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a b s t r a c t

This paper presents a new robust load frequency control (LFC) technique based on an optimal design
of the coefficient diagram method (CDM) in a three area thermal power system equipped with redox
flow batteries (RFB). In order to emphasize on a realistic power system and obtain an accurate insight,
important nonlinearities due to generation rate constraint (GRC), governor dead band (GDB) and time
delay (TD) were considered. The innovation of the proposed controller in this paper is the use of
a hybrid intelligent combination of a decentralized CDM technique and optimization throughout its
algebraic equations. In addition, a new algorithm namely grasshopper optimization algorithm (GOA)
was used to find the key parameters of the proposed controller in solving the LFC problem for the
first time. Furthermore, this study applied a powerful modified objective function by considering
the integral of time multiplied squared error (ITSE) criteria for both controller input signal (ACE), to
minimize the area control error and output signal (∆u) to reduce the size of the actuator, settling time
(Ts) to have a faster response and a function to increase the minimum damping ratio (MDR) among all
eigen values. To demonstrate the effectiveness of the proposed scheme, the studied simulated power
system was tested through different cases including a large step and sinusoidal load perturbations
and wide uncertainty in dynamic parameters of a nonlinear power system. Comparative results have
revealed the superiority of the optimal CDM technique, especially when it is equipped with RFB.
In addition to graphical results, by taking into account the MDR of different control strategies, the
preference of the proposed controller has become more validated. This newly developed strategy leads
to a flexible and accurate controller with a powerful mathematical back up which can successfully
cope with GRC, GDB and TD nonlinearities in perturbed uncertain power systems and provide fast,
stable and robust dynamic responses. Thus, the proposed control strategy can be constructive and
successfully applied to real world power system application.

© 2019 Published by Elsevier Ltd on behalf of ISA.

1. Introduction

In a power system, it is absolutely necessary to consider va-
rieties of power needed in order to satisfy the consumers con-
tinuously, not to lose stability, reliability, security and quality of
power. Hence, a control system is essential to cancel or decrease
the effects of changes in the demand and also to maintain the
frequency at its standard value. Load frequency control (LFC)
by controlling the valve of the turbines maintains the system,
synchronize frequency and active power flow between areas at
their defined nominal values during disturbed conditions due
to load perturbations and uncertainties in power system opera-
tion [1,2]. On the other hand, due to increase in the dimension
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of power systems, there is tendency of the electricity markets
to compete with different generating companies. Consequently,
the importance of LFC has become more noticeable. Therefore, by
taking into account the increasing complexity and variation in the
power systems structure, new, robust and easy to realize control
strategies are needed to provide a desirable performance.

During the past decade, several control strategies for LFC syn-
thesis have been developed. Control system designers are in-
terested in finding optimal solutions through intelligent algo-
rithms. Since fixed parameter controllers such as conventional
Proportional–Integral-Derivative (PID) are designed at specific
nominal operating points, they cannot properly cope with un-
certainties and load perturbations, and may no longer give good
performance in all operating conditions. For this reason, Robust
and adaptive control strategies have been presented. Optimal
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Nomenclature

LFC Load frequency control
AGC Automatic generation control
ACE Area control error
GRC Generation rate constraint
GDB Governor dead band
TD Time delay
∆F Area frequency deviation
∆Ptie−ij Tie line power deviation between area i

and area j
∆Ptie−i Total tie line power deviation between

area i and other areas
∆PL Area step load disturbance
∆Pm Mechanical power deviation
∆Pg Change in valve position of steam

governor
∆Pc Change in supplementary control action
∆u Change in controller output signal (in-

put vector)
Tij Tie line synchronizing power coefficient
B Frequency bias coefficient
R Speed droop coefficient
Tg Governor time constant
Tt Steam turbine time constant
H Equivalent inertia constant
u Controller signal
d External disturbance signal
y Output of the controlled system
ai Coefficients of characteristic polyno-

mial
γi Stability indices
γi* Stability limits
τ Equivalent time constant
Ts Settling time (s)
OS Peak overshoot
US Peak undershoot
MDR Minimum damping ratio
IAE Integral of absolute error
ITAE Integral of time multiplied absolute

error
ISE Integral of squared error
ITSE Integral of time multiplied squared

error
GOA Grasshopper optimization algorithm
Xi Position of the ith grasshopper in GOA
Si Social interaction in GOA
Gi Gravity force on the ith grasshopper in

