscillations at very low frequen-
cies in the order of 1 Hz or below. If not well damped,
these oscillations may keep growing in magnitude and
may result in loss of synchronism [1]. Power system
stabilizers (PSSs) have been extensively used to in-
crease the system damping for low frequency oscilla-
tions. However, power system operators experienced
problems in using PSSs. Some of these were, inca-
pability in damping inter-area modes of oscillations,
great variations in the voltage profile under severe
disturbances and possibility of leading power factor
operation therefore loss of system stability [2].

The problems of PSSs can be avoided using Flexi-
ble AC transmission systems (FACTS). FACTS have
gained a great interest during the last few years, due
to recent advances in power electronics. FACTS de-
vices have been mainly used for solving various power
system steady state control problems such as volt-
age regulation, power flow control, and transfer ca-
pability enhancement. As supplementary functions,
damping the inter-area modes and enhancing power
system stability using FACTS controllers have been
extensively studied and investigated [2].

Nowdays, FACTS devices have been proved to be
one of the most effective ways to improve power sys-
tem operation controllability and power transfer lim-
its. Unified power flow controller (UPFC) is the most
versatile second generation FACTS device.

UPFC is a FACTS device that combine Static
Compensator (STATCOM) and Static Synchronous
Series Compensator (SSSC). Because of that com-
bination, UPFC acquires both advantages of STAT-
COM and SSSC, and is able to perform many func-
tions: voltage control, transient stability improve-
ment, and oscillation damping [3].

Investigations on the UPFC main control effects
show that the UPFC can improve system transient
stability and enhance the system transfer limit as
well.  Nabavi-Niaki and Iravani [4] developed a

steady-state model, a small-signal linearized dynamic
model, and a state-space large-signal model of a
UPFC. Wang has presented a modified linearized
Phillips-Heffron model of a power system installed
with a UPFC [5,6]. Wang has addressed the ba-
sic issues pertaining to the design of UPFC damp-
ing controllers, i.e., the selection of robust operating
conditions for designing damping controllers; and the
choice of parameters of the UPFC (such as mg, mp,
0, and ép) to be modulated to achieve the desired
damping. But Wang has not presented a systematic
approach to design the damping controllers.

Recently, researchers have proposed different prob-
lem formulations and different optimization meth-
ods to design UPFC-based supplementary controller
for power system oscillation damping such as PSO,
GA, ICA, COA, Linear Matrix Inequality (LMI) and
Adaptive Neuro-Fuzzy Inference System (ANFIS) [1,
7-12]. However all of them have studied damping ca-
pability of UPFC, installed on the sending bus of a
transmission line. it may be due to the availability of
machines’ signal e.g. rotor speed deviation. Today,
in the presence of smart grid and the use of recent
technologies like phasor measurement, units (PMU),
system operators can place the FACTS devices any-
where without considering the available input signals
of supplementary controllers.

According to M. A. Abido [2], it is the objective of
installation that determines the location of FACTS
devices. He categorized the proposed objectives as
increasing system loadability [13-17], minimizing the
total generation cost [18], and enhancing voltage sta-
bility [19].

In this work, we suggest a method to determine
the suitable location of UPFC on a transmission line,
in order to best damping of low frequency oscilla-
tions. In order to show the significance of the pro-
posed method, it is used and compared with a UPFC
supplementary controller, designed using an evolu-
tionary technique, imperialist competitive algorithm
(ICA) [10, 20]. For this purpose eigenvalue analy-
sis and time domain simulations are performed and
discussed.

3. REPRESENTATION OF CASE
SYSTEM WITH UPFC

STUDY

The single machine infinite bus (SMIB) power sys-
tem shown in Fig. 1 is used in this study. The UPFC
is installed on the transmission line. The UPFC in-
cludes an excitation transformer (ET), a boosting
transformer (BT), two three-phase GTO based volt-
age source converters (VSCs), and a DC link capaci-
tor. The four input control signals to the UPFC are
mpg, mp, 0g, and dg, where mpg is the excitation
amplitude modulation ratio, mp is the boosting am-
plitude modulation ratio, §g is the excitation phase
angle and dp is the boosting phase angle. In Fig.1,
T;g represents the reactance of the transformer and
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Fig.1: Single machine infinite bus system equipped with UPFC.

the z;s and x4, are the transmission line reactances
before and after the UPFC, respectively; v is the gen-
erator terminal voltage and vy, is the infinite bus volt-
age. The nominal parameters of the case study power
system are given in the Appendix.

