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Abstract

In this paper, the optimal design of supplementary controller parameters of a unified power flow controller
(UPFC) to damp low-frequency oscillations in a weakly connected system is investigated. The individual
design of the UPFC controller, using the imperialist competitive algorithm (ICA) technique over a wide range
of operating conditions, is discussed. The effectiveness and validity of the proposed controller on damping
low-frequency oscillations is tested through a time-domain simulation and eigenvalue analysis under 4 loading
conditions and a large disturbance. The simulation results, carried out using MATLAB/Simulink software,
reveal that the tuned ICA-based UPFC controller has an excellent capability of damping power system low-

frequency oscillations and greatly enhances the dynamic stability of the power systems.

Key Words: Power system stability, low-frequency oscillation damping, UPFC, multipoint optimization,

imperialist competitive algorithm

1. Introduction

Presently, power demand is growing dramatically and the extension in transmission and generation is restricted
with the rigid environmental constraints and limited availability of resources. As a result, power systems of
today are far more loaded than before. This brings about the necessity for power systems to be operated
near their stability limits. Moreover, interconnection between remotely located power systems gives rise to
low-frequency oscillations in the range of 0.1-0.3 Hz. If not well damped, these oscillations may keep growing
in magnitude, resulting in a loss of synchronism [1].

Power system stabilizers (PSSs) have been used over the recent decades to serve the purpose of improving
power system damping to low-frequency oscillations. PSSs have proven to be efficient in performing their
assigned tasks, which operate on the excitation system of generators. However, PSSs may unfavorably have an
effect on the voltage profile, may result in a leading power factor, and may be unable to control oscillations

caused by large disturbances [1].
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Flexible AC transmission system (FACTS) devices, when used to improve power system steady-state
performance, have shown very encouraging results. FACTS devices can cause a substantial increase in power
transfer limits during steady state through the modulation of bus voltage, phase shift between buses, and trans-
mission line reactance. Owing to the extremely fast control action associated with FACTS device operations,

they have been very promising candidates for utilization in the power system damping enhancement.

The unified power flow controller (UPFC) can be used for power flow control, loop flow control, load
sharing among parallel corridors, enhancement of transient stability, mitigation of system oscillations, and
voltage (reactive power) regulation [2,3]. Performance analysis and control synthesis of the UPFC require
its steady-state and dynamic models. A 2-source UPFC steady-state model including source impedances is
suggested in [4]. Under the assumption that the power system is symmetrical and operates under 3-phase
balanced conditions, a steady-state model, a small-signal linearized dynamic model, and a state-space large-
signal model of a UPFC were developed in [5]. Wang developed 2 UPFC models [6,7] in 1999, which have been
linearized and incorporated into the Phillips-Heffron model. The UPFC damping controller design can be found
in [1,8-12]. The supplementary controller can be applied to the shunt inverter through the modulation index of
the reference voltage signal or to the series inverter through the modulation of the power reference signal. In [1]
and [12], the particle swarm optimization (PSO) algorithm is used for tuning the optimum parameter settings
of UPFC controllers for power system oscillation damping. The authors of [13] employed the real-coded genetic
algorithm to optimize the damping controller parameters of the UPFC. In [14], bacterial foraging was used for

the UPFC lead-lag type of controller parameter design.

Lee and Sun in [15] used the linear quadratic regulator method to design the state feedback gain of the
static synchronous compensator (STATCOM) controller to increase the damping of a single-machine infinite-
bus (SMIB) power system. An adaptive improved PSO hybrid with simulated annealing was applied to the
design of a UPFC damping controller in [14]. Comparison of the PSS, static VAR compensator, and STATCOM
controllers for damping power system oscillations using the Hopf bifurcation theory, an “extended” eigenvalue
analysis to study different controllers, their locations, and the use of various control signals for the effective

damping of these oscillations was presented in [10].

