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Abstract—This paper develops a novel decentralized
controller for multi-area secondary load frequency control
(LFC) of power systems. The proposed robust-adaptive
approach estimates the external disturbance input and
uncertainties, which are assumed to be matched with the
control input. In this regard, a disturbance-observer state-
feedback controller is designed. To offer a systematic
approach, controller design conditions are derived in terms
of linear matrix inequality (LMI) constraints. Thereby, for any
given representation of the LFC area, the controller gains
can be straightforwardly obtained by using numerical
solvers. Moreover, in order to enhance the steady-state
performance, the controller is modified through the
heuristic genetic algorithm (GA). The controller design
procedure is wholly offline and can be simply implemented.
The developed decentralized approach does not need the
information of the other areas, which reduces the cost and
the number of measuring units. It is also robust against the
power fluctuations of the load and renewable energy
sources. To show the superiorities of the developed
controller, four scenarios are considered. These scenarios
comprise the aggregation of the photovoltaic, wind turbines,
and electric vehicle (EV) to the power system. OPAL-RT
experiments are given to verify the transient and steady-
state performance and robustness of the proposed
controller.

Index Terms—Load frequency control, Decentralized
control, Robust control, Disturbance observer, multi-area
power systems, Genetic algorithm.

I. INTRODUCTION

LTERNATING current (AC) power systems are inherently

fragile against the inconsistency of load demand and

generated power which causes undesired devotions in
frequency and bus voltages [1]. This issue is getting worsen for
the case of interconnected large-scale power systems in which
single areas are connected by tie-lines [2]. In these systems, it is
vital to properly regulate the frequency of each area as well as
the inter-area tie-line to desired values. The issue of regulating
the output real power of generating components in response to
changes in AC power application frequency is called load
frequency control (LFC) [3]. The LFC is vital for the proper
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operation of complex interconnected systems AC power
systems.

The pioneer works on LFC were proportional-integral (PI)
and proportional-integral-derivative (PID) controllers [4], which
were tuned and improved by using soft computing optimization
techniques, including heuristic [5], fuzzy [6], [7], and neural
network [8]. However, as the size and intricacy of modern AC
power applications are enlarged, the tuning of conventional PID
controllers turns into an obstacle factor to design a proper
controller for nonlinear and complicated systems. Thereby,
advanced control methods were merged in the LFC, including,
optimal control [9], [10], sliding mode control [11]-[14], robust

« control [15]-[18], and model predictive control [1], [19],
[20]. Although such advanced control methods were successful
in satisfying the desired performances, the unknown disturbance
inputs are assumed to be norm-bounded with pre-known upper
limits. Such a consideration may increase the controller
conservativeness and LFC response osculation. Also, involving
renewable energy sources with stochastic  weather
characteristics inputs obstacles utilizing the mentioned robust
techniques. Therefore, instead of considering the pre-know
upper limit of external disturbance inputs, in several control
approaches, disturbance inputs are estimated and then
compensated by an adaptive disturbance-observer-based control
scheme. Although a disturbance-observer can be incorporated
with several advanced control methods [21]-[23], for the
secondary LFC issue, mainly it is merged with the sliding mode
control [24]-[27]. Though, using sliding mode control provides
a discontinuous control input law with chattering. As a result,
the command input of the power elements may change very fast
which they cannot respond adequately to this input law. A very
few approaches present a disturbance observer-based smooth
control law for the LFC of power systems. In [28], a disturbance-
observer is used to estimate the power of renewable energy
source powers and load power in a stand-alone power system.
Then, an adaptive Pl controller is suggested to regulate the
frequency. However, the developed Pl controller does not
provide good performance, especially for the case high
perturbed stand-alone power system. In [29] and [30], the
external disturbance is estimated by an extended state observer
(ESO) and a disturbance-observer, respectively. Then, a state
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feedback controller is designed. It is assumed that the tie-power
is exactly known and the effect of renewable energy sources is
not studied. Furthermore, controller gains are not designed
systematically. In [31], the results of [28] are extended to
interconnected systems, and the control gains are tuned by soft
optimization methods. However, transient and steady-state
performances are not theoretically investigated.

