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ABSTRACT

An optimization approach for two-area power system with Unified Power Flow Controller (UPFC) is
proposed in this paper. The proposed method is the Atomic Orbital Search (AOS) approach. The
proposed approach is applied to achieve full utilization of UPFC and keeps the parameters uncertain.
The multivariable PI controller is utilized to control the system controller and eliminates the negative
interaction of the controllers. The proposed approach combines the two subsystems by converting
algebraic subsystem using differential approximation, which leads to a nonlinear system. The pro-
posed approach provides efficient voltage regulation and quicker damping of inter-area mode os-
cillations. The proposed UPFC controller eliminates generator oscillation and fault condition, which
guarantee the stability of the system as well as provides dynamic power flow control under the tie-
line. At last, the proposed method is simulated on MATLAB platform and compared with existing
methods. From this comparison, it is shown that the proposed approach provides less oscillation than
the existing approach.
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1. INTRODUCTION

In the modern power system, load frequency control (LFC) is applied efficiently in recent
years [1]. The main objective of LFC is to maintain the balance among the generation and
consumption [2]. LFC utilizes a hierarchic topology using primary, secondary, and tertiary
control. Automatic controllers, usually classic, and tuned according to operator, are carried
out through primary and secondary control [3]. In the difficult situation, the tertiary control
is manually implemented using transmission system operator [4]. Automatic generator
control (AGC) is secondary load frequency control that plays a significant role on power
system [5]. While in normal/abnormal operating conditions, the AGC provides planned
values through the stabilization of network frequency and power transmission among power
system areas [6, 7]. The LFC of the interconnected system is more challenging due to
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increasing size, complexity of interrelated power systems,
high operating costs, limitations of traditional units, by
the growing diffusion of renewable energy sources (RES)
[8–12].

In LFC, tie-line power control is important, but robust-
ness of AGC against important disturbances is not guaran-
teed by classical controller [13]. Flexible AC Transmission
System (FACTS) devices are employed to improve control of
power systems and enhance network power transmission
[14]. There are various FACT devices, such as Thyristor
Controlled Series Capacitor (TCSC) [15], Static Synchro-
nous Series Compensator (SSSC), Inter-line Power Flow
Controller (IPFC), Unified Power Flow Controller (UPFC)
[16], and Gate Controlled Series Capacitor (GCSC), which
are used to solve LFC problems. By directing actual power
transfer in the tie lines, FACTS devices deliver efficient AGC

performance [17]. The Busbar voltage and power flow of
system are efficiently managed by SSSC [18]. UPFC is one of
the efficient controllers, which is utilized to achieve power
system [19].

The tie line power oscillations are mitigated by FACT
devices, leading to a smoother signal to the AGC [20]. The
control the voltage and power system stability is obtained by
utilizing these devices [21]. The biggest benefit of the
dynamic stability model of linearization is that it converts
non-linear system dynamics into linear ones, which is a
minimized number of linear systems [22]. Hence, autono-
mous power system is stable and has zero dynamics [23].
There are various adaptive control methods like Sliding
mode control (SMC), fuzzy-PI Control, etc., which are uti-
lized to design the controllers [24, 25]. The organization of
the manuscript is shown in Fig. 1.

Fig. 1. Configuration of proposed interconnected power system
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2. RECENT RESEARCH WORKS: A BRIEF
REVIEW

Several research papers were obtainable in literature, depend-
ing on the LFC of multi-area power system. Some works are
reviewed here:

Munisamy and Sundarajan [26] have described the per-
formance of ANFIS method for LFC of three-area unsatis-
factory thermal power system. The ANFIS combines the
benefits of Fuzzy Logic Control (FLC) and the fast response
and flexibility of artificial neural network (ANN). To recover
LFC performance, the proposed controller was replicated
by Superconducting Magnetic Energy Storage (SMES) units
also Thyristor Controlled Phase Shifter (TCPS) separately.
Sharma et al., [27] have established the LFC and it can
play the main role in the PS with stand frequency of grid
through the duration of rapid load demand variation. The
ANFIS approach was the management of 3-area unsatisfac-
tory thermal power system for the LFC. ANFIS controller was
presented along: it combines the advantages of FLC quick
reaction and flexible artificial neural network environment.
Jin et al., [28] have suggested a current method like robust
LFC system that was considered proficient for large-scale
power system utilize time delay. The newly constraint time
delayed ordinary differential equation (CTODE) miniature
was presented. Depending on the newly bounded real lemma
(BRL) were well-known for performance analysis H∞. Stabi-
lization and robust stability of triggered LFC an adaptive
event with the sliding mode control (SMC) for multiple area
power system on the network environment and it was studied
by Lv et al., [29]. Triggered adaptive event method was
introduced to increase the bandwidth network, and it can be
modified as per the conditions. SMC was generated to pro-
vide robustness of performance and deviation frequency by
unbalanced power or transmitting time delays.

