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Abstract—This article proposes a novel, disturbance
observer-based decentralized frequency control method for
interconnected power systems. The method employs ex-
tended Kalman filter (EKF) as an observer to estimate in-
accessible dynamic states of the system, including the
total disturbance as one of the state variables. An opti-
mal decentralized disturbance observer based controller is
suggested for multiarea power systems that compensates
the estimated disturbance and further based on minimiz-
ing the joint error energies of state estimation error and
state tracking error provides its value to the controller for
regulating the frequency variation. The proposed method is
mathematically designed to be robust against parametric
and nonparametric uncertainties. The efficacy and accu-
racy of the proposed control method is verified consid-
ering different types of practical operation scenarios. The
results confirm the brilliant and superiority of the proposed
method in controlling the frequency in power systems with
high renewable shares.
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I. INTRODUCTION

A. Motivation and Problem Statement

EACH area in an interconnected power system has respon-
sibility to meet its own load requirements along with

exchange of scheduled power among the adjoining areas as per
energy market contracts. Violation of the generation-demand
balance within a power area and/or contracted power exchange
with other areas results in frequency deviation and power flow
fluctuation through tie-lines [1], [2]. With the participation of
renewable energy sources (RES), distributed generation, new
types of load, and liberal energy markets, there is an increase of
randomness and intermittent, especially in demand short-term
profile and the power generated from RES, leading to a high
stochastic characteristic of the system [3]–[5]. This affects the
stability and security of interconnected modern power systems.
This means that the modern power systems suffer from variation
and stochastic sources in both the demand and generation sides,
unlike conventional power systems, resulting in high frequency
and power flow deviations and variations. These undesirable
variations affect the operation, stability, and security in modern
power systems and limit the penetration level of RES due to
the fact that the increase of renewable energy share reduces
the rotating inertia, which affects the frequency stability. The
aforementioned issues highlight the problem statement that mo-
tivates research activities in frequency control, more specifically
the secondary frequency control, which is also known as load
frequency control (LFC).

B. Literature Review

To achieve effective and robust LFC, many efforts have been
made in recent years considering different power system models
and control strategies [6]. This article focuses on frequency
control in modern power systems based on observation and
dynamic state estimation techniques. Due to space limitation,
readers who are interested in other techniques applied to power
system frequency control, can refer to adaptive controller [7],
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sliding-mode controller [8], [9], intelligent controller [10], [11],
optimal controller [12], or hybrid controller [13]. However,
most of the aforementioned techniques have several technical
and practical issues that limit their feasible implementation
in reality, as highlighted in the recent comprehensive litera-
ture survey regarding the methods suggested for LFC in the
conventional, and modern smart power systems [14]. Many of
power systems around the globe still utilize conventional and the
abovementioned control techniques, which clarify the reasons
behind several of blackouts and power cuts in many power
systems around the world due to frequency stability issues that
highlight the need for new control methods that can handle the
consequences of increasing the RES shares on power system
frequency stability.

Control methods based on dynamic state estimation tech-
niques have shown promising results for small-scale systems but
the assumption of the availability of all states without corrupt-
ing with noise affects their implementation feasibility in large
scale power systems [15]. Thus, there is a need to estimate the
inaccessible or immeasurable states in order to overcome their
implementation feasibility issues [16], [17]. For instance, in [18]
and [19], the control signal has been dynamically generated by
the observer, i.e., the error feedback to a controller is based on the
observer output rather than the actual state incorporating noise.
In power systems, functional observers have been designed
to directly estimate the control signal rather than states for
each area, which helps with reducing the dynamic order of the
full-state observer [20].

In most of the existing literature, disturbance observer (DO)
theory has been developed only for the constant disturbance [21],
[22], but in practice, stochastic and time-varying [23] distur-
bances cannot be avoided due to internal and external different
types of noises and disturbances [24]. In [25], it has been
proven that a power system subjected to disturbance would be
a time-varying and uncertain system. These uncertainties might
be present in the form of plant modeling error, interconnection,
nonlinearity, parameters, etc. The experimental investigations
infer that frequency waveform has oscillations of small ampli-
tude that accounts for randomness in the power system [26].

In [27], a new deterministic unknown input observer-based
secondary frequency control method has been suggested for in-
terconnected large scale power systems. The suggested method
has the ability to convert the control structure to a fully decen-
tralized one, but it cannot handle the random disturbances and
noises, which limit their implementations. In [20], a functional
observer has been proposed for LFC in power systems. Even the
provided control structure is interesting and can reduce the order
of the observer, it cannot provide a fully decentralized control
structure and does not able to handle the variations from both
demand and generation sides. Therefore, the aforementioned
functional controller is not suitable for power systems with
high shares of RES like modern power systems. In [28], for
the first time, the DO has been developed for power system
applications, more specifically for estimating the magnitude
of the disturbance in power systems. However, the developed
DO is applicable for protection applications in power systems,
e.g., under frequency load shedding, and cannot control the
frequency in modern systems since it needs a large disturbance,
i.e., generating unit disconnection, to be able to estimate the
power deficit, which highlights its infeasibility for secondary
frequency control applications. In [29], a letter has suggested
a two-layer active disturbance rejection control method with

the compensation of estimated equivalent input disturbances for
LFC of the multiarea interconnected power system. However,
the suggested method requires a two-layer which increases its
implementation complexity and does not able to handle random
and stochastic variations from RES. Likewise, the suggested
control structure does not guarantee a decentralized control
for LFC, which brings technical and practical challenges. The
aforementioned survey clearly shows the research gaps, and
technical and practical issues related to frequency control that
need to be well-investigated and addressed in order to enable
high share of RES and mitigate the impacts of high stochastic-
ity and intermittency in both demand and generation sides in
modern power systems.

C. Contribution

This article proposes a novel DO-based frequency control
method for power systems with high renewable shares. It pro-
poses a new algorithm for defining the time-varying random
disturbance as one of the state variable. Unlike previous control
method, a new computational technique is formulated in this
article by first treating the total disturbance as a state, then
tracking this disturbance and finally, rejecting this estimated
disturbance. In the proposed control algorithm, most of the errors
incurred in the desired variables are compensated through DO
and remaining error is minimized by the controller to bring
the actual output, i.e., maintaining the frequency in a desirable
level. The proposed method is validated on a well-known system
frequency response (SFR) benchmark for interconnected power
systems with high RES shares. The results verified the superi-
ority of the proposed control method over other techniques.

The main contributions of this article are as follows.
1) The proposal of a stochastic framework to present the

system dynamics considering possible disturbances as
one of the states. Furthermore, the model is modified and
described as joint dynamics of states and the observer
with desired state and observer error feedback.

2) The development of a new state observer to estimate the
states of system including disturbance for anticipatory
control and action in the presence of uncertain spin and
spin free generation and load demand, which provides
direction to the system operator to adjust the energy
reserves to compensate with any disturbance incurred in
the system after getting idea of its estimated value.