GOA
Ai Wind advection in GOA

fuzzy logic controllers [3–5], Adaptive Neuro Fuzzy Interface Sys-
tem (ANFIS) [5–7] and Artificial Neural Networks (ANN) [5–9]
have been used in several papers because of their better per-
formance in comparison with traditional PID with fixed param-
eters. In addition to these efforts, some other techniques such
as robust H2/H∞ based controller [10], Model Predictive Con-
trol (MPC) [11,12] and sliding mode controller (SMC) [13] have
been used in the LFC design of power systems. These strate-
gies clearly result to better dynamic responses when dealing

dij Distance between the ith and the jth
grasshopper in GOA

D Equivalent damping coefficient
Td Time delay value
∂ Ramp rate values of GRC
Ki Integral control gain of area i
RFB Redox flow battery
∆PRFB Output power deviation of redox flow

battery
KpRFB Proportional control gain of RFB
TdRFB Convertor time constant
KrRFB Gain of RFB unit
TrRFB Time constant of RFB unit
CDM Coefficient diagram method
N(s) Numerator of transfer function of open

loop plant
D(s) Denominator of transfer function of

open loop plant
A(s) Forward denominator polynomial of

CDM
B(s) Feedback numerator polynomial of CDM
F(s) Reference numerator polynomial of

CDM
r Reference input
s Function to define the strength of social

forces in GOA
f Intensity of attraction in GOA
l Attractive length scale in GOA
g Gravitational constant in GOA
eg Unity vector towards the center of the

earth in GOA
u Constant drift in GOA
ew Unity vector in the direction of the wind

in GOA
N Number of grasshoppers in GOA
ubd Upper bound in the Dth dimension in

GOA
lbd Lower bound in the Dth dimension in

GOA
Td Value of the Dth dimension in the target

in GOA (best solution)
c Decreasing coefficient to shrink the

comfort zone, repulsion zone, and at-
traction zone in GOA

cmax Maximum value, constants of GOA
cmin Minimum value, constants of GOA
L Current iteration in GOA
Lmax Maximum number of iterations in GOA

with nonlinearities, uncertainties and disturbances compared to
classical controllers. Problems such as their transient response,
uncertain optimal parameters or complicated calculations to ob-
tain parameters and difficulty of physical construction, remain
an obstacle to their actual implementation in the industry. So by
taking these problems into account and increasing the complex-
ity of power systems structure, new intelligence techniques are
required to provide a desirable performance.

In recent years, a new decentralized load controller has been
introduced. It is based on the coefficient diagram method which
utilizes an algebraic approach and is applied to a polynomial
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overall closed loop in order to indirectly arrange the poles and
settling time so as to obtain desired dynamic responses in the
time domain [14–17]. The CDM is fairly new for LFC applica-
tion. But its basic principle has been known in industries and
control community for more than 40 years, with successful ap-
plication in servo control, steel mill drive control, gas turbine
control, and spacecraft attitude control [18]. Bernard et al. [15]
have applied algebraic CDM controller in two-area and three-area
thermal power systems, considering GRC and GDB nonlinearities.
Case studies have been done by taking into account the load
changes and variation in dynamic parameters of the studied
power systems. The superiority of the proposed controller has
been validated in comparison with the results of integrator and
model predictive controllers. In [16], a CDM controller has been
improved by using Kalman filter and state feedback gains in the
same three-area nonlinear power system and same parameters
of CDM. The simulation results have illustrated the effectiveness
of the proposed methodology in comparison with the integrator
and only CDM. Although this paper presented a better control
strategy, state feedback based controllers are not practical since
they are usually out of reach or even unavailable in the in-
dustry of real power systems. In [17] we have attempted to
apply an algorithm to directly optimize the parameters of the
CDM controller in a nonlinear single area power system regard-
less of its dominant algebraic equations. The simulation results
demonstrated the robustness and superiority of the CDM based
controller in comparison with integral control because it provided
more stability in perturbed and uncertain power systems.

From another point of view, after a large load perturbation, the
frequency and tie-line power deviations exist for a long period
of time and may become oscillatory. During such conditions, the
governor may not be able to absorb the frequency changes due
to the slow response and nonlinearities present in the system.
Therefore, in order to maintain balance and reduce the frequency
and tie-line power flow deviations, it is necessary to set up
Battery Energy Storage (BES) systems. Literature survey shows
that, utilizing energy storage devices with quick response such
as Superconducting Magnetic Energy Storage (SMES) and redox
flow battery (RFB) have been widely accepted for solving LFC
problem, and is one of the new and interesting research areas [4,
6,8,10,19–25]. Furthermore, RFB has been found to be superior
over other energy storage devices such as SMES because of its
ease of operating at normal temperature, very small losses and
long service life [25]. As a result, RFB is expected to be the most
effective. In [19], an attempt has been made to show the impact
of RFB and SMES storage units in improving the performance
of a deregulated power system. Simulation results illustrated
that the integration of RFB unit damps the dynamic responses
more effectively when compared with performance of the SMES
unit. The authors of [20–22] have depicted the high performance
of RFB along with Unified Power Flow Controller (UPFC) and
Interline Power Flow Controller (IPFC) in AGC on a nonlinear
power systems. Shankar et al. [23] have described the small signal
stability of a nonlinear power system when the integral control
of the LFC model was incorporated with the RFB storage and
Static Synchronous Series Compensator (SSSC). Stability analysis
has been done with the help of eigen values. Results have demon-
strated that proposed control scheme has reduced the number of
oscillating modes and consequently the dynamic responses has
been improved.