Dev and Sarkar [30] demonstrated the plan of higher
order SM observer (HOSMO) depending on the super
targeting sliding mode control (ST-SMC) for LFC, which
was an interrelated multi-area power system (MPS). The
rapid load distribution on some areas may cause deviation
on frequency with tie line power from its desirable values.
They were designed to enhance the overall performance of
the system and presented system. Zhang and Yang [31]
have investigated the switching control theory and it was
based on the novel decentralized LFC strategy. In variable
switching declaration, the transmission delayed in the se-
ries system and it was modeled in the network of LFC
system. By comparison with the existing modeling method
and the approached modeled, it influences packet loss
and time delay and the system dynamics are more accurate
at first. The memory loss on feedback control design sys-
tem was introduced in the second. Zhong et al., [32]
introduced a newly event-triggered H∞, LFC method, using
dynamic activated algorithm for multiple area non-linear
power systems (NPSs), and this approach was discussed. It
differs from the present linear single area LFC and power
system method was upgraded, the nonlinear multiple area

was modeled. Also, it was built by considering the occur-
rence of long term oscillations and overshoots.

2.1. Background of research work

The literature survey demonstrates that LFC is the most
significant approach to protect the system from many
affecting factors, as well as to reduce the deviation of power
sharing. In the present days, the utilization of large-scale
renewable energy sources (RES) and their development is
high. Due to the stochasticity and intermittency characteris-
tics of the RES, the power grid stable operation is affected,
specifically in terms of frequency fluctuation. Therefore, to
recognize the large-scale grid connection of RES, it is signif-
icant to grow effective control approaches for charging fre-
quency of a power system. In a large power system, more
than one control area was interconnected by tie lines.
A sudden load variation on any control part of an interrelated
power system leads to frequency change and also
power deviation from the connecting line. Unbalance be-
tween supply and load causes system frequency fluctuation
that may degrade power system performance and make it
difficult to control. To balance the power and preserve the
stability of electrical power system, various FACT devices and
optimization approaches are introduced to control the
charging frequency. Some of the automatic generation con-
trols are Teaching Learning Based Optimization (TLBO),
Thyristor Controlled Phase Shifter (TCPS), Superconducting
Magnetic Energy Storage (SMES), Quasi Oppositional Har-
mony Search (QOHS) algorithm, Firefly Algorithm (FFA),
Biogeography Based optimization (BBO), State Constrained
Distributed Model Predictive Control (SCDMPC), FPIDN-
FOPIDN controller. One of the FACT devices is TCPS which
is utilized to achieve the optimal power transmission through
enhancing the phase angle arrangement of voltage but
which creates larger amplitude variations and phase error.
TCSC is used to reduce the transmission loss but its drawback
needs the constraints which are complex for placing TCSC.
The optimization of FFA provides efficient and required
low iteration but the limitation of this approach is local op-
tima. Very few methods were presented in the literature to
solve this issue. These drawbacks have motivated to do this
research work.

3. CONFIGURATION OF THE PROPOSED TWO
AREA SYSTEM

The configuration of proposed interconnected power system
is displayed in Fig. 1. The FACT device of the UPFC consists
of boosting transformer, two VSC, a boost transformer
together with DC link capacitor in connected parts. In each
area there are two generators present.

The areas are connected through the tie line. Stability is
affected by velocity variations, so velocities [33] and angles
are considered. The system oscillations are eliminated by the
injection of real power to the system and controlling mod-
ulation index of the series VSC of UPFC. Moment of inertia,
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damping ratio are uncertain parameters, which are changed
by the load change. The PI controller is tuned by AOS
approach for providing control signal of UPFC. The UPFC
shunt converter compensates the reactive power. By the
proper tuning of the PI controller, using the proposed
approach minimizes the error of the system.

3.1. Modeling of Unified Power Flow Controller

A UPFC is a highly adjustable FACTS device formed by
integration of static series and shunt converters connected
using DC coupler, powered through DC storage capacitor.
This permits a two-way flow of real power between STAT-
COM shunt output terminals and SSSC series output ter-
minals. A series connected converter injects a voltage with
convenient phase and phase angle [34]. A converter con-
nected in parallel provides reactive power separately to the
system. With the coupling transformer, the voltage level and
phase angles of the converters are measured. The leakage
reactance of the series converter transformer denotes Xse and
the leakage reactance of the shunt converter refers Xsh. Two
buses required to assign that UPFC transmission line. The
magnitude of m; n denotes Vm∠φm, Vn∠φn.

Across the series connected voltage source denotes,

Vse ¼ Vse∠θse (1)

here Vse refers the series linked voltage source, θse refers
voltage angle of the series connected voltage source.

The voltage magnitude and angle are processed in
convenient constraints that are designated by,

0≤Vse ≤VMax
se ; 0≤ θse ≤ θMax

se (2)

The equation for injected active and reactive power may
be stated with the following:

Pi;UPFC ¼ −v2i

2
4X
q¼j;k

miqbse;iqfiq

3
5

� 1:03

0
@X

q¼j;k

miqvivqbse;iqsin
�
βiq þ φiq

�

� φiqv
2
i bse;iqsinφ

1
A (3)

Qi;UPFC ¼ −v2i

2
4X
q¼j;k

miqbse;iqcosφiq

3
5þ Qsh (4)

Pp;UPFC ¼ miqvivqbse;iqsin
�
βiq þ φiq

�
∀p ¼ j; k (5)

Qp;UPFC ¼ miqvivqbse;iqcos
�
βiq þ φiq

�
∀p ¼ j; k (6)

where per unit magnitude may be referred m of voltage
sources operating in the restriction of 0≤m≤mmax, phase
angles may be stated as f, the susceptance of series related
converter transformer shown bse.