To sum up, this paper considers the decentralized robust-
adaptive controller to regulate the frequency of multi-area power
systems. The controller comprises state-feedback law and
disturbance-observer to assure the transient performance of the
closed-loop system. Also, a scalar modifying term is added to
improve the steady-state performance. The controller gains are
computed offline by using linear matrix inequality (LMI) and
genetic algorithm (GA). The main contributions of this work are
as follows: 1) a novel controller structure for the multi-area LFC
is proposed. In the proposed disturbance observer, all
disturbance inputs are accumulated into a matched disturbance
vector, which is estimated and rejected by a linear controller.
This reduces the implementation burden and facilitates
incorporating linear controller and disturbance observer. Il) The
closed-loop stability, as well as the transient and steady-state
performances, are proved. Moreover, the GA is used to
minimize the steady-state output error by tuning the weight of
the estimated disturbance in the control law. Il1) the proposed
controller does not require the information of the neighbor area
frequency. Therefore, it is appliable whenever the
communication between the neighbor areas is down.
Furthermore, the effects of aggregating electric vehicle (EV) and
renewable energy sources and different types of governors on
the frequency deviation are studied. OPAL-RT results are
provided to show the applicability and merits of the suggested
advanced controller and the transient and steady-state
performance of the AC microgrid (MG) power system deviation
frequency response.

This paper is continued as follows: In Section Il, the LFC
problem for multi-area interconnected power systems (IMPS) is
presented. In Section I11, the linear robust disturbance observer-
based controller is proposed. In Section IV, the theoretical
stability analysis of the closed-loop system is performed. In
Section V, the proposed controller is modified by GA. In Section

VI, OPAL-RT experiments are provided and the results are
compared with other approaches. Section V11 ends this paper by
evoking some concluding remarks and future perspectives.

Il. LFC PROBLEM OF MULTI-AREA SYSTEMS

IMPS comprise several single areas each of which has non-
linear and complex dynamics and their complexity is increased
if numerous generators (G) and loads (LOs) are connected to
them. These single areas are interconnected by tie-line and their
operations affect each other. A typical multi-area power system
is shown in Fig. 1. Generally, every single area comprises
several power generators and energy storage systems, renewable
energy sources, and loads. Some examples as shown in Fig. 1
are photovoltaic (PV), wind turbine (WT), diesel generator
(DQ), electric vehicle (EV), battery (BA), and loads.

Fig. 1: Block diagram of a multi-area power system.

Although most of the power elements act high nonlinear, in
the topic of secondary LFC, they are exposed to small load
power demand changes and their dynamics can be characterized
by linear models [31]. In other words, it is assumed that a proper
primary controller is designed for each individual and in the
secondary LFC, the command demand for each closed-loop
system is designed. For power changes near the nominal
operation, the response of the closed-loop systems to the
command filter is modeled by a linear transfer function [2]. The
block diagram of a single-area power system supplying power
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to a single service area by a single generator is shown in Fig. 2.
As can be seen in Fig. 2, the load change A  influences the
single area power system frequency A through the power
machine transfer function (). On the other hand, frequency
variations of every single area affect the other interconnected
area through the tie-lines. The tie-line interconnection effect is
characterized by the synchronizing coefficients . The overall
secondary LFC representation of generators comprises the
transfer functions of the governor () and the turbine ()
and two nonlinear functions generation rate constraint (GRC)
and governor dead band (GDB) [32]. Renewable energy PV and
WT sources are modeled by transfer functions () and

( ), respectively, actuated by sun irradiation and wind speed
profiles and to produce A and A [1]. The
considered EV is not near the full or empty state-of-charge
(SOC) situation. Thereby, its complicated behavior can be
modeled by the linear transfer function () and some signum
and saturation functions [4]. Finally, the battery is considered to
be in the charging mode and represented by a linear transfer
function [4]. The details for the transfer functions will be given
in Section V.

In this paper, it is assumed that the solar irradiation and wind
speed profiles and the load change are unknown. Moreover, it is
assumed that the interconnected power fluctuations arose from
the variations of the incremental frequency of other area A are
not measurable and known. Therefore, the conventional
centralized and decentralized controllers that exploit the so-
called area control error (ACE) are not applicable in this paper.
The ACE is a function of A and A  and used as the input of
the controller. Since in this paper, it is assumed that A s
unknown, the parameter A is unmeasurable and can be not
considered in the control law. Consequently, there is no need to
measure the frequency or power of the neighbor areas or
communicate and share such information. This reduces the
implementation and monitoring cost of the measuring units.
Also, if the topology of the multi-area LFC system is changed,
there is no need to alter the control action of each area.
Additionally, avoiding the need for communication between
neighbors, the proposed approach is inherently robust against
cyber-attacks that could happen in the communication links. On
the other hand, if the information of the neighbor areas is totally
or partially available, the ACE can be used to reduce the
amplitude of the control input command. Though, this issue is
not considered in this paper. Ignoring the GBD and GRC
nonlinearly functions [32] as well as the saturation and signum
functions of the EV [4], the -th area of the power system is
represented by the following state-space form:

=( +0) +( A )+, (1)
where , ,and , are the state, input, disturbance vectors
whose dimension depends on the number and type of power
elements installed in -tharea. (A )and (A ) arethe -th
area system and input (uncertainty)matrices. The state, control
input, and disturbance vectors and matrices of (1) are obtained
based on the topology and involving power elements of each
area.

Consider that all uncertainties and mismatched disturbance
inputs are incorporated into a matched disturbance input. In
other words, all uncertainties and disturbance inputs on the

system are accumulated into an artificial matched disturbance
input. The artificial matched disturbance has the same effect on
the system as the original disturbance ; . Thus, the system (1)
can be re-written as follows:

S = + + 2 (2
where 5 is the artificial matched disturbance. Although the
disturbance vector , may not have a physical concept, but its
estimation will be utilized in the control law to stabilize the
original nonlinear LFC system of Fig. 2. To have a better
understanding of 5 , consider that the transfer functions of the
state-space representations (1) and (2) are of the following
forms, respectively:

= () + () (©)

= () + ()2 (4)
where , , 1, , arethe Laplacian forms of the output, the
control input, and the disturbance inputs of the LFC system,
respectively,and ( )and () are the transfer functions from
the control and disturbance inputs to the output. Comparing (3)

with (4) reveals that , = % 1 . The system (4) is not needed

to be implemented and the stability of % is not important.

However, it gives an insight into the relationship between the
amplitude of disturbance inputs , and ; by considering the

norm of % It is worthy to note that the uncertain linear

systems (1) and (2) are only used to design the controller.
Though, the controller is then applied to the original LFC system
with nonlinearities.

Therefore, the goal is to design a decentralized controller
for every single area so that it is robust against the unknown
parameters accumulated in the external disturbance input
and regulates the real power of the generators and EVs to make
the incremental change of frequency A  zero.

[ll. DISTURBANCE-BASED STATE-FEEDBACK
CONTROLLER

Designing a proper decentralized controller for the system (2)
has three main challenges. 1) The systems states  are dependent
on the unknown value of the external disturbance . Therefore,
to have a good closed-loop performance, it is necessary to
compensate for the external disturbance by estimating it online.
I1) The state-space representation is subjected to inaccuracies
and uncertainties of the system and input matrices. To minimize
the tracking error, it is vital to consider the uncertainty terms in
the controller design procedure. 111) To achieve a fast closed-
loop response, the conventional asymptotic stability should be
replaced by exponential stability [33]. The first two challenges
correspond to the steady-state performance, meanwhile, the last
one is related to the transient performance. To deal with the
above-mentioned issues, the disturbance observer [21]

Az:_— f_ + + AZ) (5)

and the state feedback controller

= =72 (6)
are considered. In (5) and (6), and ", are the disturbance
observer and estimation state vector, respectively, and are
gains of the disturbance-observer and controller gains, which
should be designed. To perform this, the closed-loop system
based on (2) and (6) is as follows:
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=0+ )+ @) 1 O +
where = , —", s the disturbance-observer estimation ([o 2][ 0 ~ 1
error. Thereby, considering (5) and (7) results into + . 0 . 0
=4 = 4 ® +[ o _ 1lg 1+ [ .1 @0
- . 2 2
Defining the augmented vector = [ 1 provides
. 0 corg % a0 g On <o
=[ o _ 1 +[] ©) o i Mo o
In the following theorem, by considering the above- then, o o
mentioned controller and disturbance observer the closed-loop _ <- +* (18)
stability is investigated. where = ( 1, 2). Initially, the constraint (17) will be