3) The decentralization of the proposed DO-based controller
scheme.

4) Making the implementation of optimal controller based
on dynamic estimators more feasible using any appropri-
ate kind of state observers, not necessarily EKF.

5) The design of controller based on joint minimization of
state trajectory tracking and state observer estimate error
energies and has the ability to handle disturbances, noises,
and time-delays.

6) Providing sensitivity, stability, and robustness analysis of
the developed stochastic LFC model.

D. Organization

The rest of this article is organized as follows. Section II
provides the system dynamics and control methodology. The
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Fig. 1. (a) Block diagram of DOBC system. (b) Frequency response model of ith area of interconnected power system configuration under study.
(c) Schematic diagram of interconnected four area power system.

observer is proposed in Section III, while Section IV proposes
stochastic LFC. The sensitivity and robustness are studied in
Section V. The benchmark, results, and findings are discussed
in Sections VI–VIII. Finally, Section IX concludes this article.

II. SYSTEM DYNAMICS AND FREQUENCY CONTROL

METHODOLOGY

Let us consider an interconnected power system in which the
frequency response model of ith area is depicted in Fig. 1(b).
The ith area consists of an equivalent reheated thermal unit, an
aggregated electric vehicle (EVs) unit representing their storage
as a flexible demand, an uncontrolled input for modeling the
variations of both electric demand and RES generation. The
differential-algebraic equation of the ith is represented as

Δḟi =
1

2Hi
ΔPri +

1
2Hi

ΔPei − 1
2Hi

ΔPdi

− Di

2Hi
Δfi − 1

2Hi
ΔPtie −ΔPtie
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KtiKri
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Tti−Kri
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RiTgi
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Tgi
ΔPci

ΔṖei = − 1
Tei

ΔPei + Tgi
ΔXgi +

Kgiαgi

Tgi
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⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(1)

where Δf− frequency variation, ΔPg− output electrical power
variation, ΔPr− output mechanical power variation of the
reheater, ΔXg− Change in valve position, and ΔṖe− output
power variation of flexible loads, i.e., EVs in this article. Kg and
Tg− the governor’s gain and time constant, Kr and Tr− gain
and time constant of the reheat section, Kt and Tt− gain and
time constant the thermal turbine, andKe andTe− gain and time
constant of the EV model. The main parameters of synchronous
generator are inertia constant H , the damping coefficient D, and
the speed droop R, respectively. In Fig. 1(b), the term FR refers
to fast reserve sources that can help in preventing the frequency
decline by releasing the active power reserve quickly.

The abovementioned description of the ith area is a gener-
alized model of an area in an interconnected power systems
with high RES shares consisting of several areas, where i =
1, 2, . . ., N ; N is the number of connected areas. The model
is a well-known benchmark for modeling power systems for
frequency response and control studies, known as model, which

is a sufficient model for designing and testing new frequency
control methods [10], [14].

The variation in frequency, generated mechanical power, gen-
erated electrical power, storage power, and valve position are
the nonrandom components of the system dynamics while ΔPd

and ΔPtie along with other system uncertainties constitute to be
random part with σdB1 as the noise component of the state.

It is evident that the system has to encounter various distur-
bances having both nonrandom and random parts. In a compact
matrix form, the state dynamic model of the power system can
be rewritten from (1) with the definitions for the state vector,
input vector, and disturbance vector as

Xi = [Δfi ΔXgi ΔPri ΔPgi ΔPei di]
T

ui = [ΔPci]; di = [ΔPdi ΔPtie,i δti]

}
. (2)

It is assumed that the total disturbance of the system includes
modeled or unmodeled disturbance. δt represents unmodeled
disturbance that includes measurement, time-delay, estimation,
and parameter uncertainty, in addition to randomness in the
power deviation within and outside the area (Pdi and Ptie).

The requisite system (1) proposed as dynamic model includ-
ing disturbance and noise as

Ẋ = AX +BU + d+W1; Y (t) = CX + V1 (3)

where X ∈ Rn×1− state vector, U ∈ Rr×1− control input vec-
tor, Y ∈ Rm×1− output vector, and d(t) ∈ Rq×1− the dis-
turbance vector. Also, A− System matrix, B−Input matrix,
C−output matrix, d− nonrandom component disturbance, and
W1 is the random component of the disturbance present in the
system.

The problem of LFC is more severe in case of interconnected
power systems with low inertia due to high renewable shares than
isolated power system. In multiarea power systems, connection
between the power regains is done using tie-lines. These tie-lines
can be ac power lines, HVdc links, and thyristor controlled
phase shifters (TCPS) transmissions that transfer the scheduled
power transfer between different areas [5]. Even in the event of a
significant frequency deviation, each control area will retain its
adjoining control areas interconnections, provided that the safe
operation of its own system is not compromised. The aforemen-
tioned SFR model is a verified benchmark for frequency studies
in modern power systems, which is widely adopted for verifying
the recently suggested methods [27], [28], [36].
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In this section, a sufficient model and its benchmark are
introduced, which are necessary for designing and testing the
proposed DO-based frequency control method in the following
section. In order to introduce the proposed control method, it is
crucial to list out the main assumptions and considerations that
taken into account in this article, as follows.

1) The SFR model of interconnected power systems is
adopted for designing and validating the proposed fre-
quency control method.

2) To mimic reality and real-word power systems con-
straints, the adopted SFR model considers the nonlineari-
ties, including governor dead-band (GDB) and generation
rate constraint (GRC).

3) To consider modern power systems and future smart grids,
it is assumed that the power system under investigation is
with high penetration level of RES.

4) It is assumed that only few measurements, like real-world
power systems, are available in the control center by wide-
area monitoring system (WAMS) infrastructure, while
other internal dynamic states need to be observed and
handled by the proposed method.

5) The design of the proposed method considers the model
uncertainties, and external disturbances.

6) It is assumed that the measured variables are accompanied
noises that need to be handled, and assumed that the power
system is subjected to variations from both demand and
generation sides.

III. PROPOSED DO

In this section, a state observer is devised to estimate the
states of system, including disturbances. In (1), the deterministic
dynamics of a system is presented considering state vector asX .
Now, considering the total disturbance of the system (including
random and nonrandom components) as one of the state, d then,
the requisite system proposed as dynamic model considering
disturbances as one of the state as in (3). Now, the state equations
can be rewritten as

dX

dt
=AX +BU + d− d̂+ d̂+W1; Assuming d− d̂=W2.

(4)
In this formation, the disturbance estimation error, (d− d̂)
is regarded as a component of the process white noise [23].
randomness of the system dynamics is considered as W1 =
σ dB1

dt = σIḂ1 and its behavior can be treated as white Gaussian
noise (WGN). Also, W2 = σ2I

dB2
dt = σ2IḂ2 is assumed to be

disturbance estimation error, can be treated as WGN, but the
dynamics of W2 is independent of W1.