3.2. Dynamic modeling of UPFC with two area system

Power balance is the important factor for an interconnected
power system. Figure 2 displays a power system with UPFC.
The UPFC is operating a role of controller for AC and DC
reduces system oscillation [35]. The dynamic model of
UPFC is resultant by ignoring the resistance of converters,
transmission lines, generators, and transformers; hence the
equation is described by.

3.3. UPFCS shunt portion model

In this model is based on the modulation index of shunt
converter and phase angles. The voltage (v3) is regulated by
the UPFC Shunt converter by compensating the reactive
power [36–39]. The compensation is based on PI controller
tuning. The error of the system is determined by the dif-
ference between the reference and actual value of v3. Based
on the shunt VSC modulation index is described by,

Msh ¼ ðv3−REF � v3Þ *
�
kp1 þ ki1

S

�
(7)

The shunt area can satisfy the demand of UPFC series
section through delivering energetic power to dc link
capacitor. Between the AC and shunt part of UPFC of active
power flow is changed by the angle variable ψ sh that is uti-
lized to control active power. Based on PI controller, the dc
voltage error is balanced by,

Jsh ¼ ðvdc−REF � vdcÞ *
�
kp2 þ ki2

S

�
(8)

Fig. 2. Power system with UPFC
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In the multi variable system, the PI control is described by,"
Msh

ψ sh

#
¼ �

cp
�
3

"
v3−REF � v3

vdc−REF � vdc

#
þ
hci
S

i
3

"
v3−REF � v3

vdc−REF � vdc

#

(9)

here cp, ci belongs to constant random matrix.

3.4. UPFC series portion model

The ac voltage is generated by the UPFC series portion
[40–43]. The limitation of phase angle and voltage magni-
tude is described by, (

0≤ψ ser ≤ 2π

0≤ vser ≤ vMax
ser

(10)

The modulation index based on series converter of UPFC
is described by,

_ψ ser ¼
1
l3
ð−kaZ1ki=m1 � kz2Z2 � ft þ _x3sÞ (11)

here ka, kz2 are design constants.

3.5. Modeling of uncertain parameter

Here, the uncertain parameter is considered as the damping
coefficient which is zero at initial stage. The controller effi-
ciency [44, 45] is improved based on the damping coefficient
value. The phase angle based uncertain coefficient is
defined by,

Ej ¼ αj
�
x1; :::; xj

	þ �
fj; :::;fj

�
(12)

Uncertain parameter based on adaptive law is described by,

φj

* ¼
Xj

K¼1

vαj
vxj

2
666664

xKþ1 * ηKðx1; :::xKÞþ
fKðx1; :::xKÞ
þμTJ ðx1; :::xKÞ�
αjðx1; :::xKÞ þ φj

�

3
777775� vμJ

vT
xJ (13)

The error based on phase angle is described by,

εj
* ¼

Xj

K¼1

vαj
vxK

μTKðx1; :::xKÞεK (14)

4. ROBUST STABILITY ANALYSIS OF TWO
AREA INTERCONNECTED POWER SYSTEM
USING UPFC

To control oscillation and maintain the uncertain parame-
ters like phase angle and damping coefficient, this paper
proposed the AOS approach. Control structure of the pro-
posed system through linear and nonlinear controller
is presented in Fig. 3. The proposed system is incorporated
with linear, nonlinear controller, uncertain parameter esti-
mator [46–49]. So, the speed and rotor angle are utilized to
design the nonlinear and uncertain parameter estimator.
The minimization of the oscillation of system is obtained by
the nonlinear controller through the control of modulation
index of series voltage source converter (series-VSC). The
moment of inertia, damping ratio is calculated from the
uncertain parameter estimator. The terminal voltage and dc
capacitor voltage is maintained by applying the dc voltage
and terminal voltage of the UPFC to the linear controller.

Fig. 3. Control structure of proposed system with linear and nonlinear controller
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4.1. Proposed AOS approach based optimal tuning of
controller

AOS is the meta-heuristic optimization approach that is
stimulated via the principles of quantum mechanics activity
of electrons in the nucleus of an atom [50]. The movement
of electrons on embedded waves to an uncertain location
was considered. It depends on the probability of location
of the electrons, the orbitals are defined. For determining
the probability of specific region of any electron around
the atom nucleus, mathematical formulation is utilized.
Depending on time, electrons immediately change their
position and they act as a cloud of charge. In this work AOS
is utilized to diminish the system error. The step-by-step
method of the proposed approach is defined as below,

Step 1: Initiation

Initiate the input parameters as gain parameter of the PI
controller, active and reactive power, dc voltage.

Step 2: Random Generation

The input parameter is generated randomly in matrix
form, which is described by,

RðmÞ ¼

2
666666664

k11p ðTÞk11i ðTÞ k12p ðTÞk12i ðTÞ ::: k1np ðTÞk1ni ðTÞ
k21p ðTÞk21i ðTÞ k22p ðTÞk22i ðTÞ : k2np ðTÞk2ni ðTÞ

..

. ..
.

:: ..
.

km1
p ðTÞkm1

i ðTÞ km2
p ðTÞkm2

i ðTÞ ..
.

kmn
p ðTÞkmn

i ðTÞ

3
777777775

(15)

here PI gain parameters are denoted as, kmn
p ðTÞ; kmn

i ðTÞ.
Step 3: Evaluate the Fitness for Initial Solution

It contains random generation of input voltage and
generation of fitness function; The fitness function mini-
mizes voltage deviation among usual bus as well as fault time
bus voltage. The fitness function FðXÞ is given by,

FðXÞ ¼ Min


f1
�

(16)

where

f1 ¼
XNB

i¼1
ðVn � ViÞ (17)

where Vn and Vi refers to the usual voltage and voltage of
bus correspondingly.

