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Abstract: This paper presents the application of Unified Power Flow Controller (UPFC) to enhance damping of
Low Frequency Oscillations (LFO) at a Single-Machine Infinite-Bus (SMIB) power system installed with UPFC.
Since UPFC is considered to mitigate LFO, therefore a supplementary damping controller based UPFC like power
system stabilizer is designed to reach the defined purpose. Optimization methods such as Shuffled Frog Leaping
algorithm (SLFA) and Genetic Algorithms (GA) are considered to design UPFC supplementary stabilizer controller.
To show effectiveness and also comparing these two methods, the proposed methods are simulated under different
operating conditions. Several linear time-domain simulation tests visibly show the validity of proposed methods in
damping of power system oscillations. Also Simulation results emphasis on the better performance of SLFA in
comparison with GA method.
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1. Introduction power system occur frequently due to disturbances
The rapid development of the high-power such as changes in loading conditions or a loss of a
electronics industry has made Flexible AC transmission line or a generating unit.  These
Transmission System (FACTS) devices viable and oscillations need to be controlled to maintain system
attractive for utility applications. FACTS devices stability. Many in the past have presented lead-Lag
have been shown to be effective in controlling power type UPFC damping controllers (Guo and Crow
flow and damping power system oscillations. In 2009; Zarghami et al. 2010). They are designed for a
recent years, new types of FACTS devices have been specific operating condition using linear models.
investigated that may be used to increase power More advanced control schemes such as Particle-
system operation flexibility and controllability, to Swarm method, Fuzzy logic and genetic algorithms
enhance system stability and to achieve better (Taher and Hematti 2008) offer better dynamic
utilization of existing power systems (Hingorani and performances than fixed parameter controllers.
Gyugyi 2000). UPFC is one of the most complex The objective of this paper is to investigate
FACTS devices in a power system today. It is the ability of optimization methods such as Genetic
primarily used for independent control of real and Algorithms (GA) and Shuffled Frog Leaping
reactive power in transmission lines for flexible, algorithm (SLFA) for UPFC supplementary stabilizer
reliable and economic operation and loading of controller design. A Sigel Machine Infinite Bus
power systems. Until recently all three parameters (SMIB) power system installed with a UPFC is
that affect real and reactive power flows on the line, considered as case study and a UPFC based stabilizer
ie., line impedance, voltage magnitudes at the controller whose parameters are tuned using SLFA
terminals of the line, and power angle, were and GA is considered as power system stabilizer.
controlled separately using either mechanical or other Different load conditions are considered to show
FACTS devices. But UPFC allows simultaneous or effectiveness of the proposed methods and also
independent control of all these three parameters, comparing the performance of these two methods.
with possible switching from one control scheme to Simulation results show the wvalidity of proposed
another in real time. Also, the UPFC can be used for methods in LFO damping.
voltage support and transient stability improvement
by damping of low frequency power system 2. System under Study
oscillations (Faried and Billinton 2009; Jiang et al. Fig. 1 shows a SMIB power system installed
2010). Low Frequency Oscillations (LFO) in electric with UPFC (Hingorani and Gyugyi 2000). The UPFC
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is installed in one of the two parallel transmission
lines. This configuration (comprising two parallel
transmission lines) permits to control of real and
reactive power flow through a line. The static
excitation system, model type IEEE — STI1A, has
been considered. The UPFC is assumed to be based
on Pulse Width Modulation (PWM) converters.