Theorem 1: The augmented perturbed closed-loop system (9) derived in terms of LMls. To perform this, apply the
defined based on the disturbance observer (5) and controller (6) Congruence lemma on (17). Thereby,

is stable in-large if there exist LMI variable matrices ; = 1t +
and , = ,, ,and so that the following LMI constraints { 1+ 1} 1
hold: + 11 <0 (19
1 >0 (10) + -1 _
, >0 (11) 1 {22 223
+ + L 2 2 1
{ ! oy 0 Multiplying left and right sides of (19) by {7 }and
+ o1 defining , = ;% = ;Yand = , resultthat
2 2~ <0 (12) + +
{ " }oo { 1oy
+ + 4 1
[ 0 2 - 1] - <0 (20
Then, the gains of the controller and disturbance-observer are {2° 2 2y
computed by [ _ - - 1
= ;L = it (13) Applying the Schur complement on (20) obtains the LMI
Proof: Consider the following Lyapunov candidate: (12). The proof is therefore finished. ~ m
= (14)
where =  {,, ,}and , and , are symmetric V- STABILITY ANALYSIS AND IMPLEMENTATION
positive definite matrices. Taking the time derivative of (14) OF DEVELOPED CONTROLLER
with respect to (9) results in Theorem 1 presents sufficient conditions of the disturbance-
= e+ + — observer-based controller in terms of LMIs. In this section,
;0 + rigorous stability analysis will be performed.
= 0 10 0 - ] Solving the ordinary inequality (18), provides [34]
+ 0 - - (=) ( - 21
+[ 0 3 ][6 2] ()< (0)"'_]; ( ) ( ) (21)
0 Substituting (14) into (21), results into
1 (15) _
+ I ,D O O<~ © ©
. . 22)
0 0, 00 0 + _ _ (
T I IR SO R [F RS £ (=0
0 > 0 0o . L0 .
., 0.00,,.0 Applying some simplifications on (22), provides
+ [y 2][0 ][-2] (O Oz
where = { 1 , » } Considering the fact that + = ()OI Oz
< + 1 hold for any matrices and and N -
> 0 (15) is continued as + 1 ) ( )U;
0 + = - (HOHI O, +—1-()HiZ (23)
s (« (l) A0 o _ 1] From (23), one concludes that
=+ 1 O 1 0 -5 ( )
+[ 0 ] [0 2]+ [O 2] (16) O, < ZVﬁ" ()11
_ 0,00,00 0 - (24)
+ 'y 1 My 1y D
2 2 + VI " ()l
- [ O] + 50 )
i 0 » Relation (24) reveals that the system states are bounded for
Now, if all time; because I (0)ll,, and Il " ()ll,, are bounded.

Additionally, as time goes oo, the first term of the right-hand side
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of (24) converges to zero. This means that the system augmented
states are ultimately bounded as

Iijgll Ol =V (25)

——l - On
Though, the upper bound of the systems states  are more
important than the augmented states (). Additionally, the
special structure of the dynamics (7) and (8) enables us to assure
a smaller upper bound of the system states. Similar to the
procedure (21)-(25), from the dynamics (8), one concludes

1
limll (), = \/ﬁ ()l (26)
Also, from the dynamics (7), one concludes
: ()
limll I, =+ I Il (27)
imll () ' O
Merging (26) and (27) results in
: ()
limll I, =+ (N (28)
imll () C+ ) () @)
The ultimate upper bound of the system states is dependent
on the eigenvalues of stable matrices  + and . Since
the exponential stability with the decay rates ; and , are

considered in (12), the Eigenvalues of the matrices  +

and are smaller than /2 and /2, respectively.
Moreover, (25) shows that the parameter  affects the bounds,
such that smaller values of  result in smaller ultimately upper
bounds.

V. IMPROVING STEADY-STATE PERFORMANCE

As discussed in Section Il, the LFC system contains the
disturbance term 4 in (1) and it is then estimated by the term
- . Although in Sections Il and 1V, it is proved the overall-
controller theoretically assures the closed-loop stability, the
controller still suffers a mismatch between the terms ~ ; and
> , Which affects the steady-state performance. To solve this
issue, the disturbance observer (5) is modified as follows:
== ( + + 7 2 )
T =+ (29)

2

where is atuning design scalar. The trivial value for  is one,
which assures closed-loop stability. However, it is possible to
choose a suitable value for that to improve the disturbance
estimation. The rationale behind the modified disturbance
observer-based controller (29) is that the role of the estimated
disturbance ", is modified to avoid the mismatch between the
real values ; and , in (1) and (2). To select , heuristic
approaches can be beneficial. To perform a heuristic algorithm,
the objective function is defined as

1 =48 ()