Step 4: Calculate Binding State and Energy

The binding state and binding energy are computed
using below equation,

BK
s ¼

Pc
j¼1x

K
j

c
;

�
j ¼ 1; 2:::c
K ¼ 1; 2::n

(18)

BK
e ¼

Pc
j¼1E

K
j

c
;

�
j ¼ 1; 2:::c
K ¼ 1; 2::n

(19)

here c represents number of candidates on k-th layer. Using
these equations determines the best solution.

Step 5: Generate the Updating Random Parameters

The random parameters like ρ, μ, υ are generated in a
random manner.

Step 6: Calculate the Photon Rate

Comparison of the different interaction photon rate is
utilized; the photon rate is depending on absorption and
emission of electron. Consider the random parameter (ρ)
which is greater than or equal to photon rate then, the
electron movement is based on absorption and emission. ρ is
less than the photon rate then, the electron movement is
based on interaction with particles.

xKjþ1 ¼ xKj þ Randj (20)

here Randj represents the random number distributed on
range [0, 1].

Step 7: Compare the Energy Level to Binding Energy

Energy level is higher than the binding energy, then takes
the form

xKjþ1 ¼ xKj þ
ρj3

�
μj3le � υj3Bs

�
K

(21)

Energy level is lower than the binding energy, then takes
the form

xKjþ1 ¼ xKj þ ρj3
�
μj3le � υj3BK

s

�
(22)

Based on the above two equation, it controls the binding
state and energy. Based on the comparison result, the pa-
rameters are updated.

Step 8: Find the Best Global Solution

The best global solution is determined by the binding
state and binding energy. In this step, if the maximal
number of iterations is gotten, the process exits from that
point or else mutation and crossover operation is performed.
Here, the best voltage, cost and power chromosomes are
decided, taking into account the fitness values. At this po-
sition, UPFC displays that better combination of efficiency
depends on generator’s fault from the point of view of
output combination. The output is as follows,2
66666664

FðxÞ11 FðxÞ12 ⋯ FðxÞ1n
FðxÞ21 Fit22 ⋯ FðxÞ2n

..

. ..
. ..

. ..
.

FðxÞm1 FðxÞm2 ⋯ FðxÞmn

3
77777775
¼

2
666666664

�
f1
	
11

�
f1
	
12 ⋯

�
f1
	
1n�

f1
	
21

�
f1
	
22 ⋯

�
f1
	
2n

..

. ..
. ..

. ..
.

�
f1
	
m1

�
f1
	
m2 ⋯

�
f1
	
mn

3
777777775

(23)

The UPFC capacity is chosen with AOS algorithm that is
shown in the accompanying section, depending on the
optimal location parameters.

International Review of Applied Sciences and Engineering 14 (2023) 2, 270–284 275

Brought to you by University of Debrecen | Unauthenticated | Downloaded 01/19/24 11:49 AM UTC



Step 9: Check the Termination Criteria

If the termination criteria are fulfilled, stop the process; if
not go to step 3. Flowchart of proposed AOS approach is
displayed in Fig. 4.

5. RESULTS AND DISCUSSION

The performance of proposed approach depends on the
simulation outcome. The proposed AOS approach is utilized
to control the UPFC. The two area connected system for
voltage regulation and damping the oscillation is an
important factor. For this purpose, UPFC is introduced on

two area power system. The proposed method is replicated
on MATLAB Simulink platform. The proposed method was
examined under two cases. The performance of the pro-
posed approach is compared to self-tuning (ST), Moth
Search Algorithm (MSA), and Mayfly Optimization Algo-
rithm (MOA).

Case 1: Performance analysis of proposed system
based on two area system with two generators

The performance of the proposed methodology is analyzed
under two area system with two generators. Damping and
voltage control for both ac and dc is the major aim of the
proposed method. The voltage of the system is regulated as

Fig. 4. Flow chart of proposed AOS approach
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constant, which is clearly depicted in Fig. 5. Analysis of rotor
angle variation in ac voltage controller is displayed in Fig. 6.
From this Fig. 5, it can be concluded that the dc voltage
reduces the error and provides constant voltage. Figure 7
display the analysis of dc terminal voltage variation in dc
voltage controller. Analysis of rotor angle variation in dc
voltage controller is displayed in Fig. 8. Analysis of rotor

angle variation in damping controller is displayed in Fig. 9.
It is concluded that the fault is cleared by the proposed
approach and varied constantly.

Analysis of speed in damping controller is displayed in
Fig. 10. Here the speed is 0 at 0–0.5 s and the variation
occurs at 0.5–1.5 s then it is reduced to oscillate and
constant at 1 310−3 (p.u) at 3.1–5 s. From Figs 11 and 12,

Fig. 5. Analysis of AC terminal voltage variation in ac voltage controller

Fig. 6. Analysis of rotor angle variation in ac voltage controller

Fig. 7. Analysis of dc terminal voltage variation in dc voltage controller
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the angle difference amid two generators, change on
angular speed of the generator, terminal voltage variation
(v3) are determined. Analysis of terminal voltage variation
(v3) of uncertain parameter estimator is shown in Fig. 11.
Analysis of uncertain parameter of uncertain parameter

estimator is shown in Fig. 12. The uncertain parameter is
varied at fault condition and otherwise it becomes zero.
Figures 5–12 reveals the stable closed loop system of
UPFC controller in operation combined with the pro-
posed approach.