In this paper, the imperialist competitive algorithm (ICA) is used for the optimal tuning of a UPFC-based
damping controller in order to enhance the damping of a power system’s low-frequency oscillations and achieve
the desired level of robust performance under different operating conditions, as well as different parameter
uncertainties and a disturbance. The ICA is a new heuristic algorithm for global optimization searches that
is based on imperialistic competition [17]. Over the last 5 years, after it was first introduced, this algorithm
has been used in a variety of research areas [18-22] and has been proven as a promising tool for optimization
purposes. According to [17] and [21], the ICA has better results than the genetic algorithm (GA) and PSO,

respectively.

In this study, the ICA technique is used for the first time for UPFC damping controller design. The
controller is automatically tuned with optimization of an eigenvalue-based objective function using the ICA to
simultaneously shift the lightly damped and undamped electromechanical modes to the left side of the s-plane,

such that the relative stability is guaranteed and the time-domain specifications are simultaneously secured.
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2. Description of the ICA algorithm

The ICA is a new heuristic algorithm for global optimization searches that is based on imperialistic competition
[17]. The ICA, similar to other heuristic algorithms such as PSO, GA, etc., starts with an initial population that
is called a country. The initial population is divided into 2 types of colonies and imperialists, which together
organize empires. The introduced evolutionary algorithm is constituted by imperialistic competition among
these empires. During times of competition, the weak empires fall and the strong empires take possession of
their colonies. Finally, this competition converges to a state in which the colonies have the same cost function
value, called the imperialist, and there is only one empire. After all of the colonies are divided among the
imperialists and the initial empires are created, these colonies move toward their related imperialist state as
an assimilation policy [17]. The movement of a colony toward the imperialist is shown in Figure 1, where d is
the distance between the colonies and the imperialist, and 6 and x represent random numbers with uniform

distribution, as given in Eq. (1).

= U0,6xd), O=U(-,7) (1)

In the above equation, the terms [ and v describe parameters that modify the area that colonies
randomly search around the imperialist. The total cost of all of the empires can be computed from Eq. (2).
More descriptions about the ICA and the pseudocode of the ICA can be found in [17].

T.C.n = Cost (imperialist ,) + Cico mean{ Cost(colonies of empire )} (2)

The ICA, as a new heuristic algorithm, is used in multiple applications, such as PID controller designing
[18], optimal placement of FACTS devices [19], economic load dispatch of power systems [20], power system
stabilization [21], or harmonic elimination in multilevel inverters [22].

In this paper, the ICA is used to obtain the optimal values of the supplementary controller parameters
of a UPFC.

Imperialist

New position
.. of colony

Colony *4
Figure 1. Movement of colonies toward their related imperialist [17].
3. Mathematical model of power system with UPFC

Figure 2 shows the test power system with a UPFC. In this paper, the test power system is a SMIB with 2
parallel lines. It can be seen from Figure 2 that the UPFC has 4 input control signals. These control signals

are mg, mp, 0, and dp. The parameters of the test power system are given in the Appendix.
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Figure 2. Test power system with UPFC.

3.1. Nonlinear model of test power system

In this section, to study the effect of the UPFC in the small-signal stability improvement of a power system, a
dynamic model of a UPFC is presented. While neglecting the resistance and transients of the excitation (ET)
and boosting (BT) transformers in Figure 2, the UPFC model in the dq reference frame can be obtained as
[1,4,6,12]:

r - r 1Tr . - r mg COS6EUdC 7]
VEtd 0 -—zg 1Ed N 2 3)
| vBtg | |2 0 || iBq | mp st Spvae
r - r 1Tr . - r mp COS6B’UdC 7]
VBtd 0 -—zp 134 N 2 )
| vBtq | | B 0 || iBq | mp s dpvde
1Ed

3m

. 3mgp .
Vde = J= [ cosdg sSindg ] +

iE
. ! (5)
i’gfe [ cosdp sindp ] l i

q

In the above equations, vg:, ig, vpt, and ip represent the voltage and current of the excitation
and boosting transformers, respectively, and vg. andCy. show the DC link voltage and DC link capacitance,
respectively.