3. Dynamic model of the system
3.1. Linear dynamic model
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Figure 1. A Single Machine power system installed
with UPFC in one of the lines

A non-linear dynamic model of the system
is derived by disregarding the resistances of all
components of the system (generator, transformers,
transmission lines and converters) and the transients
of the transmission lines and transformers of the
UPFC (Wang, 2000). A linear dynamic model is
obtained by linearizing the nonlinear dynamic model
around nominal operating condition. The linear
model of the system is given as (1).
AS = WoAw
A6 = (- AP, —=DAAYM
AE| = (-AE, +AE)/Ty,

0y
: K
AEy = —LAEfd ——AAV
TA TA

AV g = K708+ KgAE] —KoAvy, + K Amg +K 55485
+ K Amp +K 55A0,
Where

AP, = K A8 + K,AE | + K 4Av 4 + K . Am
+Kp55A8E +KpbAmB +Kp55A8B

AE = K4AS + K3AE | + K gAv 4 + K Am
+ K 5540 + KpAm g + K 5548 5
AV, =KA8 + K(AE | + K A, + K Am
+ K 5500 + K yAm g + K 55A0 5
Fig. 2 shows the transfer function model of
the system including UPFC. The model has
numerous constants denoted by Kj;. These constants
are function of the system parameters and the initial

operating condition. Also the control vector U in Fig.
2 is defined as (2).
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U=[Amg ASp Amp Adg]"

Where:

Amg: Deviation in pulse width modulation
index mp of series inverter. By controlling mg, the
magnitude of series- injected voltage can be
controlled.

Adg : Deviation in phase angle of series
injected voltage.

Amg : Deviation in pulse width modulation
index mg of shunt inverter. By controlling mg, the
output voltage of the shunt converter is controlled.

Adg: Deviation in phase angle of the shunt
inverter voltage.

The series and shunt converters are
controlled in a coordinated manner to ensure that the
real power output of the shunt converter is equal to
the power input to the series converter. The fact that
the DC-voltage remains constant ensures that this
equality is maintained.

2)

Figure 2. Transfer function model of the system
including UPFC

It should be noted that K, , Ky, , Ky, and
K., in Fig. 2 are the row vectors and defined as
follow:

Ko =[Kp Koo Koo Kigl
Ky =[Kge Kge Kg Kgsl
K=MK, Ky Ky Kl
Ko =[Ke Kge Koo Kyl

3.2. State-space model
The dynamic model of the system in state-
space form is as (3).
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In this research the power system

oscillation-damping controller are considered for
UPFC.

4. Analysis

For the nominal operating condition the
eigenvalues of the system are obtained using state-
space model of the system presented in (3) and these
eigenvalues are shown in Table 1. It is clearly seen
that the system is unstable and needs to power system
stabilizer (damping controller) for stability.

Stabilizer controllers design themselves
have been a topic of interest for decades, especially
in form of Power System Stabilizers (PSS) (Taher
and Hematti 2008; Guo and Crow 2009; Zarghami et
al. 2010). But PSS cannot control power transmission
and also cannot support power system stability under
large disturbances like 3-phase fault at terminals of
generator (Mahran et al. 1992). For these problems,
in this paper a stabilizer controller based UPFC is
provided to mitigate power system oscillations. Two
optimization methods such as SLFA and GA are
considered for tuning stabilizer controller parameters.
In the next section an introduction about SLFA is
presented.

Table 1. Eigen-values of the closed-loop system
without damping controller
-153583
-5.9138
0.7542 +3.3055i
0.7542 -3.30551
-0.7669

5. SFLA Overview

Over the last decades there has been a
growing concern in algorithms inspired by the
observation of natural phenomenon. It has been
shown by many researches that these algorithms are
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good alternative  tools to  solve
computational problems.

The SFLA is a meta-heuristic optimization
method inspired from the memetic evolution of a
group of frogs when searching for food (Huynh
2008). SFLA, originally developed in determining
the optimal discrete pipe sizes for new pipe networks
and for existing network expansions. Due to the
advantages of the SFLA, it is being researched and
utilized in different subjects by researchers around
the world, since 2003 (Ebrahimi et al. 2011).