Fig. 8. Analysis of rotor angle variation in dc voltage controller

Fig. 9. Analysis of rotor angle variation in damping controller

Fig. 10. Analysis of speed in damping controller
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Case 2: Performance analysis of proposed system
based on two area system using four generators

The performance of proposed methodology is analyzed
under two area system using four generators. Consider the
fault is occurred in the transmission line 7 to 8. Figure 13
shows the two-area system with four generators. Analysis of
inter-area oscillations is displayed in Fig. 14. Subplot 14(a)
displays the load angle analysis at variation generator 1 to 3.
Subplot 14(b) displays the load angle variation analysis at
generator 2 to 3. Analysis of terminal voltage of voltage
controller (v7) is displayed in Fig. 15. Analysis of dc voltage

variation of voltage controller is displayed on Fig. 16. From
Fig. 16, it is concluded that the proposed approach efficiently
operates under the fault condition.

Comparison of terminal voltage variation of voltage
controller (v7) with proposed and existing methodologies
is displayed in Fig. 17. By comparing to the oscillation at
2–8 s, the proposed approach provides less oscillation,
which means it varied up to 1.15 (p.u) but the existing
approaches varied up to 1.22 (p.u). From this comparison,
it is shown that the proposed approach delivers less oscil-
lation to the current one. Analysis of power flow through
the transmission line of 7–8 is displayed in Fig. 18. The

Fig. 11. Analysis of terminal voltage variation of uncertain parameter estimator

Fig. 12. Analysis of uncertain parameter of uncertain parameter estimator

Fig. 13. Two area system using four generator
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power is constant at 205 MW at 0–2 s, then it oscillates up
to 262 MW at 2.5 s, then the oscillation is reduced and it is
constant at 215 MW at 7–12 s.

Case 3: Performance analysis of proposed system
based on complex power network

In this section the performance of the proposed approach
depends on complex network, it consists of many generators
and buses. Analysis of rotor angle variation of damping

controller is displayed in Fig. 19. Subplot 19(a) displays
the generator 4 angle. Subplot 19(b) displays the generator
5 angle.

Analysis of rotor angle variation of damping controller is
displayed in Fig. 20. Subplot 20(a) displays the generator 6
angle. Subplot 20(b) displays the generator 7 angle. From the
analysis, it is clearly depicted that the proposed approach is
efficiently operating under fault condition and the proposed
controller obtained proper control signal for operating the
system.

Fig. 14. Analysis of inter-area oscillations (a) load angle variation generator 1 to 3 (b) load angle variation of generator 2 to 3

Fig. 15. Analysis of terminal voltage of voltage controller (v7)

Fig. 16. Analysis of dc voltage variation of voltage controller
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Statistical analysis of the proposed and existing
approach is tabulated in Table 1. The proposed approach
best and worst values become 124.65, 103.62. The existing
MOA approach best and worst value become 125.24,
134.55. The best and worst values of the existing MSA
approach become 135.77 and 147.66, respectively. The
mean value of proposed approach is 122.185, which is less
than that of the other approaches. From Table 1, it is

concluded that the proposed methodology is better than
the current one. Table 2 tabulated the accuracy of the
proposed and existing method. The accuracy of the pro-
posed method is better than the current one, as seen from
Table 2.

The computed lessening time authenticates the decreased
problems of the planned system. From this obtained outcome,
the RA for entire systems is determined using Equation (24).

Fig. 17. Comparison of terminal voltage of voltage controller (v7) with proposed and existing methodologies

Fig. 18. Performance of power flow through the transmission line of 7–8

Fig. 19. Analysis of rotor angle variation of damping controller (a) generator 4 (b) generator 5
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RA ¼ ML� NL
NL

3100 (24)

here ML and NL refers to the best minimal and normal
power loss at same time, the RA for several systems refers in
Table 3. For obtaining correct fraction through the optimi-
zation process. Benefit is obtained through greater RA
values. The ST consists of 9.666% RA value as better mini-
mal power and normal power loss, i.e., 11.996%. The pro-
posed hybrid system subsidizes a higher RA under
optimization method, i.e. 20.116%. We may simply check
that the planned system involves minimal power loss
through fault conditions. It clearly demonstrated that the
proposed system efficiently reduces the fluctuations at a
normal level. The control process of the planned systems is
better than conventional systems in preserving the intensive
support of power system.