Remark 1: The construction of the DO is based upon the equa-

tion, dd̂
dt = L(d− d̂), whereL is a positive derivative matrix. The

basic philosophy behind this equation is to increase d̂, if d̂ < d

and decrease d̂, if d̂ > d and most of the DOs reported in the
literature are based on this fundamental principle. The output of
the DO may not be exact as its conventional design is based on
the assumption that it is asymptotically a dc signal. Thus, in this
work, disturbance estimation error is regarded as another white
noise process. Furthermore, the DO output becomes another
state variable, which will be recursively estimated by EKF
yielding original system states and better estimated disturbance

outputs

Considering,
dd̂

dt
≈ L(d− d̂) = LW2 = σ2

dB2

dt
(5)

Considering,
dd̂

dt
≈ L(d− d̂) = LW2 = σ2

dB2

dt
. (6)

The state dynamics of the observer is[
Ẋ̂̇
d

]
=

[
AX +BU + d̂+W1 +W2

LW2

]

=

[
AX +BU + d̂

0

]
+

[
I I

0 L

] [
W1

W2

]
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ . (7)

Furthermore, (7) can be rewritten as[
Ẋ̂̇
d

]
=

[
A I

0 0

] [
X

d̂

]
+

[
B

0

]
U +

[
I I

0 L

]

×
[
σ1I 0
0 σ2I

] [
Ḃ1

Ḃ2

]
. (8)

The state dynamics (8) can be expressed as

dξ

dt
= A0ξ +B0U +GRwBw (9)

where ξ=

[
X

d̂

]
;A0=

[
A I

0 0

]
;B0 =

[
B

0

]
;G =

[
I I

0 L

]
C =

[
C1 0
0 C2

]
;Rw =

[
σ1I 0
0 σ2I

]
;Bw =

[
Ḃ1

Ḃ2

]
.

It should be noted that B is a matrix while B1, B2 are vector
valued Brownian motion processes, and hence, no confusion
should arise in this context. The output vector is written as

y = HCξ + V (10)

where y is the measured output vector, which may be corrupted
by noise, V and H are the state observation matrix with value
such that HC = [1 01×5] and HCX = Δf .

EKF is used as state observer cum DO. The dynamics of the
EKF for this study is developed as

dξ̂

dt
= A0ξ̂ +B0U +Kt(y −HCξ̂). (11)

The Kalman gain is defined as

Kt = (Rv)
−1Pt(HC)T (HC)Pt (12)

with measurement noise covariance, Rv =

[
σ2
v1 0
0 σ2

v2

]
, the Ri-

catti equation for the state observer error covariance evolution
considering R = GRw is

dPt

dt
= −Pt(HC)TRv

−1HCPt +A0Pt + PtA
T
0 +RRT .

(13)

A. Computation of “L”

In order to attain robust and accurate estimation results, it is
required to obtain the value of L. Although in the literature, its
value has been considered as unity [18] but here the proposed
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state observer design computes the value of L with the help of
the following derivation:

dd(t)
dt = 0; (d̂(t)+δd̂(t))−d̂(t)

dt ≈ dd̂(t)
dt = L(d(t)− d̂(t))

˙̂
d(t) = L(Ẋ −AX −BU −W − d̂)

If dd̂
dt =L(d− d̂) then, d̂(t)=e−tLd̂(0) +

∫ t

0 e−τLLd(τ)dτ

⎫⎪⎪⎪⎬⎪⎪⎪⎭.

(14)
Remark 2: If we consider, d̂ = Z + P (X) then, dZ

dt +

P ′(X)Ẋ = dd̂
dt = L(Ẋ −AX −BU − d̂) and, P ′(X) =

L, dZ
dt = −L(AX +BU + d̂). This construction of the DO

ensures that the dynamics of the disturbance estimate at a given
time depends only on the current state and not on its time
derivative. This is plausible because while computing the time
derivative of the state, large spikes can arise causing breakdown
of the DO. Based on the idea that after a sufficient long time
T , the disturbance estimation error norm should be a small
fraction of its initial value and further, the disturbance estimate
should have a smaller rate of change, approximate lower and
upper bounds on the DO coefficient matrix L can be derived by
obtaining estimates for its largest and smallest eigen values. The
derivation of eigen values can be as follows:

d̂(t) = etLd̂(0) +
∫ t

0
e(t−τ)LLd(τ)dτ. (15)

Neglecting the initial condition, and using the fact that d(t) is
asymptotically a dc signal

d̂(t) =
∫ t

−∞ e−(t−τ)LLd(τ)dτ

d(t)− d̂(t) = ε(t) and dε
dt ≈ −dd̂

dt

= −Lε(t) or the expression for

ε(t) = e−tLε(0) and E[||ε(t)||2 = σ2
ε(0)Tr[e−tLe−tLT ]

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
.

(16)
It is known that the value of L lies between predicted range of
the eigen values, i.e., L must be large to make e−tLT small since

ε(t) = d(t)− d̂(t) ≈ e−tT ε(0); ε(T ) = e−tLT ε(0). (17)

The choice ofT is large enough such that d(t) for t ≥ T is nearly
a dc signal. Consider, E[||ε(t)|| is small and equal to

E[||ε(t)|| = α
100

Furthermore, ||ε(T )||
||ε(0)|| ≤ ||e−LT || ≤ exp(−Tmin]Reλk)

≤ α
100 ≤ r

⇒ λR
min ≥ 1

T ln 100
α

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
.

(18)
As dd̂

dt = L(d− d̂) and for t ≥ T ; dd̂
dt |T ≈ r; d(T )− d̂(T ) =

e−TL(d(0 − d̂(0))||d(T )− d̂(T )|| ≤ ||e−TL(d(0)− d̂(0))||.
This results

||L|| ≤ r

||d(0)||||e−TL|| and λR
max ≤ r

||d(0)||e−TλR
min

. (19)

We can write L = GI where λR
min ≤ G ≤ λR

max. After getting
L correctly for estimated disturbance, the resultant disturbance
is neutralized with the system disturbance. Although in (4), it
is assumed that there is always a perpetual estimation error,
W2 including components of state disturbance and frequency

variations but, it also keeps on diminishing by the action of EKF.
In this section, the aim of the DO is to estimate the disturbances
and uncertainties as exogenous inputs and considered these as
estimated total disturbance d̂. In the following section, a state
feedback controller is developed taking observer into account
to get noise free system states available to the state feedback
controller.

IV. DO-BASED CONTROLLER

An optimal controller is designed based on the minimization
of joint state estimation and state tracking error energies for
each area of the power systems. But prior to feeding the states
to controller, the compensation of system total disturbance d by
the estimated disturbance d̂ is done, as shown in Fig. 1(a). Thus,
the proposed DOBC is based on the estimation of d̂, which is
rejected, and afterward the remaining estimated states, X̂ are
used as to form decentralized optimal state feedback LFC for
the system, as shown in Fig. 1(b).