0
The heuristic algorithm is performed offline and with any
kind of disturbance input. In other words, the way of selecting
the disturbance in (1) does not affect the disturbance observer
(29). The overall procedure of calculating disturbance observer-

based controller gain matrices is shown in Fig. 3. As can be seen
in Fig. 3, for each of the single area power systems, the state-

(30)

space representation for the secondary LFC is derived. Then, the
system matrices are utilized in Theorem 1 and the controller and
disturbance-observer gains are obtained numerically using the
LMI toolbox, Yalmip toolbox, etc. After that choose a constant
disturbance power and apply the heuristic approach with the
objective function (30) to find the modifying term of the
disturbance observer. It is worthy to mention that the feasibility
of LMIs of Theorem 1 guarantees the closed-loop stability,
theoretically, as it is evident from (24) and (28). Moreover, the
Yalmip toolbox and the genetic algorithm (GA) are used. The
individuals in the GA are continuous character strings, called
chromosomes. The GA starts with a random definition of the
initial population of individuals. The quality of each individual
is evaluated by the fitness function. After that, some individuals
are selected as parents to create offspring. This task is performed
by the crossover operator which produces one or two offsprings
by mixing two selected parents. Also, the mutation operator is
considered to escape from the local minimum. After these steps,
the new population is replaced with the old population. If
stopping criteria isn’t satisfied, then the algorithm will be
continued by checking the fitness of the new population. Finally,
whenever the stopping criteria are met, the candidate individual
with the highest fitness will be selected as the output of GA. The
details of performing the GA can be found in [35], [36].

P —————
e e—

v
]

Fig. 3. The block diagram of controller design.

Fig. 4 illustrates the closed-loop system comprising -th area
power system and the proposed controller. The disturbance
observer block uses the -th area power system states to estimate
the matched external disturbance and by deploying the estimated
value and the system states, the control command to change the
power of the controllable elements for the secondary LFC is
computed. The proposed control approach can be implemented
online without any major computational burden.

Fig. 4. The overall implementation of the proposed approach.
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VI. HIL OPAL-RT RESULTS

In this section, several scenarios are considered for the IMPS
by using different types of governors and generators and
ignoring and including renewable energy sources and EVs. The
GRC of 10%min~* (i.e. 0.0017 . .) for the rising and falling
generation of thermal units; and, 270%min~! (i.e. 0.045 . )
for the rising generation and 360%min~ (i.e.0.06 . .)forthe
falling generation of hydro units are considered [37]. In order to
implement the GDB nonlinearity, the approach of [38] with

1 =08and ,=-—0.2is considered. Finally, the saturation
functions of the EV are chosen such that the total energy of the
EV is kept within =08 . .and =095 . .with
the inverter capacity limit = 0.025 . .and the power ramp
rate limit = 0.01 . .[39]. For all considered scenarios are
tested by a HiL OPARL-RT simulator, as shown in Fig. 5 to
provide more realistic results. In Scenario 1, the proposed is
compared with state-of-the methods. And, scenarios 2-4, more
complex multi-area systems are considered.

Fig. 5. The real-time simulation setup for testing the control
approach.

Scenario 1. The goal of this scenario is to investigate the
effect of the GA on the transient and steady-state performance
of the frequency deviation. To perform this, a one-area LFC
system is considered as follows [32]:

_ 1 1
+1' +1’ +1
where =120, =20, =008 =03, =24 and
a step signal with the amplitude 0.5 . for the load is
considered. Initially, for the dynamics (31), the controller and
disturbance observer gains are calculated and then, the GA is
applied. The final values of the gains and modifying term are
given in Appendix A (i.e. relation (36)). To evaluate the
performance of the original and modifying controllers, the time-
varying load profile is considered as:
0.1

(31)

0< <2
0.4 2< <4
0.8 for 4= <6 (32)
0.6 +0.3sin(50 ) 6< <8

{04 +01 x ) 8< <10

where () is a zero-mean white noise with the covariance
1. The considered profile (32) contains the fast-changing load
profile 0.3sin(50 ) and the stochastic behavior 0.1 x

() both of which have the amplitude variation 0.6 . ..
The power load demand profile (32) is plotted in Fig. 6(a). The
closed-loop frequency deviation and control input are shown in
Figs. 6(b)-(c). As can be seen in Fig. 6(b), both controllers avoid
instability in the frequency. However, for a large demand load
power, the original controller does not provide a good steady-
state system response. Though, by using the GA, the modified

controller is able to effectively compensate for the step, fast
variation, and stochastic loads.