When considering the circuit equations of Figure 2 and some simplifications, the currents of the excitation

and boosting transformers and line 2 in the dq reference frame can be written as:

mEg sin dgvge

~ oy cos 5> , (6)

iTLd = p <$EiEd +

T 2
. 1 . mg cos O gUde .
1TLg = E TElEq — — s + vpsind |, (7)
. TBB mp sin d gUge mEg sin dgvge
iBd = w—Eq Tdr———5 T TdsVp COS o+ Tds 5 (8)
d2
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. mp cos dgv . mg cosdgv
ZEq:owfM—i—xqg,vbsm&—i-xqufM, 9)
T Tg1 mpsSindgv mgsindgv
ipg = SE g LA MBSMOBUe | o8 6 + @y B R OB Vde (10)
Taz 1 Tao 2 2
X, 0BV, 0BV,
iy = DL MBEOSOBVde |y yring 4 X,y 12508 Yde (11)
X2 2 2

where g and zp represent the leakage reactance of the ET and BT, respectively, and the reactances z,g,
TdE, TBB, Tdl — Tdr, and Tq — Te7 are given in [23].

The conventional nonlinear dynamic equations of the generator shown in the SMIB test system in Figure

2 are:
b=wpy(w—1), (12)
&= (Pp—P,— D (w—1)) /M, (13)
E; = (Efd —(xq — .’L':i) iq — E;) /Téo, (14)
Ejg = (Ka (Viey — v+ tupss) — Era) /Ta, (15)
where:
P. = vgiq +v4iq v= (Ui + Ug)l/2 Vg = T4l vg = E'y — xlig

1 =1pd +1Bd +iTLd %q = 1Eq +1Bq + 1TLg-
Above, P,, is the mechanical input power of the generator; P, is the electrical output power of the generator;
M and D are the inertia constant and damping coefficient; w; is the synchronous speed of the generator; §
and w are the rotor angle and speed; E('Z, E}d, and v are the generator internal voltage, field voltage, and
terminal voltages, respectively; 77 is the open-circuit field time constant; x4, x/, and z, are the generator
reactance in the d-axis, d-axis transient reactance, and g-axis reactance, respectively; K4 and T4 are the gain
and time constant of the generator exciter, respectively; V,.; is the AC bus reference voltage; and wyss is the

control signal of the PSS.

4. Linearized model of the power system

In this paper, in order to perform a stability evaluation, eigenvalue analysis is used. For this purpose and
to obtain the eigenvalues of the system, the nonlinear dynamic equations of the test power system must be
linearized around an operating point condition. Egs. (16) through (20) show the linearized model of the test

power system from Figure 2.

A = wpAw (16)
1
A& = (AP — AP, — DAW) (17)
. 1
AE; = T_I (—AE; + AEfd + (.’L‘d - .”L':i)Aild) (18)
d0

. 1

A-Efd = E(_AEfd + KA(A‘/tref - A‘/t + Aupss) (19)
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AV = K7 A8 + KSAE; — KAV + Kee Am + K5 ASE + Koy Amp + Kesp Adp (20)
In the state-space representation, the power system can be modeled as:
& = Ax + Bu, (21)

where the state vector x, control vector u, state matrix A, and input matrix B are:

c=[ A Aw AE, AE; Auvg )",

T
u = [ Aupss AmE A(SE AmB A(SB ] N
[0 Wy 0 0 0 i
_ ks _D  _k 0 kpd
M M M M
A — _ ka4 0 _ ks 1 _kqd
?
Td,O Td,O Td,O Td,O
_kAks 0 _kAkG _L _kAkud
Ta Ta Ta Ta
| ks 0 ks 0 —ky |
[0 0 0 0 0 T
0 _kpe _kpée _k?Lb _kpéb
M M M M
k kqs kqb kqsb
o 0 _ Fqe _ Fgqée __Fkq __Fq
B - Tc’io Tc’io Tc’io Tc’io
ka _kakve __kakvse __kakww _ kakusey
TA TA TA TA TA
0 kce kc6e kcb kc6b

The linearized dynamic model of the state-space representation is shown in Figure 3.