6. CONCLUSION

An efficient Atomic Orbital Search (AOS) is proposed for
the efficient operation of two area interconnected power sys-
tems through UPFC. UPFC is operating like a stabilizing
controller. By using the proposed approach, PI controller pa-
rameters are optimally tuned and provide the control signal to
UPFC. Due to the operation of the proposed approach, the
error of the dc voltage and terminal voltage of the system was
minimized. The proposed approach efficiently regulates the
voltage and faster damping of oscillations under inter-area
mode. The proposed UPSC controller eliminates the oscilla-
tion of generator and fault condition, which guarantee the
stability of the system as well as provide dynamic power flow
control on tie-line. The proposed method is replicated on
MATLAB Simulink platform and compared to various exist-
ing approaches like ST, MSA, and MOA. The efficiency of the
proposed method is examined under three cases such as
complex power network, two area systems with four genera-
tors, two area systems with two generators. The proposed
approach is analyzed based on the ac controller, dc controller
and damping controller. The oscillations among the inter area
are analyzed; the proposed approach provides less oscillation
than the current one. The proposed UPFC controller mini-
mizes the oscillation of generator under fault condition, which
guarantees the stability of the system as well as provides dy-
namic power flow control on tie-line. Compared to the existing
approach, the proposed approach provides faster damping
oscillation than the current one, from the simulation outcome.
In future, the experimental prototype of the proposed work
will be investigated. Recent developments on capacity expan-
sion systems and future trends in UPQC application, to cope
with expanding DG capacity, are also reviewed.

Funding information: This research did not receive any
specific grant from funding agencies in the public, com-
mercial, or not-for-profit sectors.

REFERENCES

[1] Z. Yan and Y. Xu, “A multi-agent deep reinforcement learning

method for cooperative load frequency control of a multi-

Fig. 20. Analysis of rotor angle variation of damping controller (a) generator 6 (b) generator 7

Table 1. Statistical analysis

Solution
techniques

Statistical Analysis

Best Worst Mean Median
Standard
deviation

ST 143.75 160.65 154.82 157.83 147.13
MSA 135.77 147.66 142.79 142.258 141.26
MOA 125.24 134.55 132.56 147.22 2.41
Proposed 124.65 103.62 122.185 121.135 2.31

Table 2. Accuracy profile of proposed with existing techniques

Cases Proposed technique MOA MSA ST

Case 1 2 1 1 1
Case 2 2 0.4 0.2 1
Case 3 1 0.1 0.1 0.05

Table 3. Performance assessment of proposed system

Methods RA (%)

ST 9.666
MSA 11.996
MOA 10.722
Proposed 20.116

282 International Review of Applied Sciences and Engineering 14 (2023) 2, 270–284

Brought to you by University of Debrecen | Unauthenticated | Downloaded 01/19/24 11:49 AM UTC



area power system,” IEEE Trans. Power Syst., vol. 35, no. 6,

pp. 4599–608, 2020.

[2] M. Ma, C. Zhang, X. Liu, and H. Chen, “Distributed model pre-

dictive load frequency control of the multi-area power system

after deregulation,” IEEE Trans. Ind. Electron., vol. 64, no. 6,

pp. 5129–39, 2016.

[3] L. Cai, Z. He, and H. Hu, “A new load frequency control method

of multi-area power system via the viewpoints of port-Hamilto-

nian system and cascade system,” IEEE Trans. Power Syst., vol. 32,

no. 3, pp. 1689–700, 2016.

[4] M. S. Ayas, “Design of an optimized fractional high-order dif-

ferential feedback controller for an AVR system,” Electr. Eng., vol.

101, no. 4, pp. 1221–33, 2019.

[5] H. Li, X. Wang, and J. Xiao, “Adaptive event-triggered load fre-

quency control for interconnected microgrids by observer-based

sliding mode control,” IEEE Access, vol. 7, pp. 68271–80, 2019.

[6] X. Lv, Y. Sun, Y. Wang, and V. Dinavahi, “Adaptive event-trig-

gered load frequency control of multi-area power systems under

networked environment via sliding mode control,” IEEE Access,

vol. 8, pp. 86585–94, 2020.

[7] S. Hanwate, Y. V. Hote, and S. Saxena, “Adaptive policy for

load frequency control,” IEEE Trans. Power Syst., vol. 33, no. 1,

pp. 1142–4, 2017.

[8] V. P. Singh, N. Kishor, and P. Samuel, “Distributed multi-agent

system-based load frequency control for multi-area power

system in smart grid,” IEEE Trans. Ind. Electron., vol. 64, no. 6,

pp. 5151–60, 2017.

[9] P. Rajesh, F. H. Shajin, B. Rajani, and D. Sharma, “An optimal

hybrid control scheme to achieve power quality enhancement in

micro grid connected system,” Int. J. Numer. Model. Electron. Dev.

Field., p. e3019, 2022.

[10] F. H. Shajin, P. Rajesh, and S. Thilaha, “Bald eagle search opti-

mization algorithm for cluster head selection with prolong lifetime

in wireless sensor network,” J. Soft Comput. Eng. Appl., vol. 1,

no. 1, p. 7, 2020.

[11] P. Rajesh, F. H. Shajin, and B. N. Kommula, “An efficient inte-

gration and control approach to increase the conversion efficiency

of high-current low-voltage DC/DC converter,” Energy Syst.,

pp. 1–20, 2021.

[12] F. H. Shajin, P. Rajesh, and M. R. Raja, “An efficient VLSI ar-

chitecture for fast motion estimation exploiting zero motion

prejudgment technique and a new quadrant-based search

algorithm in HEVC,” Circ. Syst. Signal Process., vol. 41, no. 3,

pp. 1751–74, 2022.

[13] X. Zhou, Z. Gu, and F. Yang, “Resilient event-triggered output

feedback control for load frequency control systems subject to

cyberattacks,” IEEE Access, vol. 7, pp. 58951–8, 2019.