3.1 UPFC MATHEMATICA NONLINEAR
MODEL

In order to study dynamic nature of UPFC, it
needs to be modeled dynamically. Using Park’s trans-
formation and disregarding the resistance and tran-
sients of the ET and BT transformers, the non-linear
dynamic model of the system installed with UPFC is
given as [4, 5]:
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where vge, 1y, VB, and ip are the excitation volt-
age, excitation current, boosting voltage, and boost-
ing current, respectively, in which d and ¢ subscripts
stand for dq reference frame; Cy. and vg. are the DC
link capacitance and voltage, respectively. The cur-
rent equations of excitation and boosting transform-
ers can be written as:
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where

TpB = TB + Tsb

TdE = Ty + TeE + Tis

TgE = Xq + Tip + Ty

Zgx = 2B (Tp + Tax) + TET4E
Tgx = BB (TE + Tgx) + TETeE
TBd = BB + TdE

Tpgy = TBB + T4k

Tat = TE + TdE

Tgt = TE + TyE

where xp and xp are the ET and BT reactances, re-
spectively. The non-linear model of the SMIB system
of Fig. 1 is:

b=wpy(w—1) (8)

o= (Pu—P-Dw-1) O
- 1

E,= T (Efa — Eq) (10)
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where P,, and P, are the input and output power,
respectively; M and D the inertia fixed and damping
coefficient, respectively; wy the synchronous speed; §
and w the rotor angle and speed, respectively; E,
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E}d, and v the generator internal, field and termi-

nal voltages, respectively; T;lo the open circuit field
time constant; x4, xld, and x, the d-axis reactance, d-
axis transient reactance, and g-axis reactance, respec-
tively; ka4 and T4 the exciter gain and time constant,
respectively; and v,y the reference voltage.

3.2 LINEARIZED MODEL OF THE SYS-
TEM

The non-linear dynamic equations can be lin-
earized around an operating point condition. The
linearized model of power system as shown in Fig. 1
is explained by:

Ab = wpAw (12)
Avs = _% (AP. + DAw—AP,)  (13)
. 1

AE; = = (AEji — AE,) (14)

TdO

: 1
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Av = ks A8 + ke AE, + kyaAvge + kve Amp + kyse Mg +
kwpAmp + kysp AdB

In state-space representation, the power system can
be modeled as:
T = Az + Bu (17)

where the state vector x, control vector u, state ma-
trix A and input matrix B are:
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The linearized dynamic model of the state-space
representation is shown in Fig. 2.

Fig.2: Modified Phillips-Heffron transfer function
model with UPFC [5].
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Fig.3: S-plane representation of objective function.

4. METHODOLOGY TO ENHANCE LFO
DAMPING CAPABILITY

4.1 OPTIMAL SITING OF UPFC ON A
TRANSMISSION LINE
In order to find the optimal place of UPFC on the
transmission line, we used an eigenvalue-based objec-
tive function. The objective function is a combina-
tion of damping factor and damping ratio (Fig. 3) as
follows:

Jzz ( Z (o0 —0:): +a Z (Co—Ci)2> (18)
J

;200 ¢i<Co

where o; and (; are the real part and the damping
ratio of the ¢-th eigenvalue, respectively and j is the
counter for the operating conditions. In this paper
four operating conditions are considered which are
given in the Appendix. Small steps are taken and ob-
jective function is computed. In this paper, a, o9 and
Co are chosen as 10, -2 and 0.5, respectively based on
[7]. We considered the line length as 1 pu and cal-
culated the objective function for small steps on the
transmission line in four different loading conditions.
For each loading condition, we obtained a curve as in
Fig. 4 that represents the lowest and highest costs for
UPFC location. In order to compromise among the
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Fig.4: Optimal place of UPFC on a transmission
line: solid (average of all loading conditions), dotted
with circles (nominal loading), dotted (light loading),
dashed with circles (heavy loading) and dashed (lead-
ing power factor loading).

results for each loading condition, we calculated the
average of all loading conditions which can be seen
as a solid line on the figure. From the solid line, the
optimal location of UPFC, in terms of small signal
stability, is 0.2356 pu. (from the figure it is obvi-
ous that end of line is not a good place to install the
UPFC.)

4.2 ICA-BASED UPFC SUPPLEMENTARY
CONTROLLER

4.2.1 IMPERIALIST COMPETITIVE ALGORI-
THM

ICA is a recently developed evolutionary optimiza-
tion method which is inspired by imperialistic com-
petition [20]. Like other evolutionary algorithms such
as PSO, GA, COA, etc., it starts with an initial pop-
ulation which is called country and is divided into
two types of colonies and imperialists which together
form empires. Imperialistic competition among these
empires forms the proposed evolutionary optimiza-
tion algorithm. During this competition, weak em-
pires collapse and powerful ones take possession of
their colonies. Imperialistic competition converges to
a state in which there exists only one empire and
colonies have the same cost function value as the im-
perialist. After dividing all colonies among imperi-
alists and creating the initial empires, these colonies
start moving toward their related imperialist state
which is called assimilation policy. The pseudo code
of imperialist competitive algorithm is as follow [20]:
1. Select some random points on the function and
initialize the empires.

2. Move the colonies toward their relevant imperial-
ist (Assimilation).

3. Randomly change the position of some colonies
(Revolution).

iy N M

A sT,  1+sT  1+sT,
k ( 2 =)
1+87, 1+57," 1+47,

Fig.5: Lead-lag supplementary controller of UPFC.

4, If there is a colony in an empire which has lower
cost than the imperialist, exchange the positions
of that colony and the imperialist.