In this paper, a new robust load frequency controller is pre-
sented and applied on a three area nonlinear thermal power
system considering GRC, GDB and TD physical constraints. The
innovation of the proposed controller is based on a hybrid intel-
ligent combination of a decentralized algebraic CDM technique
and optimizing its key parameters by taking into its mathematical

rules and then calculating the controller coefficients. In addition
to all the advantages of the CDM controller which have been
explained in previous valid papers, the proposed control strategy
uses optimization to obtain the best results with respect to dom-
inant algebraic equations. This makes the proposed optimal CDM
controller superior to only CDM. Moreover, redox flow batteries
as one the most effective and fastest storage devices have been
used to improve the dynamic responses. A new algorithm namely
grasshopper optimization algorithm (GOA) has been used to find
the key parameters of the proposed controller in both the transfer
function model of each local area without RFB and with RFB,
which is explained in relevant section. Furthermore, new power-
ful modified objective function by considering ITSE for controller
input and output signals, Ts and MDR performance indexes has
been used. To illustrate the superiority of the proposed method,
the power system with the optimal CDM technique was tested
through the different cases including large step and sinusoidal
load perturbations and uncertainty in dynamic parameters of the
nonlinear power system. A comparison has been made between
the proposed optimal CDM and the integral control and also alge-
braic CDM in [15,16], which may have chosen the key controller
parameters regardless of all the mathematical rules governing
this method, and there is no clear trend. In addition, it has not
been specified which amounts of these parameters consequently
produce the best possible results. To solve these problems, in
the present study an attempt was made to optimize the key
parameters of the CDM controller for the first time. Simulation
results indicate the superiority of the proposed optimal CDM
strategy especially when it is equipped with RFB. In addition to
graphical results, the MDR of different control strategies validated
the proposed scheme performance in all of our studies. This
newly developed strategy leads to a flexible controller which
can successfully cope with GRC, GDB and TD nonlinearities in a
perturbed uncertain power system and provide fast, stable and
robust dynamic responses. The present work aims to:

(a) To tune the key parameters of CDM for the first time.
(b) To calculate the control coefficients of CDM with respect to

dominant algebraic equations.
(c) To use a new comprehensive modified fitness function

through GOA.
(d) To illustrate the superiority of the proposed control strat-

egy in comparison with available controllers.
(e) To confirm the better performance of power system in the

presence of storage devices.
(f) To show the ability of the proposed strategy to handle

nonlinear effects due to GRC, GDB and TD constraints.
(g) To validate the effectiveness of the proposed controller

against large step and sinusoidal load changes.
(h) To emphasize the robustness of the proposed controller

by illustrating its high insensitivity when faced with wide
uncertainties.

2. System dynamics

The three-area nonlinear power system which is widely used
in literature [26] was simulated as a test system to make com-
parison between different control strategies and evaluate their
performances when applied to load frequency control. Fig. 1
presents the transfer function model of the nonlinear system un-
der study including the RFB storage units. All relevant parameters
have been expressed in nomenclature and their rated values are
given in the Appendix. Eqs. (1)–(7) explain thermal power system
including speed governor dynamics, thermal turbine dynamics,
overall rotating mass and load dynamic relationships between
mismatch power (∆Pm,i–∆PL,i), extra injected active power of
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Fig. 1. Dynamic model of simulated three-area nonlinear power system with storage devices.

RFB and frequency deviation, net tie line power change equation,
relationship between B, R and D parameters, ACE equation and
transfer function of implemented controller, respectively where
n is the number of areas [1,26].

∆Pg i(s) =
1

1 + sTgi
(∆Pc i −

1
Ri

∆fi) (1)

∆Pm i(s) =
1

1 + sTti
∆Pg i (2)

∆fi(s) =
1

2His + Di
(∆Pm i(s)−(∆PL i(s)+∆PRFBi (s))−∆Ptie−i(s)) (3)

∆Ptie−i(s) = 2π
n∑

j=1
j̸=i

Tij
s
(∆fi(s) − ∆fj(s)) (4)

Bi =
1
Ri

+ Di (5)

ACEi(s) = Bi∆fi(s) + ∆Ptie−i(s) (6)

Gcontroller,i =
∆ui

ACEi
(7)

Despite previous similar recent papers [14–17,19–23], impor-
tant nonlinear effects due to GRC, GDB and TD physical constrains
necessary for the study of realistic power and obtain an accurate
insight have been considered in this paper. Nonlinearities have
remarkable impact on the performance of power system and
cannot be ignored. GRC limits the power generation rate in a
specified value due to the physical limitation of units. Its closed
loop block diagram is specified in Fig. 1, which is the best way
to simulate GRC in thermal power system [4,21]. GRC generates
larger overshoots and undershoots and especially longer settling
times. In large load perturbation, GRC can cause an unstable
dynamic response. In this paper, a typical value of 0.015 puMW/s
was considered as GRC [13]. Governor dead band is defined as the

Table 1
Nonlinear effect values in system under study.
GRC ∂ = ±0.015 pu MW/s
GDB 0.06% = 0.036 Hz
TD Td = 2 s

total amount of a continued speed change within which there is
no change in valve position. GDB has a great effect on dynamic
performance; it makes the system oscillatory and may cause
bigger steady state error value in the system. In the present study,
a GDB of 0.06% (0.036 Hz band width) was chosen [23,27,28].