4.1. UPFC-based damping controller

The damping controller is designed to produce an electrical torque, according to the phase compensation method,
in phase with the speed deviation. In order to produce the damping torque, the 4 control parameters of the
UPFC (mg, g, mp, and dp) can be modulated.

In this paper, dp and mp are modulated in order to damp the controller design. The speed deviation
Aw is chosen as the input to the damping controller. Figure 4 shows the structure of the UPFC-based damping
controller. This controller may be considered as a lead-lag compensator. However, an electrical torque in phase
with the speed deviation is to be produced to improve the damping of the power system oscillations. It consists
of a gain block, signal-washout block, and lead-lag compensator. The parameters of the damping controller are
obtained using the ICA technique.
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Figure 3. Modified Phillips-Heffron transfer function model [1].
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Figure 4. UPFC with a lead-lag controller.

4.2. UPFC controller design using the ICA

In the proposed method, the UPFC controller parameters must be tuned optimally to improve overall system
dynamic stability in a robust way. This study employs the ICA to improve optimization synthesis and find
the global optimum value of the fitness function in order to acquire an optimal combination. In this study,
the ICA module works offline. In other words, the parameters of the UPFC damping controller are tuned
for different loading conditions and system parameter uncertainties based on Table 1, and then the obtained
optimal parameters of the damping controller are applied to the time-domain simulation.

For our optimization problem, an eigenvalue-based objective function reflecting the damping ratio is
considered as follows:

NP

7= (1 - min(&;)). (22)

=1
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Table 1. System operating conditions and parameter uncertainties.

Loading conditions P, Q. System parameter uncertainties
Nominal 1.000 | 0.015 No parameter uncertainties
Light 0.300 | 0.015 30% increase and decrease of line reactance Xr
Heavy 1.100 | 0.400 25% increase and decrease of machine inertia M
Leading power factor | 0.700 | -0.030 | 30% increase and decrease of field time constant T

In Eq. (22), &;; is the damping ratio of the ith eigenvalue of the jth operating point. NP is the total
number of operating points for which the optimization is carried out. Given a complex eigenvalue o + i, the

damping £ is defined as:
o

= _\/ﬁ- (23)

The parameters of UPFC-based controllers are optimized in order to have robust stabilizers over a wide

range of operating conditions and system parameter uncertainties [16]. Four loading conditions, representing

nominal, light, heavy, and leading power factor (PF), are taken into account. Each loading condition is

considered with and without parameter uncertainties, as given in Table 1. Hence, the total number of points
considered for the design process is 28, i.e. NP. The flowchart of the ICA technique is shown in Figure 5.

The optimization problem design can be formulated as the constrained problem shown below, where the

constraints are the controller parameters bounds.
Minimize J
Subject to

Kmin < [ < fgmax
TP < Ty < TP
T3in < Ty < Ty (24)
Tpin < Ty < T
TP < Ty < TP

Like the GA [24], in which every chromosome as a candidate solution includes a predefined number of
genes, in the ICA, every country includes a predefined number of variables reflecting the country’s characteristics,
e.g., culture, language, and religion. In this study, the variables are a proportional gain and 4 time constants,
as in Figure 6.

Typical ranges of the optimized parameters are [-100, 100] for K and [0.01, 1.5] for Ty, T, T3, and
Ty . The mentioned approach employs the ICA to solve this optimization problem and search for an optimal or

near-optimal set of controller parameters.