The SFL algorithm is a memetic meta-
heuristic method that is derived from a virtual
population of frogs in which individual frogs
represent a set of possible solutions. Each frog is
distributed to a different subset of the whole
population described as memeplexes. The different
memeplexes are considered as different culture of
frogs that are located at different places in the
solution space (i.e. global search). Each culture of
frogs performs simultaneously an independent deep
local search using a particle swarm optimization like
method. To ensure global exploration, after a defined
number of memeplex evolution steps (i.e. local
search iterations), information is passed between
memeplexes in a shuffling process. Shuffling
improves frog ideas quality after being infected by
the frogs from different memeplexes, ensure that the
cultural evolution towards any particular interest is
free from bias. In addition, to improved information,
random virtual frogs are generated and substituted in
the population if the local search cannot find better
solutions. After this, local search and shuffling
processes (global relocation) continue until defined
convergence criteria are satisfied. The flowchart of
the SFLA is illustrated in Fig. 3.

The SFLA begins with an initial population
of “P” frogs F={X.,X,...X,} created randomly
within the feasible space €. For S-dimensional
problems (S variables), the position of the i frog is
represented as X,-=[x,-1,x,-2,...,x,-S]T . A fitness function is
defined to evaluate the frog’s position. Afterward the
performance of each frog is computed based on its
position. The frogs are sorted in a descending order
according to their fitness. Then, the entire population
is divided into m memeplexes, each of which
consisting of n frogs (i.e. P=nxm). The division is
done with the first frog goes to the first memeplex,
the second frog goes to the second memeplex, frog m
goes to the m™ memeplex, and the (m + 7)™ frog back
to the first memeplex, and so on. The local search
block of Fig. 3 is shown in Fig. 4.

complex
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Initialize:
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-Number of memeplexes (i)

-Number of evolution step within each
memeplex.

| Generate population (F) randomly |

v

| Evaluate the fitness of (F) |

v

| Sort (F) in descending order

v

| Partition (F) into m memeplexes |

v

Local search (Fig. 4)
Iterative updating the
worst frog of each memeplex

v

Shuffle the memeplexes

Convergence
Criteria satisfied?

| Return the best solution |

Figure 3. General principle of SFLA (Ebrahimi et al.,
2011)

According to Fig. 4., during memeplex
evolution, the position of frog i™ (D;) is adjusted
according to the different between the frog with the
worst fitness (X,) and the frog with the best fitness
(X5) as shown in (4). Then, the worst frog X,, leaps
toward the best frog X, and the position of the worst
frog is updated based on the leaping rule, as shown in
(5).

Position change (D;) = rand() x (X, - X,,)
X, (new)= X, +D,(|D|<D

“4)
)

max )

where rand () is a random number in the
rang [0,1] and D,,,, is the maximum allowed change
of frog’s position in one jump. If this repositioning
process produces a frog with better fitness, it replaces
the worst frog, otherwise, the calculation in (4) and
(5) are repeated with respect to the global best frog
(X,), (ie. X, replaces X;). If no improvement
becomes possible in this case, then a new frog within
the feasible space is randomly generated to replace
the worst frog. Based on Fig. 3., the evolution
process is continued until the termination criterion is
met. The termination criterion could be the number of
iterations or when a frog of optimum fitness is found
(Huynh 2008).
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| First memplex: k=1 |

| First iteration : j=1 |<7

| Determining Xy, X, |
| Applying equations (1),(2) |‘_

Is Xy, (new)
better than X,,?

Applying equations (4),(5)
and replacing X;, with X,

Is X, (new)
better than X,?

| Generating new frog randomly |
_>| Replacing the worst frog X,, |

v

| Next jump: j =j+1 |

No

| Next memeplex: k= k+1 |

No

Figure 4. Local search block of Figure 3 (Huynh,
2008).

To compute the fitness value for each frog,
firstly, the values of the / pi variables are extracted

by decoding the frog information. In this study the
fitness index is considered as (6). In fact, the
performance index is the Integral of the Time
multiplied Absolute value of the Error (/TAE).

t
ITAE = [ {/Ao|dt
0
Where, A is the frequency deviation, AVpc
is the deviation of DC voltage and parameter "t" in
ITAE is the simulation time.