In LFC practice, measuring and data communication for tie-line
power and ACE signals will take a little time, typically about 2 s
in decision cycles of the LFC systems [4,12,27]. Communication
time delays in the LFC analysis are becoming a more significant
challenge due to the growing complexity of power systems and
has been considered in the design of load frequency controller
in different case studies. The nonlinear effect of time delays can
degrade the performance of the system and even cause system
instability. In the present study, nonlinear effect values have been
considered as presented in Table 1.

3. Coefficient diagram method

The Coefficient Diagram Method (CDM) was introduced and
developed by Prof. Shunji Manabe in 1991. It is an algebraic
approach and uses polynomial expression for the mathematical
representation of a system [29]. Important properties and advan-
tages of this method are adaptation of the polynomial represen-
tation for both the plant and controller, using the two-degree of
freedom (2 DOF) control system structure, and non-existence (or
very small) of the overshoot in the step response of the closed
loop system. Moreover, despite the classical and optimal con-
trollers, it has a powerful mathematical back up to indirect poles
placement of the overall closed loop system and settling time
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Fig. 2. Block diagram of a CDM based controller.

determination to design desirable robust controller and obtain
the desired response in time domain. Therefore, the designer can
control speed, stability and robustness (three major properties in
control design) of dynamic responses at first, and this is an out-
standing advantage of this method which cannot be easily found
in other methods. Its design procedure is completely systematic
and useful, with a simple structure that is easy to implement. It
makes the CDM based controller accurate, possible and trusted to
realization in the industry [18,29,30].

The CDM controller can be used in different orders and degree
of its polynomials, and can be defined according to the degree of
open loop plant or its complexity which is almost equal to the
denominator of open loop plant. In CDM, a powerful and useful
tool called ‘‘Coefficient Diagram’’ as Bode and Nyquist diagrams
is used for the controller design. This single diagram provides
significant information about the stability, speed of time response
and robustness characteristic. The degree of convexity which is
obtained from coefficients of the characteristic polynomial, the
general inclination of the curve and the variation of the shape of
the ai curve due to plant parameters variation gives a measure
for stability, response speed and robustness respectively. With
the help of this diagram and Routh (for low orders) and Lipatov
(for high orders) criteria, the sufficient condition for stability is
completely determined [31]. The block diagram of CDM design for
a single input-single output (SISO) system is presented in Fig. 2.

The transfer function of the controller has two numerators, so
it resembles a two degree of freedom (2 DOF) structure. Since a
2 DOF structure can focus on both tracking the reference signal
and disturbance suppression, it can lead to better performance.
Anyway, the dynamic control system in LFC problem is a regulator
system (∆Pref = 0) and it does not require to set F(s) polynomial.
Output of the control system is defined as follows:

y =
N(s)F (s)
P(s)

r +
A(s)N(s)
P(s)

d (8)

where P(s) is considered as the characteristic polynomial of the
closed-loop system and is defined by:

P(s) = A(s)D(s) + B(s)N(s) (9)

A(s) and B(s) are considered and defined as:

A(s) =

p∑
i=0

lisi and B(s) =

q∑
i=0

kisi (10)

For practical realization, the condition p ≥ q must be satisfied.
By substituting (10) into (9), characteristic polynomial P(s) is
obtained as follow:

P(s) =

p∑
i=0

lisiD(s) +

q∑
i=0

kisiN(s) =

n∑
i=0

aisi, ai > 0 (11)

The most important thing about designing the CDM controller
is setting τ and γi parameters. τ determines the speed of the
system and also the magnitude of the control signal. γi gives the

stability and the shape of the time response. The relations be-
tween these parameters and the coefficients of the characteristic
polynomial (ai) can be expressed as follows:

γi =
a2i

ai+1ai−1
, i ∈ [1, n − 1], γ0 = γn = ∞ (12)

τ =
a1
a0

(13)

γ ∗

i =
1

γi−1
+

1
γi+1

, i ∈ [1, n − 1] (14)

According to S. Manabe’s standard form, γi values are selected
as {2.5, 2, 2 . . . 2}. This parameter can be changed to satisfy the
desired performance properties. In CDM based controlled sys-
tems, stability indices are usually chosen as γi = 1.5 ∼ 4. This
is because of Routh and Lipatov’s stability criteria, also it has
been investigated that if γi > 1.5γi

∗ and if all of γi ≥ 1.5, the
stability will be guaranteed and all poles will be negative. These
standards have been proposed that in order to have a good and
logical design, τ is chosen as follows [30]:

τ ≈
1
3
Ts (15)

where T(s) is the settling time.
Using these key parameters (γi and τ ), the target characteristic

polynomial, Ptarget can be written as:

Pt arg et = a0

⎡⎣⎧⎨⎩
n∑

i=2

⎛⎝ i−1∏
j=1

1

γ
j
i−j

⎞⎠ (τ s)i

⎫⎬⎭ + τ s + 1

⎤⎦ (16)

where P(s) = Ptarget(s), then coefficients of A(s) and B(s) polyno-
mials can be defined.