09+t :

A
<

03}

0

10

Time (sec)

(b).

10

0 2 4 6 8
Time (sec)
(©).
Fig. 6: Frequency response of Scenario 1 (the modified disturbance
observer-based controller by the solid blue line and the original

observer-based controller by the dotted red line): (a). A
and (c).

Scenario 2. In this scenario, a two-area IMPS is considered
and the results of the proposed controller are compared with the
state-of-the-art controllers suggested for the secondary LFC
system. In each area of the IMPS, a hydraulic governor with a
non-reheated turbine is involved. Their and power system
transfer functions are of the following form [32]:

1

+(b).4,

+1° +1 +1 (33)
where the values of the parameters of IMPS areas 1 and 2 are
given in Table I. Also, the load demand is considered to a step-
change with a period of 2 seconds, as shown in Fig. 7(a). The
load demand changes in the range of 0.1 to 0.65 . ., which is
a large range of variation. The step-change load demand is a
widely considered disturbance in the LFC system [15], [16].
Though, it is shown in [40] and Scenario 1 that the robust .,
scheme is able to reject stochastic power demand changes.

The proposed controller with the characteristics given in
Appendix A (i.e. relation (36)) is compared with the robust -
synthesis controller [15], the disturbance observer-based fault-

0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on May 21,2021 at 05:48:05 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3078352, IEEE
Transactions on Industrial Electronics
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

tolerant controller [26], and the second-order disturbance
observer-based linear controller [31]. The robust -synthesis
approach [15] provides a robust controller without estimating _\ Area 2

the disturbance input. Though, the controller uses a high order \
transfer function as the controller block to assure the robust-

stability (i.e. the closed-loop stability in the presence of

uncertainty) and the good-tracking (i.e. transient and steady-

state closed-loop system response in the presence of external

disturbance). The disturbance observer-based fault-tolerant

controller estimates the disturbance input, which can be

mismatched with the control input. The approach of [26] uses ().

the information of the frequency and power of the neighbor
areas to regulate the frequency of each local area. However, that

control law is implemented with the same assumption of the J -[26] Proposed approach
proposed approach, in which, the frequency and power of other

areas are not available. In [31], a fixed-structure second-order /4
disturbance observer is used to estimate the power load demand. v\

Then, a fixed-structure linear controller which the states of the
disturbance observer is developed to make the LFC system a
pure linear cascaded integration process.

Real-time simulations verify that the proposed approach
improves both the transient and steady-state response, as evident
from Fig. 7(b). Moreover, the amplitude of the control input (0).
command for the proposed approach is smaller than the other
approaches, which reduces the fuel consumption and increases '/ -[31] .[15]

Gl

the lifetime of the generator. Although the approach of [15] does
not need the information of the other neighbor areas, it cannot
reject the disturbance completely and compensates it with the
expense of the high control input commands. The disturbance -
observer-based approach [26] requires the information of other .[26]
areas and if this information is not available or attacked, the

controller performance degrades. Furthermore, the approach of

[31] does not use the information of the LFC system dynamics

in the controller design procedure, which results in the (©).
simultaneous estimation of the system dynamics and the
external disturbance. This degrades the transient performance.

These issues are handled by the proposed approach, which
compensates for the external disturbances and requires no
neighbor information, which avoids the issue of cyber-attacks of 3
areas communications. Though, the proposed approach is still
vulnerable to attacks occur in each area.

Proposed approach

Table I: IMPS parameters values of areas 1 and 2 [32].

Parameter | Value | Parameter Value Time (sec)
1 2 [ 120 L2 0.3 (d).
L o2 | 20 L2 24 [/ ..
. 2 | 008 12, 21 | 0.545,—0545 . .

The interconnected power between the areas is given in Fig.
7(e). Since the tie-line power and the frequency of the neighbor
area are assumed to be not available, the controller cannot
regulate the interconnected power to keep it as small as possible.
Moreover, to quantitively compare the results of this paper with
[15], [26], and [31], Table Il is given. In this Table, the integral
of absolute error (IAE) and integral of squared error (ISE) are
provided, which reveal that the frequency deviation indices

().
gra:(sjeﬁ;l)? the proposed approach outperform those of [15], [26], Fig. 7: Frequency response of Scenario 2: (a). A  (b). A 1, (€). A 5,

(d). and(e).A 5.
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