(6)
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Based on Fig. 3 the local search and
shuffling processes (global relocation) continue until
the last iteration is met. In this paper, the number of
iteration is set to be 50.

6. Stabilizer controller design using SLFA

In this section the parameters of the
proposed stabilizer controller are tuned using SLFA.
Four control parameters of the UPFC (mg, 6, mg and
Og) can be modulated in order to produce the
damping torque. The parameter mg is modulated to
output of damping controller and speed deviation A®
is also considered as input of damping controller. The
parameters of supplementary stabilizer controller are
as follow:

Kpc: the damping controller gain

Tw: the parameter of washout block

T, and T,: the parameters of compensation
block

The optimum values of T, and T, which
minimize an array of different performance indexes
are accurately computed using SLFA and Ty is
considered equal to 10.

To compute the optimum parameter values,
a 0.1 step change in mechanical torque (ATm) is
assumed and the performance index is minimized
using SLFA.

The first step to implement the SFL is
generating the initial population (N frogs) where N is
considered to be 20. The number of memeplex is
considered to be 2 and the number of evaluation for
local search is set to 2. Also D,,.x is chosen as inf. To
find the best value for the solution, the algorithms are
run for 10 independent runs under different random
seeds. The optimum values of T, and T,, resulting
from minimizing the performance index is presented
in Table 2. Also in order to show effectiveness of
SLFA, the parameters of stabilizer controller are
tuned using the other optimization method, GA. In
GA case, the performance index is considered as
SLFA case and the optimal parameters of stabilizer
controller are obtained as shown in Table 3.

Table 2. Optimum values of stabilizer controller
parameters using SLFA
T,
T,

0.2187
0.01

Table 3. Optimum values of stabilizer controller
parameters using GA
T
T,

0.251
0.1

7. Simulation results
In this section, the designed SLFA and GA
based stabilizer controllers are applied to damping
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LFO in the under study system. In order to study and
analysis system performance under system
uncertainties (controller robustness), two operating
conditions are considered as follow:

Case 1: Nominal operating condition

Case 2: Heavy operating condition

SLFA and GA stabilizer controllers have
been designed for the nominal operating condition. In
order to demonstrate the robustness performance of
the proposed method, The ITAE is calculated
following 10% step change in the reference
mechanical torque (4P,) at all operating conditions
(Nominal and Heavy) and results are shown at Table
4. Following step change, the SLFA based stabilizer
has better performance than the GA based stabilizer
at all operating conditions.

Also for case 1 the simulation result is
shown in Fig. 5. The simulation result shows that
applying the supplementary control signal greatly
enhances the damping of the generator angle
oscillations and therefore the system becomes more
stable. The SLFA stabilizer performs better than the
GA controller. For case 2, the simulation result is
shown in Fig. 6. Under this condition, while the
performance of GA supplementary controller
becomes poor, the SLFA controller has a stable and
robust performance. It can be concluded that the
SLFA supplementary controller have suitable
parameter adaptation in comparing with the GA
supplementary controller when operating condition
changes.

Table 4. The ITAE following 10% step change in the
reference mechanical torque (4P,) at all operating
conditions

The calculated ITAE
SLFA .
Stabilizer GA Stabilizer
Nominal operating - 56 0.0020
condition
Heavy operating 0.0018 0.0022
condition

8. Conclusions

In this paper Genetic Algorithms and
Shuffled Frog Leaping algorithm have been
successfully applied to design stabilizer controller
based UPFC. A Single Machine Infinite Bus power
system installed with a UPFC with various load
conditions has been assumed to demonstrate the
methods. Simulation results demonstrated that the
designed controllers capable to guarantee the robust
stability and robust performance under a different
load conditions. Also, simulation results show that
the SLFA has an excellent capability in power system
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oscillations damping and power system stability
enhancement under small disturbances in comparison
with GA method.
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Figure 5. Dynamic response A for case 1
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Figure 6. Dynamic response Ao for case 2
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