Also, the reference numerator polynomials F(s) can be calcu-
lated from:

F (s) =
(P(s)|s=0)

N(s)
(17)

3.1. Optimal design of coefficient diagram method

As noted earlier, the most important point about designing
the CDM controller is obtaining the key parameters (γi, τ ). Pre-
vious papers have chosen these parameters regardless of all the
mathematical dominant equations, and there is no clear trend. In
addition, it is not specified which amounts of these parameters
consequently produce the best possible results. To solve these
problems, in this paper an attempt has been made to apply
the optimal CDM controller to the load frequency control of the
power system for the first time. The innovation of the proposed
controller is based on an intelligent combination of a decentral-
ized CDM technique and optimization throughout its algebraic
equation. In addition to all the advantages of the CDM controller,
the optimized CDM provides the best results with respect to
dominant algebraic equations. In this paper second order CDM
(order 2/2) has been used. Higher orders lead the system to
useless complexity and may not be so much better. The stability
indices and equivalent time constants have been optimized using
the grasshopper optimization algorithm with respect to all the
mathematical rules and stability basics of CDM, based on the
open loop dynamic model of each area through a comprehen-
sive modified objective function. After optimizing and finding
the best solution, coefficients of A(s) and B(s) polynomials have
been calculated through dominant equations and least-squares
constraints methods. Logical and allowable limitation of these
parameters in the proposed control strategies are presented in
Table 2. Fig. 3 illustrates how to apply GOA to solve the LFC
problem in this paper using the CDM technique.
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Fig. 3. Flow chart of GOA implementation to frequency control based on the
CDM technique.

The reconfigured local area of the power system under study
in Fig. 1 with the proposed optimal CDM controller is presented
in Fig. 4. ACE is used as feedback signal for the closed loop
regulator control system. This signal feeds the CDM controller in
order to provide outcome for the supplementary control action
(∆Pc). This additional signal will boost the performance of the
primary control loop of the speed governor. The resulting signal
feeds the governor which then regulates the valve position (∆Pg)
that supplies the turbine; the turbine by changing the speed of
shaft rotation in the generator tries to maintain balance between
mechanical power changes (∆Pm) and load demands (∆PL) and
return the system to its former synchronism frequency.

4. Redox flow battery based control strategy

RFB is a rechargeable electrochemical active power source
which can provide quick and fast energy-storing action to the
power system in addition to the kinetic energy of the generator
when needed. It can be essential as a fast energy compensation
device for power consumptions of large loads and also as a
stabilizer of frequency oscillations.

RFB has a wide range of applications and excellent charac-
teristic like load compensating, improving power quality, higher
capacity than conventional battery, free from self-discharge prob-
lem and quick response as it takes excellent short-time to come
into operation. When load demands are low, the RFB charges
and the stored energy equal to demand changes is delivered
back to the system in the duration of load perturbation. Hence,
it can ideally eliminate the oscillation of the disturbed power
system. The important thing about RFB modeling in this paper
is that the complete and accurate dynamic model of redox flow
batteries has been used instead of the simple first order transfer
function model which have been used in recent papers and has

been fed just by ∆F [19–22]. This is not suitable as it does not
show the complete and exact result of RFB characteristics. Related
parameters of RFB have been presented in the Appendix.

The control purpose of RFB in the present study is to quickly
suppress the deviation of ∆F and ∆Ptie against the sudden change
of ∆PL. ACE directly feeds the controlling input signal. The block
diagram of Redox Flow Battery is presented in Fig. 5. Eq. (18)
shows the implementation of the RFB unit to the system [23,24].

∆PRFB i = (ACEiKpRFBi )(
1 + sTri

1 + Kri + s(Tri + Tdi) + s2TriTdi
)

− Initial Value (18)

5. Objective function

The design of objective function to tune controller parame-
ters is generally based on a performance index that considers
the entire closed loop response of AGC based on damping out
the frequency and tie line power oscillations and returning the
errors to zero after load changes. The designed controller should
guaranty fast response, stability and robustness in all probable
cases. There are four performance criteria usually considered in
the control design including, IAE, ITAE, ISE and ITSE. Since the ITSE
index uses the advantages of all others, first the ITSE performance
index was considered as the objective function in this paper as
follows:

J1 =

3∑
i=1

ITSEi =

3∑
i=1

∫ t

0
t.ACEi2dt (19)

However, it is well known that a single controller structure
cannot give good results for all design specifications and it is
necessary to add other effective functions to satisfy all the desir-
able expectations of the designed controller. On the other hand,
focus on just ITSE or TS which result in faster response, may
lead to higher controller gains and consequently larger outputs.
This is a disadvantage from the controller design point of view.
In other words, the control signal should ideally be smaller to
prevent actuator saturation and minimize the cost associated
with sizing of a larger actuator or clearly minimize the output
signal (∆u). In order to achieve a more stable response and have
robust control design, a new function based on maximizing the
minimum damping ratio (MDR) among all the eigen values has
been considered in this paper (J4). Finally, the cost function J has
been defined as follows:

J2 =

3∑
i=1

∫ t

0
t.∆ui

2dt (20)

J3 =

3∑
i=1

Ts∆fi (21)

J4 = 1 − MDR (22)

J = w1.α1J1 + w2.α2J2 + w3.α3J3 + w4.α4J4 (23)

where t denotes the simulation time. αi coefficients have been
applied to provide the same amount of each term and make
them competitive during the optimization process. ω1 to ω4 are
weighting factors to obtain the desirable performance where

∑
w

= 1. Therefore, the design problem about optimizing final cost
function J can be formulated as follows:
Minimize J
Subject to
γi,min < γi < γi,max
τmin < τ < τmax
where γi and τ have been limited between lower bound and
upper bound values of the presented control strategies. The range
of limitation was chosen according to Table 2.
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Fig. 4. Block diagram of a control area with proposed CDM based controller and RFB.

Fig. 5. Transfer function model of the RFB unit.

6. Grasshopper optimization algorithm

Grasshopper optimization algorithm (GOA) is a nature-inspired
algorithm and has recently been developed in 2017. It is based on
the swarming behavior of grasshoppers. Naturally, grasshoppers
can join in a large swarm. The better performance of GOA in
comparison with the recent algorithms and its ability to solve
real problems with unknown search space has been reported
in [32]. In this algorithm, the main characteristic of the swarm
is slow and small steps in the larval phase in contrast with
long-range and abrupt movement in adulthood. Food source
seeking is an important reason for the swarming of grasshoppers.
Eqs. (24)–(31) explain the mathematical model of the swarming
behavior of grasshoppers briefly. All relevant parameters have
been expressed in nomenclature.

Xi = Si + Gi + Ai (24)

This equation can be written as Xi = r1 Si + r2 Gi + r3 Ai where
r1, r2 and r3 are random numbers in [0,1] to provide a random
behavior.

Si =

N∑
j=1
j̸=i

s(dij)
∧

dij (25)

dij calculated as dij = |xj − xi| and
∧

dij = (Xi − Xj)/dij is a unit
vector from the ith grasshopper to the jth grasshopper. The s
function is calculated as follows:

s(d) = fe
−d
l − e−d (26)

Changing the parameters l and f in Eq. (26) results in different
social behaviors in artificial grasshoppers. In the present work,
suitable values of f and l have been chosen as presented in
Table 2. Social interaction (repulsion and attraction) between

two grasshoppers depends on the distance between them. Re-
pulsion and attraction occur in the interval [0 2.079] and [2.079
4] respectively. When a grasshopper is 2.079 units away from
another grasshopper, there is neither attraction nor repulsion.
This is called the comfort zone or comfortable distance. In order
to avoid very low values of s function, the proper distances have
been considered from 1 to 4. The curve of s(d) function with
magnifying the considered suitable ranges and also a conceptual
model of the interactions between grasshoppers with comfort
zone is illustrated in Fig. 6.

The G and A component in Eq. (24) is calculated as follows:

Gi = −g
∧

eg (27)

Ai = u
∧

ew (28)

So Eq. (24) can be expanded as follows:

Xi =

N∑
j=1
j̸=i

s(|xj − xi|)
xj − xi
dij

− g
∧

eg + u
∧

ew (29)

Because of some problems such as reaching the comfort zone
quickly and not converging to a specified point, Eq. (29) modified
as follow:

Xd
i = c

⎛⎜⎝ N∑
j=1
j̸=i

c
ubd − lbd

2
s(|xdj − xdi |)

xj − xi
dij

⎞⎟⎠ +
∧

T d (30)

Adaptive parameter c is an outstanding advantage of this algo-
rithm because it varies with the comfort zone which helps GOA
not to fall in local optima and find an accurate approximation of
the global optimum. S is almost similar to the S component in
Eq. (24) without considering gravity (no G component) and as-
suming that the wind direction (A component) is always towards
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Fig. 6. (a) Primitive corrective patterns between individuals in a swarm of grasshopper. (b) Curve of s(d) function with proper constants and ranges [32].

Table 2
GOA initial values, constants and limitation of
optimized parameters.
N = Population size 50
L = Iteration 50
F 0.5
L 1.5
cmax 1
cmin 0.00004
γi limitation 1–10
τi limitation 1–2, 5–6

a target (Td). Also, the parameter c simulates the deceleration
of grasshoppers approaching the source of food and eventually
consuming it. This parameter is required to be decreased pro-
portional to the number of iteration(s). The coefficient c reduces
the comfort zone proportional to the number of iterations and is
calculated as follows:

c = cmax − L
cmax − cmin

Lmax
(31)

cmax and cmin as constants of this algorithm, have been chosen
according to Table 2. The pseudo code of the GOA is presented
in Fig. 7 [32].