5. Simulation results

5.1. Application of the ICA to the design process

The ICA was applied to search for the optimal parameter settings of the supplementary controllers in order to

optimize the objective function. In order to acquire better performance, the number of countries, number of
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initial imperialists, number of decades, assimilation coefficient (3), assimilation angle coefficient (), and (;eq

were chosen as 30, 3, 300, 3, 0.3, and 0.2, respectively.

5o [

Randomly generate initial countries like Figure 6

v

Calculate the eigenvalues of the power system for each
randomly generated controller parameters

Calculate the cost of each country from Eqs. (22)-(23)

v

By selection of colony and imperialist countries divide the
colonies among imperialists according to their power

Move the colonies toward their relevant imperialist
according to Figure 1
Recalculate the eigenvalues of the power system for each
country, i.e. controller parameters

Is there an empire
with no colonies?

Yes
N
+ © Recalculate the cost of each country from Eqs. (22)-(23)

| Eliminate this empire |

Is there a colony in an
empire that has lower cost than that of
imperialist?

Yes No
i > decades v
Exchange the positions of that imperialist
and colony
Yes
+ Y

Compute the total cost of all empires from Eq. (2)

y

II Pick the weakest colony from the weakest empire and give it to
n the empire that has the most likelihood of possessing it

Optimal value of the damping controller parameters

Figure 5. Flowchart of the implemented ICA technique in order to select optimal controller parameters.

kK T, T, T; T,

Figure 6. Representation of a country in the optimization problem.

The final values of the optimized parameters with the objective function, for the 2 separate controllers,
are given in Table 2. It should be noted that the optimization process was carried out for the system operating
at different loading conditions and some parameter uncertainties, given in Table 1. The optimal parameters

of the 2 controllers were found separately (Table 2). Figure 7 shows the illustration of cost versus iteration
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for both the §g- and mp-based controllers using the ICA technique. The minimum value for the Jz-based

controller is equal to 116.0625 and for the mp-based controller is equal to 192.6712.

Table 2. Optimal parameters of the proposed controllers.

K T1 T2 T3 T4
mp controller | 100.0000 | 0.0500 | 0.5417 | 1.5000 | 0.0575
dp controller | —32.9829 | 0.0500 | 0.0540 | 0.0541 | 0.1368

250

20013

Cost

150t

100 L L
0 100 . 200 300
Iteration

Figure 7. The convergence for objective function minimization using the ICA technique; solid line for §g-based

controller and dash-dotted line for mpg-based controller.

5.2. Time-domain simulation

To assess the effectiveness of the proposed stabilizers, the system eigenvalues are obtained and a disturbance
increase of 10% in the mechanical input power is considered in order to obtain the dynamic responses.

The system eigenvalues with and without the controllers at 4 different loading conditions are given in
Table 3. It is clear that the open-loop system is unstable due to the fact that its electromechanical modes
are in the right side of the s-plane. However, the proposed controllers dramatically stabilize the system. The
electromechanical mode eigenvalues were shifted to the left in the s-plane and the system damping was greatly
improved and enhanced with the proposed method.

System behavior due to the utilization of the proposed controllers was tested by applying a 10% step
increase in mechanical input power at t = 0.1 s and a different loading condition. The system response to this
disturbance under 4 different loading conditions for speed deviation, electrical power deviation, and internal
voltage variations with §g- and mp-based controllers, as well as without controllers, are shown in Figures 8-11.
It can be seen that the proposed objective function-based optimized UPFC controller has good performance in
damping low-frequency oscillations and stabilizes the system quickly. Furthermore, from the above conducted
test, it can be concluded that the Jg-based damping controller is superior to the mp-based damping controller,
which confirms the results of the singular value decomposition analysis carried out for the UPFC input signals
in [1]. As the authors in that paper concluded, the best input signal of the UPFC damping controller is the