From the system dynamics (1), it is seen that the state variable
equations are linear and first order in time. However, not all the
state variables are directly observable and only a small subset of
linear combination of the stochastic states (with measurement
noise) can be observed. This observation is called the true system
output, y(t). Also, the desired system output without noise is
denoted by yd(t). The aim is to remove stochasticity so that the
true system output is as close as possible to the desired system
output. Since only the noisy output trajectory is measurable
where EKF is used to estimate the states using this measured
output. Furthermore, a state error feedback to the input of the
system is provided with the corresponding matrix feedback
coefficient designed on the basis of a block processing approach.
The proposed control algorithm for a system is formulated in
such a way that the mean square value of the sum of the state
estimation error and the state trajectory tracking error over a
given time duration is a minimum. Here, the state feedback error
is computed as the difference between the desired state trajectory
and the EKF-based state trajectories, i.e., ξd(t)–ξ̂(t). This mean
square error value is calculated in terms of the output error
feedback control matrix (that influences the state dynamics)
and its expression is simplified using the eigen-decomposition
of the resulting modified state dynamical matrix. Finally, the
control law that yields the optimal feedback coefficient matrix
is obtained by solving this optimization problem involving min-
imizing a function of the eigen values and eigen vectors of the
modified state dynamical matrix.

Refer Fig. 1(a), a structure of state feedback controller is
described with the controller input based on the error between
state observer and the desired state after compensating the esti-
mated disturbance using (9) and (10) prior to controller action.
Thus, state dynamics of the system with controller considering
estimated states (from observer) takes the form

dξ

dt
= A0ξ +B0U +G

∑
w

Bw +Kc(C(ξd − ξ̂). (20)

Furthermore, the Ricatti equation for the estimated states is
formulated as

dξ̂

dt
= A0ξ +B0U +Kt(HCξ + V −HCξ̂). (21)
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These equations will be used to compute the mean square trajec-
tory tracking and state observer error values over a prescribed
time duration and, hence, designing the controller to minimize
the combination of these two error energies. The state tracking
error, f(t) and state observer error, e(t) are expressed as follows:

f(t) = ξd − ξ̂; e(t) = ξ − ξ̂. (22)

The reference state dynamics (i.e., the original plant model
without noise) is represented as following:

dξd
dt

= A0ξd +B0U. (23)

The error dynamics can be represented as
de
dt = (A0 −KtHC)e+KcCf +GRwBw −KtV

df
dt = A0f −KtHCe−KtV

}
(24)

d

dt

[
f(t)

e(t)

]
=

[
A0 −KtHC

K̃cC A0 −KtHC

] [
f

e

]

+

[
0 −Kt

I −Kt

] [
GRwBw

V

]
(25)

Let, Φ(t) =

[
f(t)

e(t)

]
; Ã(Kc) =

[
A0 −KtHC

KcC A0 −KtHC

]
Qt =[

0 −Kt

I −Kt

]
;V = RvBv .

Now (25) can be rewritten as a single joint error dynamics

dΦ(t)

dt
= Ã(Kc)Φ(t) +Qt

[
GRWBw

RvBv

]
. (26)

When steady state is reached, matrix Kt = K∞ = K and (12)
becomes constant given by

K = R−1
v P∞(HC)T (HC)P∞ (27)

where P∞ saturates the algebraic Riccati equation as

A0P∞ + P∞AT
0 +GGT − σ−2

v P∞(HC)(HC)TP∞. (28)

Substituting Kt = K, controller gain Kc must be chosen so that
all eigen values of

Ã(Kc) =

[
A0 −KHC

KcC A0 −KHC

]
have negative real parts for stability. The solution of (26) for
large t, is

Φ(t) =

∫ t

0
e(t−τ)Ã(Kc)Qτ

[
GRwBw

RvBv

]
dτ. (29)

The output observer estimation error relative to the desire sig-
nal, i.e., tracking error based on observer estimate of the state
feedback using a controller gain matrix into the state variable
dynamics. Thus, an attempt to derive the linearized stochastic
dynamics for the joint evolution of state estimation and state
tracking error is made keeping in view that the states consid-
ered here also contains the disturbance estimate as a part. This
error evolution equation contains controller gain as a matrix
parameter

E[||Φ(t)||2dt] =
∫ t

0
E{Φ(t)Φ(t)T }dt. (30)

The optimal design of the controller gain matrix is achieved by
minimizing the trace of this joint error covariance matrix (30)
w.r.t controller gain Kc

minKc

{
Tr

∫ T

0
dt

∫ t

0
et−τÃ(Kc)Qτ

[
GRw 0

0 Rv

]
QT

τ e
t−τ Ã(Kc)

T dτ

}
. (31)

Remark 3: Let Ã(Kc) =
∑p

j=1 λj(Kc)uj(Kc)vj(Kc)
T be the

eigen decomposition of Ã(Kc), thus, vTj uk = δjk, 1 ≤ j, k ≤ p

and
∑p

j=1 ujv
T
j = Ip. Let, M = Qs

[
GRw 0

0 Rv

]
QT

s then

Tr

(∫ t

0
E{Φ(t)Φ(t)T }dt

)
=

∫ T

0
Tr

(
e(T−s)Â(Kc)Me(T−s)Â(Kc)

T

ds

)
. (32)

We can further express (32) as∫ T

0
Tr(e(T−s)

∑p
j,l=1 λj(Kc)uj(Kc)vj(Kc)

T

Me(T−s)

p∑
j,l=1

λl(Kc)vm(Kc)um(Kc).
T ds) =

∑
j,l=1

[F1][F2 − 1]
F3

where F1 =
∑
j,l=1

[vj(Kc)
TMvm(Kc)um(Kc)

Tuj(Kc)

F2 = [vj(Kc)
TMvm(Kc)um(Kc)

Tuj(Kc)]

F3 = [λj(Kc) + λl(Kc)]. (33)

Expression (33) is minimized w.r.t. Kc. Thus, the proposed
DOBC is based on the estimation of d̂, which is rejected, and
afterward the remaining estimated states, X̂ are used as to form
decentralized optimal state feedback LFC for system shown in
Fig. 1(b).

The performance of the proposed DOBC is superior as the
controller is designed based on minimization of a combination
of all kinds of error energies of state estimate, disturbance
estimate, and state tracking. Furthermore, using the expression
of the joint error energies, sensitivity of system w.r.t. parameters
fluctuations is carried out in the following section.