7. Simulation results and discussion

Computer simulations of the nonlinear three area power sys-
tem in Fig. 1 considering nonlinearities as Table 1 in the presence

Fig. 7. Pseudo codes of the GOA algorithm.

of RFB and optimal CDM based control strategies have been
done using MATLAB\EDIT and MATLAB\SIMULINK toolboxes. The
results are based on comparing between the performances of
four control strategies in different cases due to step and sinu-
soidal load disturbances. These four control schemes are listed as
follows.

• Integral control [26]
• CDM [15]
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Fig. 8. Convergence profile of the modified objective function J cost function
using GOA.

Table 3
Tuned parameters of optimal CDM control strategy without RFB using GOA.
Area γ1 γ2 γ3 γ4 γ5 τ (s)

1 1.5000 7.1000 3.7129 7.7723 9.8762 5.2997
2 2.0562 8.0578 2.6906 8.1115 2.7945 5.5476
3 1.5000 9.5518 4.4168 9.2056 7.7449 5.7000

Table 4
Tuned parameters of optimal CDM control strategy with RFB using GOA.
Area γ1 γ2 γ3 γ4 γ5 γ6 τ (s)

1 1.6947 2.7055 2.2623 1.4246 2.7357 8.8550 1.9421
2 1.6339 2.3780 2.6317 1.5046 3.0541 7.7291 1.9692
3 2.1241 2.5192 2.7924 1.7098 1.9468 6.7924 1.9492

• Optimal CDM
• Optimal CDM with RFB

The parameters of two optimal CDM based control strategies
(γi and τ ) have been optimized in several independent runs
employing modified objective function (J) as earlier expressed in
Eq. (23) while the second area experiences 0.02 puMW step load
perturbation (SLP). Fig. 8 demonstrates the convergence profiles
of the proposed optimal control strategies. The best final solutions
between all the runs for the third and fourth control strategies
are presented in Tables 3 and 4, respectively. Moreover, related
algebraic calculation in order to find coefficients of A(s) and B(s)
polynomials is given below, which shows proportional and logical
value of the designed equivalent time constants according to the
settling time of dynamic responses.

Area 1(Without RFB):
N1(s) = 65.3s + 529.8
D1(s) = s4 + 15.09s3 + 32.6s2 + 65.3s
γ ∗

i,1 = [0.140845 0.935998 0.269507 0.370584 0.128662],
i ∈ [1, 5]

Pt arg et,1(s) = 0.000015s6 + 0.008614s5 + 0.499514s4

+3.727033s3 + 7.489707s2 + 2.119864s + 0.4
A1(s) = (0.015039s2 + 8.386656s)10−3

B1(s) = (9.223809s2 + 3.908197s + 0.755002)10−3

Area 2(Without RFB):
N2(s) = 71.8s + 377.4
D2(s) = s4 + 19.02s3 + 39.38s2 + 71.8s
γ ∗

i,2 = [0.124104 0.858009 0.247356 0.729509 0.123252],
i ∈ [1, 5]

Pt arg et,2(s) = 0.000021s6 + 0.003827s5 + 0.249482s4

+2.004698s3 + 5.987102s2 + 2.219058s + 0.4
A2(s) = (0.021004s2 + 3.427197s)10−3

B2(s) = (14.54704s2 + 5.678216s + 1.059883)10−3

Area 3(Without RFB):
N3(s) = 141.1s + 887.3
D3(s) = s4 + 17.74s3 + 49.74s2 + 141.1s
γ ∗

i,3 = [0.104692 0.893074 0.213322 0.355524 0.108629],
i ∈ [1, 5]

Pt arg et,3(s) = 0.000004s6 + 0.003038s5 + 0.310458s4

+3.446796s3 + 8.663999s2 + 2.279999s + 0.4
A3(s) = (0.003838s2 + 2.969586s)10−3

B3(s) = (9.252200s2 + 2.497905s + 0.450806)10−3

Area 1(With RFB):
N1(s) = 65.3s2 + 697.2s + 1358
D1(s) = s5 + 21.42s4 + 163s3 + 835.6s2 + 1859s + 1223
γ ∗

i,1 = [0.369621 1.032103 1.071584 0.807559 0.814894 0.365536],
i ∈ [1, 6]

Pt arg et,1(s) = 0.000006s7 + 0.0011147s6 + 0.023201s5

+0.176524s4 + 0.942787s3 + 2.225707s2

+1.942131s + 1
A1(s) = (0.006048s2 + 0.985122s)10−3

B1(s) = (0.159711s2 + 0.164893s + 0.736377)10−3

Area 2(With RFB):
N2(s) = 71.8s2 + 561.5s + 967.7
D2(s) = s5 + 24.99s4 + 175.1s3 + 747.5s2 + 1465s + 870.9
γ ∗

i,2 = [0.420513 0.992011 1.085146 0.707418 0.794014 0.327431],
i ∈ [1, 6]