excitation phase angle, i.e. 0p.
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Table 3. System eigenvalues and damping ratios with and without controllers at the 4 loading conditions.
Nominal loading Light loading Heavy loading Leading PF
157670 150467 155630 (‘)1550‘:;93 8301
Without 0.7848 + j4.0065,-0.1922 0.1528 + j3.7420,-0.0408 | 0.6940 =+ j4.1985,-0.1631 0 1316_j ’ ’
controller | —5.1875 -5.2749 -5.6580 : 5 '001 1
-1.1339 -0.4855 -0.6817 _10714
~17.0526 + j1.8776,
, —15.9067 + j0.1055, 1 —16.5795 £ j1.6945,0.9948 | 0.9940
175191 20900.09930 | | 3568 +23718,04882 | ~13693 +/33577,03776 | ~2.3584 + j4 4488,
—1.5979 +j5.2491,0.2912
mg-based 14247 + 11.5370. 0.6798 -5.2876 -52717 0.4684
controller —1.0821 75 » -3.2462 -2.3711 —1.3805 +j1.6676,
_0'2040 -0.4854 -0.2051 0.6377
’ -0.2040 -0.6826 -1.0215
-0.2037
-15.4590
—-18.5133 _}25;(5)411343; —15.5548 -18.5133
—15.7633 I . -18.5133 -2.8618 + j4.1360,
Su-based | —2.6518 + j3.7863,0.5737 :?ggé £j4.3269,0.5219 | 5355+ 107523,0.9846 | 0.5690
controller | —1.8131 +;1.9199, 0.6866 2'2494 —2.3026 + j4.4438,0.4601 —1.3600 + j1.5572,
-4.9530 _0-8088 -1.1436 0.6578
—0.1943 _0'1883 -0.1928 -5.5878
B —0.1938
3 a (b) _
3‘5><10 (2) 0.28 5 0.14 c)
fi ~ &
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Figure 8. Dynamic responses to a 10% increase in mechanical input power for nominal loading conditions: (a) Aw, (b)

AP., and (c) AE;‘ Solid line: dg controller, dash-dotted line: mp controller,
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Figure 9. Dynamic responses to a 10% increase in mechanical input power for light loading conditions: (a) Aw, (b)

AP., and (c) AE;‘ Solid line: dg controller, dash-dotted line: mp controller, dotted line: without controller.
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Figure 10. Dynamic responses to a 10% increase in mechanical input power for heavy loading conditions: (a) Aw, (b)

AP., and (c) AE;. Solid line: §g controller, dash-dotted line: mp controller, dotted line: without controller.
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Figure 11. Dynamic responses to a 10% increase in mechanical input power for leading PF conditions: (a) Aw, (b)

AP, , and (c) AE}. Solid line: dg controller, dash-dotted line: mp controller, dotted line: without controller.

6. Conclusion

In this paper, low-frequency oscillation damping using a UPFC controller was investigated. The stabilizer was
tuned to simultaneously shift the undamped electromechanical modes of the machine to the left side of the
s-plane. An objective problem comprising the damping ratio of the undamped electromechanical modes was
formulated to optimize the controller parameters. The design problem of the controller was converted into an
optimization problem, which was solved using the ICA technique with the eigenvalue-based objective function.

The effectiveness of the proposed UPFC controller for damping low-frequency oscillations of a power
system were demonstrated by a weakly connected example power system subjected to a disturbance: an increase
in mechanical power. The eigenvalue analysis and time-domain simulation results showed the effectiveness of

the proposed controller in damping low-frequency oscillations.

7. Appendix

The nominal parameters of the system are listed in Table 4.
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Table 4. Test system parameters.

Generator M=80MIMVA v=105pu.
D=00 xg=10p.u.
T, =5044s X,=0.6p.u.
f=60Hz x'4=03p.u.
Excitation K, =100 T,=001 s
system
Transformer xe=0.1pu.
Transmission
line xpy=0.6 p.u. xr=0.6 p.u.
UPEC iEi(())i p.tlll. T,=50s
=" pU. Vie=2pau.
K,=10 Cr=1
7,=0.05 s =" pu.
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