V. ON THE SENSITIVITY, ROBUSTNESS, AND STABILITY

A. Sensitivity and Robustness Analysis

In this section, it is demonstrated via computations
how to calculate the changes in the state observer error
variance under small changes in the system parameters. This
calculation helps to investigate the robustness of proposed
state cum disturbance observer while the previous derivations
regarding controller design support the stochastic stability
of proposed estimation and tracking algorithm. Let θ
denotes the fluctuations in parameters and it is intended to
analysis the robustness and sensitivity of the plant output
fluctuations against θ. The system matrix can be represented
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as A0 = A0(θ) = A00 +
∑p

k=1 θkA0k and θ ∼
(

1
Hi

, Di

H1
,

KtiKri

TtiTri
, Tti−Kri

TtiTri
, 1
Tri

, Kti
Tti

,
Kgi

RiTgi
, 1
Tgi

,
Kgiαgi

Tgi

)
. The following

points are to be noted.
(i) If θ fluctuates to θ + δθ, then the amount by whichP∞ = P

and K∞ = K change will be denoted as P −→ P + δP and
K −→ K + δK. The change in state observer error variance,
P can be denoted by Tr[δP ]

δP =
∑p

k=1
∂P
∂θk

δθk + 1
2

∑p
k,m=1

δ2P
δθkδθm

δθkδθm

If < δθk >= 0, < δθkδθm >= ρθ(k,m)

Tr<δP >≈ 1
2

∑p
n,m=1

δ2P
δθkδm

ρθ(k,m)= 1
2 Tr{ρθ ∇T

θ ∇θ P}

⎫⎪⎪⎬⎪⎪⎭.
(34)

(ii) Change in E[||f(t)||2 + λ||e(t)||2] as t → ∞ is termed as
weighting of average of state tracking and observer error ener-
gies w.r.t. δθ

d
dt

[
f(t)

e(t)

]
=

[
A00 +

∑p
k=1 θkA0k −KHC

K̃cC A00 +
∑p

k=1 θkA0k −KHC

]
[
f(t)

e(t)

]
+

[ −KVt

GWt −KVt

]
= [A0(0) +

∑p
k=1 θkA0k(1)]

[
f(t)

e(t)

]
+ St

[
Wt

Vt

]
= I2 ⊗Aok, 1 ≤ k ≤ p

where A0(0) =

[
A00 −KHC

KcC A00 −KHC

]
;St=

[
0 −K

G −K

]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(35)
The updated solution of (35) is given as[

f(t)

e(t)

]
=

∫ t

0
e(t−τ)(A0(0)+

∑p
k=1 θkA0k(1))St

[
Wτ

Vτ

]
dτ. (36)

Thus, Tr < δP >≈ 1
2

∑p
k,m=1

∂2

∂θkθm
ρθ(k,m)

≈ ∫ T

0

[
eτ(A(0)+

∑
j θjAj(1))St

[
σ2
w 0
0 σ2

v

]
ST
t e

τ(A(0)T+
∑

j θjAj(1)T )
]
dτ

⎫⎪⎬⎪⎭. (37)

From basic Lie-algebra theory (differential of the exponen-
tial [32], [33]), the following expressions are presented

exp(t(A0 +
∑

θkAk(1))) = exp(tA(0)) + exp(tA(0))(
I − e(−tadA(0)))

adA(0))

)
(
∑

θkA(1))) +O(||θ||2)e(t(A0))

[I +
∑

θkg(tad(A(0))((Ak(1)))] +O(||θ||2)
where g(z) = 1−e−z

z =
∑∞

n=0
zn(−1)n

n+1!

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
.

Thus, the change in the error process caused by small parameter

fluctuations is given by

[
δf(t)

δe(t)

]
and the joint error process is

[
δf(t)

δe(t)

]
=

∫ t

0
exp((t− τ)A(0)

∑
θkg((t− τ)ad (A(0))

× (Ak(1))S

[
W (τ)

V (τ))

]
dτ (38)

In that case,

E[||δf(t)2 + λ||δe(t)||2] = E

{[
δf(t)

δe(t)

]T
Q

[
δf(t)

δe(t)

]}

=Tr[QE

[
δf(t)

δe(t)

]
[δf(t) δe(t)]T E

{[
δf(t)

δe(t)

]
[δf(t)T δe(t)T

}

=

∫ t

0

{
e(τA(0))

∑
k

θkg(τ ad A(0))(Ak(1))SR0S
T

∑
m

θm(g(τ adA(0))(Am(1))T e(τA(0)T )

}
dτ

where R0δ(t− τ) = E

{[
W (t)

V (t)

] [
W (t)T V (t)T

]}
. (39)

The following equation determines the final correlation function
of the shift in the trajectory tracking and state estimation error
taking the DO into account when the parameters of the system
undergo small fluctuations

δRfe(t) =

p∑
k,m=1

θkθm

∫ t

0
e(τA(0))g(τ adA(0))(Ak(1))S

R0.S
T g(τ adA(0))(Ak(1))

T dτ.

(40)

Finally, (40) can be used to assess the robustness of the system
because the error fluctuation energy has been expressed as a
quadratic form in the parameter fluctuations.

Remark 4: The proposed algorithm is robust w.r.t. param-
eter fluctuations because a linear in parameters model has
been chosen, i.e., the plant matrix A(θ) = A0 +

∑p
k=1 θkAk

is linear in parameters θk. If it is, for example, quadratic in
the parameters θk, i.e., of form A(θ) = A0 +

∑p
k=1 θkAk(1) +∑p

k=1 θkθmAkm(2) the sensitivity of the tracking and observer
error energies to parameter fluctuation will be much larger.
However, in such cases, θk(1) = θk as our parameters are
θk,m =< θkθm > (< · > denotes ensemble average of a ran-
dom parameter). Thus, the linear quadratic in parameter (LQIP)
model becomes Linear in parameter (LIP). Then, the error
energies would be less sensitive to parameter fluctuations.

B. Stability Analysis

To guarantee the stability, the eigenvalues of the controlled

matrix, i.e., Ã(Kc) = (
A0 −KHC
KcC A0 −KHC

), should have nega-

tive real parts. Applying calculations to the above 2 × 2 block
structured matrix [34], one would have that eigenvalues of
Ã(Kc) are the roots of the equation which are, det(A0 −
λ.I).det(A0 −KHC − λ.I +KcC(A0 − λ.I)−1KHC) = 0.

In the presence of control, Kc = 0, these are precisely the
root of det(A0 −KHC − λ.I +KcC(A0 − λ.I)−1KHC) =
0, while in the absence of control (Kc = 0), these are the union
of the roots of det(A0 − λ.I) = 0 and of det(A0 −KHC −
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λ.I) = 0, i.e., set of eigenvalues of A0 and of A0 −KHC. In
case there is a computing complexity to find the exact roots of the
aforementioned characteristic equation, a perturbation theoretic
approach can be adopted as given as follows.

Let us suppose that an eigenvalue λ of the uncontrolled system
(i.e., Kc = 0) is only slightly displaced toward the right half
s-plane. Then, a small controller gain Kc may be designed so
that the perturbed eigenvalue λ + δλ falls in the left half s-plane.
This design is achieved using the following description.