5. Unite the similar empires.

6. Compute the total cost of all empires.

7. Pick the weakest colony (colonies) from the weak-
est empires and give it (them) to one of the em-
pires (Imperialistic competition).

8. Eliminate the powerless empires.

9. If stop conditions satisfied, stop, if not go to 2.

4.2.2 UPFC SUPPLEMENTARY CONTROLLER
DESIGN

A UPFC damping controller is provided to improve
the damping of power system oscillations. Fig. 5
shows the structure of UPFC controller. It comprises
a gain block, signal-washout block and lead-lag com-
pensators [1]. The speed deviation Aw is considered
as the input to the damping controller. Values of
controller parameters should be kept within specified
limits. In this paper, ICA is used for the optimal
computation of controller parameters. It is neces-
sary to mention here that only the unstable or lightly
damped electromechanical modes of oscillations are
relocated. The design problem can be formulated
as the following constrained optimization problem,
where the constraints are the bounds of controller pa-
rameters:

Minimize objective function for the UPFC con-
troller subject to

T mm_ﬁ T: <Mt
™" < Tp < T,™
T < Ty < T3™T
T < Ty < Ty

(19)

Typical ranges of the optimized parameters of lead-
lag controller are [-100, 100] for k, [0.05, 1.5] for 11,
TQ, T3 and T4.

5. SIMULATION RESULTS

5.1 ICA-BASED UPFC SUPPLEMENTARY
CONTROLLER

ICA algorithm is used to solve optimization prob-
lem and search for an optimal or near optimal set of
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Table 1: Optimal parameters of the ICA-based controller.
k T1 Tg T3 T4
UPFC on the sending bus -8.6867 0.0500 0.4458 0.5614 0.0500
UPFC on the optimal place | -6.9809 0.0500 0.0500 0.0500 0.0500

UPFC-based controller parameters. Based on singu-
lar value decomposition (SVD) analysis in [1] modu-
lating §g has an excellent capability in damping low
frequency oscillations in comparison with other in-
puts of UPFC, thus in this paper, §g is modulated
in the damping controller. Table 1 shows the optimal
controller parameters, when UPFC is installed on the
sending bus and on the proposed optimal place con-
sidering LFO damping.

5.2 EIGENVALUE ANALYSIS

The eigenvalues and damping ratios of electrome-
chanical modes with and without ICA-based UPFC
controller on the sending bus and on the optimal place
at three different loading conditions are given in Ta-
ble 2. The bold face numbers are the damping ratios
related to electromechnical eigenvalues. The results
show that installing UPFC on the optimal place and
using supplementary controller improve overall sys-
tem stability by moving the eigenvlaues to near oy in
s-plane.

5.3 TIME DOMAIN SIMULATION

The system behavior has been tested, applying
10% step increase in mechanical power input at t—1s.
The dynamic responses for Ad and Aw under three
different loading conditions, with and without Jg
based controller on the sending bus as well as optimal
place are shown in Figs. 6 and 7. The dynamic re-
sponse of dg is given in Fig. 8. It is obvious that the
open loop system response, i.e. without controller,
is unstable for all the loading conditions other than
nominal condition, but when UPFC is installed on
the optimal place, even with the lack of controller,
responses are stable. The results clearly reveal that
the system response to the disturbance is superior
when it is installed on the proposed optimal place.

6. CONCLUSION

Up to now, researchers have studied damping ca-
pability of UPFC installing it on the sending bus of a
transmission line. According to this issue, this paper
suggested a new method to find the optimal place of
UPFC controller on a transmission line. The effec-
tiveness of the proposed method for damping of LFO
was tested on a SMIB subjected to a disturbance,
an increase in mechanical power input. Installation
of UPFC on the sending bus and optimal place of
transmission line were compared to each other and
the results from eigenvalue analysis and time domain

simulations confirm that the low frequency oscilla-
tions can be improved placing the UPFC on the pro-
posed optimal location. The work conducted in this
paper can be further improved studying UPFC al-
location on multi-machine systems considering every
step parts of all transmission lines.

7. APPENDIX

The system parameters and operating conditions
are given as follow.

7.1 GENERATOR

M = 8.0 MJ/MVA. D = 0.0.
Ty, =5.044 5. f = 60 Hz. v = 1.0 pu.
rq — 1.2 pu. 4 = 1.2 pu. 3::1 = 0.15 pu.
Nominal loading: P, = 1.00 pu, Q. = 0.015 pu.
Light loading: P, = 0.30 pu, Q. = 0.015 pu.
Heavy loading: P, = 1.10 pu, Q. = 0.400 pu.

7.2 EXCITATION SYSTEM
Ka=20. T4 =0.01s.

7.3 TRANSFORMER

z¢p = 0.1 pu.

7.4 TRANSMISSION LINE
Tys +xsp = 0.74 pu. vy, = 1.0.

7.5 UPFC

zg = 0.1 pu. zp = 0.1 pu. T}, = 5.0 s.
vge = 2 pu. Cyqe. = 1 pu.
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