[14] P. Babahajiani, Q. Shafiee, and H. Bevrani, “Intelligent demand

response contribution in frequency control of multi-area power

systems,” IEEE Trans. Smart Grid., vol. 9, no. 2, pp. 1282–91, 2016.

[15] G. Chen, Z. Li, Z. Zhang, and S. Li, “An improved ACO algorithm

optimized fuzzy PID controller for load frequency control in

multi area interconnected power systems,” IEEE Access, vol. 8,

pp. 6429–47, 2019.

[16] C. Peng, J. Li, and M. Fei, “Resilient event-triggering $ H_ {\infty}

$ load frequency control for multi-area power systems with en-

ergy-limited DoS attacks,” IEEE Trans. Power Syst., vol. 32, no. 5,

pp. 4110–8, 2016.

[17] Y. Zhang and T. Yang, “Decentralized switching control strategy

for load frequency control in multi-area power systems with time

delay and packet losses,” IEEE Access, vol. 8, pp. 15838–50, 2020.

[18] P. Ojaghi and M. Rahmani, “LMI-based robust predictive load

frequency control for power systems with communication delays,”

IEEE Trans. Power Syst., vol. 32, no. 5, pp. 4091–100, 2017.

[19] Z. Li, X. Li, and B. Cui, “Planar clouds based load frequency

control in interconnected power system with renewable energy,”

IEEE Access, vol. 6, pp. 36459–68, 2018.

[20] L. Jin, C. K. Zhang, Y. He, L. Jiang, and M. Wu, “Delay-dependent

stability analysis of multi-area load frequency control with

enhanced accuracy and computation efficiency,” IEEE Trans. Po-

wer Syst., vol. 34, no. 5, pp. 3687–96, 2019.

[21] F. Yang, J. He, and Q. Pan, “Further improvement on delay-

dependent load frequency control of power systems via truncated

B–L inequality,” IEEE Trans. Power Syst., vol. 33, no. 5, pp. 5062–71,

2018.

[22] Y. Zhang, X. Liu, and B. Qu, “Distributed model predictive load

frequency control of multi-area power system with DFIGs,” IEEE/

CAA J. Autom. Sin., vol. 4, no. 1, pp. 125–35, 2017.

[23] Y. Wu, Z. Wei, J. Weng, X. Li, and R. H. Deng, “Resonance attacks

on load frequency control of smart grids,” IEEE Trans. Smart

Grid, vol. 9, no. 5, pp. 4490–502, 2017.

[24] Y. Q. Bao, Y. Li, B. Wang, M. Hu, and P. Chen, “Demand response

for frequency control of multi-area power system,” J. Mod. Power

Syst. Clean Energy, vol. 5, no. 1, pp. 20–9, 2017.

[25] Y. Bao, Y. Li, B. Wang, M. Hu, and P. Chen, “Demand response

for frequency control of multi-area power system,” J. Mod. Power

Syst. Clean Energy, vol. 5, no. 1, pp. 20–9, 2017.

[26] V. Munisamy and R. Sundarajan, “Hybrid technique for load

frequency control of renewable energy sources with unified power

flow controller and energy storage integration,” Int. J. Energy Res.,

vol. 45, no. 12, pp. 17834–57, 2021.

[27] M. Sharma, R. Bansal, and S. Prakash, “Robustness analysis of LFC

for multi area power system integrated with SMES–TCPS by

artificial intelligent technique,” J. Electr. Eng. & Technol., vol. 14,

no. 1, pp. 97–110, 2019.

[28] L. Jin, Y. He, C. Zhang, X. Shangguan, L. Jiang, and M. Wu, “An

efficient model for robust load frequency control in multi-area

power systems with communication delays,” Control Eng. Pract.,

vol. 117, p. 104954, 2021.

[29] X. Lv, Y. Sun, Y. Wang, and V. Dinavahi, “Adaptive event-trig-

gered load frequency control of multi-area power systems under

networked environment via sliding mode control,” IEEE Access,

vol. 8, pp. 86585–94, 2020.

[30] A. Dev and M. Sarkar, “Robust higher order observer based non-

linear super twisting load frequency control for multi area power

systems via sliding mode,” Int. J. Control Autom. Syst., vol. 17,

no. 7, pp. 1814–25, 2019.

[31] Y. Zhang and T. Yang, “Decentralized switching control strategy

for load frequency control in multi-area power systems with

time delay and packet losses,” IEEE Access, vol. 8, pp. 15838–50,

2020.

[32] Q. Zhong, J. Yang, K. Shi, S. Zhong, Z. Li, and M. Sotelo, “Event-

triggered $H_{∞}$ load frequency control for multi-area

nonlinear power systems based on non-fragile proportional

integral control strategy,” IEEE Trans. Intell. Transport. Syst.,

pp. 1–11, 2021.

International Review of Applied Sciences and Engineering 14 (2023) 2, 270–284 283

Brought to you by University of Debrecen | Unauthenticated | Downloaded 01/19/24 11:49 AM UTC



[33] X. Zhao, Z. Ma, S. Li, and S. Zou, “Robust LFC of power systems

with wind power under packet losses and communication delays,”

IEEE J. Emerg. Sel. Top. Circ. Syst., vol. 12, no. 1, pp. 135–48,

2022.

[34] X. Bu, W. Yu, L. Cui, Z. Hou, and Z. Chen, “Event-triggered data-

driven load frequency control for multi-area power systems,” IEEE

Trans. Ind. Inform., 2021.