With B(λ) = Ã(Kc)− λ.I , one would have det(Ã(Kc)−
(λ + δλ).I) = det(B(λ)(I − δλ.B(λ)−1)) = det(B(λ))(1 −
δλ.Tr(B(λ)−1) +O(δλ2)). Setting this to zero gives,
δλ = 1/Tr(B(λ)−1), which shows that Kc can be adjusted so
that the shift δλ in λ is such that the resulting eigenvalue λ + δλ
falls in the left half s-plane.

It is to note that if λ is not an eigenvalue of either A0 or
of A0 −KHC, then B(λ) = Ã(Kc)− λ.I = B(0) +B(1),

where B(0) = Ã(0)− λ.I = (
A0 − λ.I −KHC

0 A0 −KHC − λ.I
)

and B(1) = (
0 0

KcC 0 ). Since Kc is assumed to be small

in norm, B(1) is small. Then, B(λ)−1 = B(0)−1 −
B(0)−1B(1)B(0)−1 +O(‖ Kc ‖2), so, det(Ã(Kc)− (λ +
δλ)I) = 0 gives for small Kc that δλ = 1/Tr(B(λ)−1) =
1/(Tr(B(0)−1 − Tr(B(0)−2B(1)))) approximately and from
this equation, it is simple to calculate Kc so that the shift δλ is as
per our requirements. In fact writing Kc = β(1)Kc(1) + · · ·+
β(q)Kc(q) where β(1), . . ., β(q) are adjustable parameters

and writing B(1,m) = (
0 0

Kc(m)C 0 ),m = 1, 2, . . ., q, we

have Tr(B(0)−2B(1)) =
∑q

m=1 β(m)Tr(B(0)−2B(1,m))
so the abovementioned equation may be expressed as,
Tr(B(0)−1)−∑q

m=1 β(m)Tr(B(0)−2B(1,m)) = 1/δλ,
which is a linear problem for calculating the β(m)′s.

An alternate method for calculating the shift in the eigenvalues
when the controller is introduced is via perturbation theory for
eigenvalues of diagonable matrices. Writing the diagonalization
of Ã(0) as Ã(0) =

∑
a λ(a)uav

T
a , v

T
a ub = δab. We use standard

first-order eigenvalue perturbation theory to get the following
perturbations in the eigenvalue on the introduction of the per-
turbation term B(1) assuming Kc, and hence, B(1) to be small;
Ã(Kc) = Ã(0) +B(1), and δλa = vTa B(1)ua. Since this is a
linear form in Kc, Kc can be easily determined for appropriate
placement of δλa.

VI. BENCHMARK AND POWER SYSTEM

UNDER CONSIDERATION

To validate the proposed method in the previous sections, a
verified benchmark based on the SFR model is adopted, where
its sufficiency for designing and testing secondary frequency
controllers has been widely discussed and confirmed in the
literature [36]. The number of the connected areas is consider
to be four, i.e., N = 4. The dynamics of each area, ith area are
given in Section II, as descried in (1–3), while Fig. 1(b) shows
the block diagram that represents the dynamics of the ith area.

To clearly show the structure of the areas connection and the
type of the used tie-lines for connecting the different areas, the
topology of the system benchmark is depicted in Fig. 2. This
benchmark is widely used in the literature where its full data
is available in [36] and [27]. Likewise, the necessary data for

Fig. 2. Schematic diagram of the interconnected four area power
system.

redoing the simulation is given in the Appendix. As mentioned
previously, the adopted system is considered to have high share
of RES, as shown in Fig. 2. To consider the recent trends in
modern power systems toward smart grid concept, the demand
side is considered to provide a part of the required secondary
reserve by electric vehicles as depicted in Figs. 1(b) and 2.

VII. SIMULATION RESULTS AND ANALYSIS

An extensive simulation study is done to investigate the per-
formance of the proposed decentralized LFC based on DOBC
for power systems. DOBC is developed for a generalized N -
area interconnected power systems, but to demonstrate its per-
formance through simulations, a topology of interconnected
four-area system is considered. Initially, MATLAB script and
simulink model are developed for the system under investigation
and for obtaining the observer matrices and gains. The study
takes into account different types of disturbances and operation
scenarios of power systems. After successful implementation of
the proposed decentralized DOBC approach on a single area,
individual areas are joined using variety of tie-lines and the
performance of interconnected system is also investigated. A
computational model is developed with the help of aforemen-
tioned linearized state space matrix (1) and values of physical
parameters are substituted using [27]. The states of the system
include unknown total disturbance d. The matrix form of (1)
is considered to represent the stochastic model (incorporating
the system disturbance) of a power system for the simulations.
EKF is used as state observer for estimating six states, i.e.,
X̂ = [Δf̂ ΔX̂g ΔP̂r ΔP̂g ΔP̂e d̂]T . The following expres-
sion of EKF is used as Riccati equation for the feedback and the
error covariance. The model of state observer (8) is developed
using the dynamics as follows:

̂̇X = AX̂ + PHTσ−1
v (Ż −Δf)

Ṗ = A0Pt + PtA
T
0 − σ−2

v Pt(HC)T (HC)Pt +GGT

σv =

[
Cov.(w) 0

0 Cov.(w)

]
; G =

[
I 0
0 I

]
For the present measurement linear system

Ż = HX + σvdV = Δf where H =

[
I 0
0 I

]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
.

(41)
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Fig. 3. Simulation results: Disturbance estimation (d̂) with varying nonrandom disturbances, (i) at Cov.10−7, (ii) at Cov. 10−5; State estimation
error, (iii) at Cov.10−7, (iv) at Cov. 10−5; Frequency deviation, (v) at Cov.10−7, and (vi) at Cov.10−5.

In what follows, the control and dynamic performance is
investigated by several scenarios in order to verify the superiority
of the proposed method.

A. Performance of the Proposed State Observer

The accuracy of estimation performed by the EKF under the
effect of disturbances for different scenarios given in Table I is
shown in Fig. 3. Table I describes the different levels of step
disturbance (nonrandom) and stochastic disturbance considered
for the simulations. These simulations are done considering that
the participation of EV reserve is set to 10%, i.e., (Ke = 0.1
and Kg = 0.9) with delay time (τd2) 0.05 s. From Fig. 3(i) and
(ii), it is evident that the state observer is capable to estimate
the actual disturbance. The accuracy of the observer is further
verified by the convergence of estimation errors of states as
shown in Fig. 3(iii) and (iv), which verify the superiority of
the proposed technique. Also, the results depict the frequency
deviation for different types of the considered disturbances and
noises, as shown in Fig. 3(v) and (vi).

B. Performance of the Proposed DOBC Scheme for
Isolated and Interconnected Power Systems

The simulation study is done both for the single-area
power system and interconnected four-area power system to
investigate the performance of the proposed control scheme
under the influence of system disturbances and uncertainties
like load disturbance, time delays, and system parameters. The
corresponding results of control area 1 are presented in Fig. 4.
Table I presents different scenarios to observe the effect of
DOBC on frequency deviation for first-control area.

The simulation results in Table II present the effect of power
system parameters uncertainties on frequency deviation. Fur-
thermore, tests are performed to observe the effects of contri-
bution of EV reserve power, (Pe) on the frequency deviation
considering sudden change in ΔPe due to cyber or physic
attack or problems in the infrastructure. The results are sum-
marized in Fig. 4(vi), which shows the brilliant perform ace
of the proposed method in considering technical and practical
challenges.

Furthermore, investigation is carried out to ensure the robust-
ness of the proposed scheme under the influence of time-delay
present in the communication channel. The aforementioned

TABLE I
LEVEL OF RANDOM AND NONRANDOM DISTURBANCE CONSIDERED AND

EFFECT ON ΔfMIN

TABLE II
EFFECT OF VARIATION OF SYSTEM PARAMETERS ON THE PERFORMANCE OF

PROPOSED DOBC SYSTEM

tests to observe the frequency deviation with the change in
the parameters are done considering a 0.1 magnitude of step
disturbance and 10−7 covariance value for the noise. Fig. 4(i)
depicts that frequency Nadir (FN) (Δfmin) gets affected with
the change in the random disturbance but proposed DOBC has
the capability to tackle this stochasticity in the system and con-
trol the frequency deviation (Δf ). Furthermore, a remarkable
improvement in the oscillations from higher and lower side of
the frequency deviation response along with quick settling time
(ST) (before 5 s) approves the good performance of the control
approach. In Table I, Δfmin is noted for different scenarios
with corresponding time. With the increase of the level of
disturbance, the frequency deviation is increasing but still it is
less than that of maximum permissible limit after employing
DOBC to the system. When the system is under the influence of
stochastic disturbance, it is quite interesting to see the effect of
disturbance compensation before feeding the estimated states to
controller in Fig. 4(iii). The dynamics of the system has higher
overshoots and undershoots and also the response gets settled
within 30 s.

The proposed controller is robust with respect to the system
parameter changes and able to maintain the safe dynamic re-
sponse as indicated in graphs Fig. 4(iv)–(vi) and Table II. The
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Fig. 4. Simulation results: Investigation of proposed DOBC scheme on frequency deviation (Δf ). (i) Effect of change in random disturbance.
(ii) Effect of change in random disturbance on controller output. (iii) Effect of noncompensating disturbance before controller action. (iv) Effect of
change in system parameters of turbine and governor. (v) Effect of EV reserve contribution. (vi) Effect of change in system parameters of EV
aggregate system.

Fig. 5. Simulation results: Investigation of proposed DOBC scheme on frequency deviation of interconnected areas Δf (i) and (ii) Case A11:
Effect of change in random disturbance; (iii) Case B11; (iv) Case E11; (iv) Case A11: Effect on Pg and Pe with change in EV reserve contribution;
(v) Case A11: Effect of change in EV reserve contribution.

time to occur Δfmin is same, i.e., 1.26 s in every case but the
value of Δfmin is different for every % change in the time
constants viz. Tg and Tt or Te. The effect of contribution of
EV reserved is observed in Fig. 4(vi), indicating that with the
change in the contribution of EV reserve power to system, the
dynamic response gets affected but the frequency response is
preserved by the proposed control method. The robustness of
proposed control scheme under several test scenarios for single
area supports that in case of a power system is in island mode,
the dynamic response under the influence of uncertainty is not
compromised. There is no significant effect on the frequency
deviation considering different amount of time delays (0.05–2 s
in τ1 and τ2). This ensures the robustness of the proposed method
in this article against uncertain time delay in the system. After
validating the performance of DOBC for the first area power
system, the simulation study is extended for the four-area inter-
connected power system. These individual areas are connected
using tie-lines of different types as shown in the schematic
diagram [refer Fig. 1(c)] of a typical power system. The details
of these lines and their data have been referred from [20].
Simulations are conducted to check the performance of DOBC
for the combined four area systems considering various load
scenarios in different areas [refer Table III]. The corresponding

results are displayed in Fig. 5. Fig. 5(i) and (ii) (refer Case
A11) depicts that increase in step disturbance along with the
randomness (in terms covariance, σ) of Area 1 affects the Δf
response of all areas but the proposed approach can successfully
in settle the responses of Area1–Area4 with 10 s. Fig. 5(iii) and
(iv) represents the results of severe situations, which a power
system may undergo. The results confirm that the proposed
control approach is a success as frequency deviation in both cases
settle to zero within prescribed time. Furthermore, Fig. 5(v)
presents the smooth response of power deviations, with the
variable contribution of both conventional and EV reserves.
This is a good indication of better life time of governor, thus,
assures a good performance of the proposed control strategy for
the multiarea multisource interconnected power systems. While
monitoring the frequency response with the variable EV reserve
contribution in Fig. 5(vi), the proposed DOBC scheme approves
its robustness against participation of flexible demand with
an effective dynamic response. The aforementioned simulation
results confirm that the proposed control approach has brilliant
performance and can handle different types of disturbances and
uncertainties. The aforementioned results and discussions verify
the robustness and superiority of the proposed control method.
It is confirmed that the proposed control method has the ability
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TABLE III
DIFFERENT DISTURBANCE SCENARIOS OF INTERCONNECTED FOUR-AREA

SYSTEMS CONSIDERED

TABLE IV
COMPARISON OF PROPOSED DOBC WITH OTHER METHODS, CONSIDERING

TECHNICAL ISSUES

to handle practical and technical issues related to the frequency
control in modern power systems.

Table IV compares the results of the proposed method against
other most recent and relevant methods in the literature. It is clear
that the proposed method provides a fully decentralized control
structure for controlling an interconnected power systems, while
others cannot provide a such effective solution. For instance, a
centralized control method has been proposed in [35], where the
control complexity would increase by increasing the number of
areas, which limits its implementation capability in comparison
with the proposed method in this article. Likewise, a distributed
controller has been suggested in [36], which requires a remote
signals to be transferred from other areas to each area under
control, where missing a such signal leads to instability issues.
Therefore, the proposed method is this article suggests the best
control topology in comparing to other methods in the literature
that used dynamic state estimation methods for LFC.

Table IV shows that all other methods in the literature consider
only one type of disturbance (DT), i.e., step disturbance, while
the proposed method in this article considers both step and
random disturbance, which mimics the reality as the disturbance
in real-world power systems is a random one. In fact, most of
the other methods cannot handle random disturbances leading to
instability issues or at least to undesirable dynamic performance.
This fact gives a superiority to the proposed method in this article
over other techniques.