[35] X. Lv, S. Zhai, Y. Sun, D. Hou, and S. Wang, “Load frequency

control for multi-area power system based on Markov model,” J.

Franklin Inst., vol. 358, no. 16, pp. 8377–95, 2021.

[36] H. Zhang, S. Su, Y. Y. Zhao, and J. Lu, “Networked load frequency

control of multi-area uncertain power systems via adaptive event-

triggered communication scheme,” J. Franklin Inst., vol. 356, no.

16, pp. 9600–26, 2019.

[37] M. M. Ismail and A. F. Bendary, “Load frequency control for multi

area smart grid based on advanced control techniques,” Alexan-

dria Eng. J., vol. 57, no. 4, pp. 4021–32, 2018.

[38] X. C. ShangGuan, Y. He, C. K. Zhang, L. Jin, L. Jiang, M. Wu, and

J. W. Spencer, “Switching system-based load frequency control for

multi-area power system resilient to denial-of-service attacks,”

Control Eng. Pract., vol. 107, p. 104678, 2021.

[39] N. Jalali, H. Razmi, and H. Doagou-Mojarrad, “Optimized fuzzy

self-tuning PID controller design based on Tribe-DE optimization

algorithm and rule weight adjustment method for load frequency

control of interconnected multi-area power systems,” Appl. Soft

Comput., vol. 93, p. 106424, 2020.

[40] A. D. Shakibjoo, M. Moradzadeh, S. U. Din, A. Mohammadzadeh,

A. H. Mosavi, and L. Vandevelde, “Optimized type-2 fuzzy

frequency control for multi-area power systems,” IEEE Access,

2021.

[41] A. D. Shakibjoo, M. Moradzadeh, S. U. Din, A. Mohammadzadeh,

A. H. Mosavi, and L. Vandevelde, “Optimized type-2 fuzzy

frequency control for multi-area power systems,” IEEE Access,

2021.

[42] D. T. Phuong, T. N. Pham, and L. V. Hien, “Exponential stabili-

zation via tracking convergent rate in load frequency control of

multi-area power systems with diverse communication delays,”

Int. J. Dyn. Control, pp. 1–5, 202.

[43] M. Barakat, A. Donkol, H. F. Hamed, and G. M. Salama,

“Controller parameters tuning of water cycle algorithm and its

application to load frequency control of multi-area power systems

using TD-TI cascade control,” Evolving Syst., pp. 1–6, 202.

[44] K. Lu, W. Zhou, G. Zeng, and Y. Zheng, “Constrained population

extremal optimization-based robust load frequency control of

multi-area interconnected power system,” Int. J. Electr. Power

Energy Syst., vol. 105, pp. 249–71, 2019.

[45] J. P. Therattil and P. C. Panda, “Non-linear dynamic modeling and

adaptive control of a power system with unified power flow

controller,” Elec. Power Compon. Syst., vol. 40, no. 14, pp. 1544–61,

2012.

[46] S. Mehraeen, S. Jagannathan, and M. L. Crow, “Novel dynamic

representation and control of power systems with FACTS de-

vices,” IEEE Trans. Power Syst., vol. 25, no. 3, pp. 1542–54, 2010.

[47] Z. Huang, Y. Ni, C. M. Shen, F. F. Wu, S. Chen, and B. Zhang,

“Application of unified power flow controller in interconnected

power systems-modeling, interface, control strategy, and case

study,” IEEE Trans. Power Syst., vol. 15, no. 2, pp. 817–24, 2000.

[48] T. K. Roy, M. A. Mahmud, and A. M. Oo, “Robust adaptive

backstepping excitation controller design for higher-order models

of synchronous generators in multimachine power systems,” IEEE

Trans. Power Syst., vol. 34, no. 1, pp. 40–51, 2018.

[49] L. H. Hassan, M. Moghavvemi, H. A. Almurib, and K. M. Muttaqi,

“A coordinated design of PSSs and UPFC-based stabilizer

using genetic algorithm,” IEEE Trans. Ind. Appl., vol. 50, no. 5,

pp. 2957–66, 2014.

[50] J. Li, T. Yu, and X. Zhang, “Coordinated load frequency control of

multi-area integrated energy system using multi-agent deep

reinforcement learning,” Appl. Energy, vol. 306, p. 117900, 2022.

Open Access. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, provided the
original author and source are credited, a link to the CC License is provided, and changes – if any – are indicated.

284 International Review of Applied Sciences and Engineering 14 (2023) 2, 270–284

Brought to you by University of Debrecen | Unauthenticated | Downloaded 01/19/24 11:49 AM UTC

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	Outline placeholder
	Two-area power system stability analysis by frequency controller with UPFC synchronization and energy storage systems by op ...
	Introduction
	Recent research works: a brief review
	Background of research work

	Configuration of the proposed two area system
	Modeling of Unified Power Flow Controller
	Dynamic modeling of UPFC with two area system
	UPFCS shunt portion model
	UPFC series portion model
	Modeling of uncertain parameter

	Robust stability analysis of two area interconnected power system using UPFC
	Proposed AOS approach based optimal tuning of controller

	Results and discussion
	Case 1: Performance analysis of proposed system based on two area system with two generators
	Case 2: Performance analysis of proposed system based on two area system using four generators
	Case 3: Performance analysis of proposed system based on complex power network

	Conclusion
	References