In case of ST and the FN after a specific disturbance, the
comparative study shows that the proposed method has a better
performance over other techniques. The aforementioned results
confirm the superiority of the proposed method, as well as its
capability and feasibility for implementation in modern power
systems with high share of RES.

VIII. NECESSITIES, FINDINGS, AND ADVANTAGES

This article focuses on secondary frequency control in in-
terconnected power systems with high RES share. As afore-
mentioned, increasing the penetration level of RES results in
reducing the total rotating inertia, which affect the frequency
stability and security in modern power systems. On the other
hand, the increase of RES share has brought new variation source

to the operation of power systems due to the RES intermittency
and stochasticity. In the conventional power systems, the source
of variations was the demand side only, while it has become the
both demand and generation sides, which brings new challenges
to frequency control in modern power systems. Therefore, it has
been highlighted that there is a need for new control methods
based on the disturbance estimation that considers both step and
random types of disturbances in modeling the SFR. Likewise,
converting conventional control topology and structures toward
fully decentralized control structure is one of the necessities that
motivates recent research activities in the topic of modern power
system frequency control.

The main findings obtained from this research output include
the following.

1) The ability of the proposed method to accurately tracking
the disturbance and rejecting it in order to improve the
dynamic performance of the frequency controller.

2) The potential to handle uncertainties, which is verified
theoretically during the design of the observer-based fre-
quency controller and confirmed by a several simulation
scenarios.

3) The ability to take into account different DT including
random disturbance coming from both demand and gen-
eration sides.

4) The proposed secondary frequency controller has a better
performance in comparison with other methods and can
handle technical and practical issues.

5) Brilliant performance of the proposed observer-based
secondary frequency control method, which has a less
ST and a lower FN that makes it suitable for modern
power systems with higher variations and disturbance
magnitudes.

In addition to the previous main findings, the proposed method
has the advantage of controlling the frequency in a power system
with diverse transmission links including ac power transmission
lines, HVdc transmission links, and TCPS transmissions as
verified by the considered power system under investigation in
this article. Likewise, the proposed method can coordinate and
manage the secondary reserve from both generation and demand
sides, where the contribution of electric vehicles is taken into
account in this article.

IX. CONCLUSION

This article suggests a DO-based controller for power sys-
tem frequency applications. A state observer is successfully
developed to estimate the system states considering practical
challenges of system without any extra computational cost. In
the proposed DOBC approach, the time-varying random and
nonrandom disturbance were first estimated and then neutral-
ized. The results have shown accurate estimation as DOB has
produced a new state (d̂) and then residual noise of estimation.
The proposed algorithm has successfully been implemented for a
generalized controller of an LFC based on observer derived state
error feedback. The convergence of estimation errors of states
approves the capability of the proposed state observer. It is found
that the proposed method is capable to tolerate fluctuations in
the part of the system without exceeding predefined tolerance
bounds in the vicinity of some nominal dynamic behavior.
Additionally, the quality of control action is maintained for a
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wider range of operation with more robustness as compared
to some existing control approaches. Thus, it is concluded
that proposed DOBC-based LFC has the potential to resolve
the concerns related to constant and stochastic disturbances,
which may include load fluctuations, uncertainties of renewable
resources and system parameters, energy reserves, and time
delay effectively. The main findings in this article prove the
applicability of the proposed method to be adopted for real-world
power systems since it takes practical and technical challenges
into account. As a future work, the proposed method can be
developed for controlling other variables in power systems such
as the voltage. Likewise, it can be adopted for controlling the
frequency in microgrids in addition to interconnected power
systems.

APPENDIX

Appendix A: The power system data used in the simulation
study is as follows [27], [36], [37].
Tti = 0.3, Tgi = 0.08, Tri = 10, Tei = 1, Ts,ij = 0.1,

Tdc,i = 0.2, Tji = Tij = 0.026, Kgi = 1, Kri = 1, Kij = 0.1,
Di = 0.0083, Hi = 0.08335, Mi = 0.1667, Ks,ij = 1, bi =
0.425, Ri = 2.40, g,i = 0.9, e,i = 0.1, and the nonlinearities
including GRC and GDB are modeled based on [10], [36], [37].

Appendix B: To study the effect of random change in the
disturbance on the mean square error in the state tracking and
state estimation errors, one can rewrite (25) as

dΦ(t)/dt = F1η(t) + F2w(t)

where w(t) is a white noise vector, which contains the distur-
bance estimation error d(t)− d̂(t) as a component. The com-
ponents of Φ(t) are the state tracking error and state estimation
error. In the general case, w(t) may even be a correlated noise
process. By solving the abovementioned differential equation,
one obtains

Φ(t) =

∫ t

0
exp(t− τ)F1)F2w(τ)dτ.

Hence, the mean square error is

E ‖ Φ(t) ‖2= Tr
∫ t

0

∫ t

0
exp((t− τ1)F1)F2Rww(τ1, τ2)F

T
2

.exp((t− τ2)F
T
1 )dτ1dτ2.

In case the disturbance statistics changes, it would induce
a change in the statistics of w(t), which would perturb its
autocorrelation matrix from Rww(τ1, τ2) to Rww(τ1, τ2) +
δRww(τ1, τ2). The corresponding change in the mean square
tracking plus state estimation error would be given by

δE ‖ Φ(t) ‖2 =

∫ t

0

∫ t

0
Tr(exp((t− τ1)F1)F2δRww(τ1, τ2)F

T
2

× exp((t− τ2)F
T
1 )dτ1dτ2.

Now write down the KL expansion of the noise correlation as

Rww(τ1, τ2) =
∑
i

λiφi(τ1)φi(τ2)
T .

Then, from first-order perturbation theory for the eigenvalue
problem for Hermitian operators, the perturbation in the noise

correlation is given by

δRww(τ1, τ2) =
∑
i

δλi.φi(τ1)φi(τ2)
T

+
∑
i

λi(δφi(τ1).φi(τ2)
T + φi(τ1)δφi(τ2)

T )

where the eigenvalue and eigenfunction perturbations are
given by

δλi =< φi|δRww|φi >=

∫ ∫
φi(τ1)

T

.δRww(τ1, τ2)φi(τ2)dτ1dτ2

and δφi(τ) =
∑

j =i
φj(τ)<φj |δRww |φi>

λi−λj
.

Then, in terms of these eigen-perturbations, the change in the
mean square error is

δE ‖ Φ(t) ‖2=
∑
i

δλi

∫ t

0

∫ t

0
φi(τ2)

TFT
2 exp((t− τ2)F

T
1 )

.exp((t− τ1)F1)F2.φi(τ1)dτ1dτ2

+ 2
∑
i

λi

∫ t

0

∫ t

0
φi(τ2)

TFT
2 exp((t− τ2)F

T
1 )

.exp((t− τ1)F1)F2δφi(τ1)dτ1dτ2.

The effect of change in random disturbance in the proposed
work has been shown in Section VI using different simulation
scenarios.
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