Pt arg et,2(s) = 0.000007s7 + 0.001243s6 + 0.029651s5

+0.231656s4 + 1.202887s3 + 2.373418s2

+1.969259s + 1
A2(s) = (0.006738s2 + 1.074310s)10−3

B2(s) = (0.512783s2 + 0.468534s + 1.033378)10−3

Area 3(With RFB):
N3(s) = 141.1s2 + 1249s + 2275
D3(s) = s5 + 25.64s4 + 229.6s3 + 1277s2 + 3042s + 2048
γ ∗

i,3 = [0.396948 0.828888 0.981824 0.871780 0.732099 0.513672],
i ∈ [1, 6]

Pt arg et,3(s) = 0.000001s7 + 0.000254s6 + 0.006484s5

+0.084989s4 + 0.651539s3 + 1.788678s2

+1.949201s + 1
A3(s) = ( 0.001466s2 + 0.216518s)10−3

B3(s) = (0.189959s2 + 0.532582s + 0.439560)10−3

The coefficient diagrams of each local control area with RFB and
without RFB are illustrated in Fig. 9 which has been explained in
related part.

7.1. Case study

In this section, graphical and numerical simulation results are
discussed for different cases as follows:

• Case 1: 2% puMW SLP in second area at t = 2 s.
• Case 2: Unequal large random step load changes and sinu-

soidal load changes in all areas at t = 2 s.
• Case 3: Time delay consideration in addition to GRC and

GDB.

In the first case 2% SLP is applied in area-2. Graphical simulation
results are presented in Fig. 10. The results confirm the better
performance of optimal CDM in this paper in comparison with
CDM in [15], because the settling time became almost half and
it is in accordance with the performed calculations in Eq. (15).
In addition, it is clear that RFB storages lead the system to ideal
performance because of no OS, very small US and rapid removal
of oscillations in comparison with those obtained from other
strategies. In the second case, large step and sinusoidal load per-
turbation are applied in all areas. The pattern of load disturbances
and frequency deviation of areas are presented in Fig. 11. In
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Fig. 9. Coefficient diagram of designed optimal controllers for each decentralized area. Vertical axis: coefficients of characteristic polynomial (ai), stability indices
(γi), stability limits (γi

∗) and equivalent time constant (τ ). Horizontal axis: order i values corresponding to each coefficients.

Fig. 10. Dynamic responses of case 1.

this condition, AGC fails even to guarantee the convergence of
system response and becomes overwhelmingly oscillatory un-
stable because it cannot cope with GRC nonlinearity in large
load perturbations while CDM based controller responses remain
stable. It is evident from Fig. 11 that under huge load, increasing
CDM based control strategies regulates to zero with a bit of
difficulty, but the hybrid CDM and RFB control strategy fully
damps the oscillations to zero by providing fast response even
when the loads are changing sinusoidally and continuously with

short periods which ensure the affectivity and superiority of the
optimal proposed control scheme. In the third case, area 2 is
assumed as the disturbed area, same as the first case, but in the
presence of TD nonlinearity in addition to GRC and GDB. Dynamic
responses are presented in Fig. 12. According to the results, only
a hybrid optimal CDM based controller with RFB can handle TD
constraint and suppress the oscillations to rapidly drive them
back to zero. This case obviously validates the superiority of the
proposed controller.
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Fig. 11. Dynamic responses of case 2.

Fig. 12. Dynamic responses of case 3.
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Table 5
Comparative numerical results of different control strategies (∆F2).
Control strategy Os × (10−3) Us × (10−3) Ts (s) ITSE × (10−3) Oscillatory modes MDR (ζ )

2% SLP in nominal power system

AGC [26] 1.6478 −45.117 27.553 15.291 −0.0613 ± 5.85i 0.0105
CDM [15] 0.0000 −31.682 32.084 29.928 −0.8440 ± 6.51i 0.1285
Optimal CDM 0.0312 −26.974 18.889 8.5383 −4.4600 ± 19.8i 0.2197
Optimal CDM with RFB 0.0079 −11.837 9.1105 0.8827 −2.6100 ± 8.06i 0.3076

2% SLP in uncertain power system due to Tg and Tt parameters variation

AGC [26] 13.791 −53.326 >50 s 77.693 0.03800 ± 5.55i
−0.00680.00932 ± 4.37i

CDM [15] 0.0000 −37.260 28.331 29.044 0.07550 ± 6.95i −0.0108
Optimal CDM 3.3516 −30.446 14.593 6.2993 −0.30700 ± 10.8i 0.0285
Optimal CDM with RFB 0.0760 −12.095 8.4862 0.9283 −2.24000 ± 9.32i 0.2334

7.2. Sensitivity analysis

Sensitivity analysis is carried out in order to evaluate the ro-
bustness of the proposed hybrid RFB and optimal CDM controller
to a wide variation in the system dynamic parameters. First a
comparison is made between all control strategies when 0.02
puMW SLP at t = 2 s is applied in the second area and also
governor and turbine time constants of each area are increased to
Tg1 = 0.105 s, Tt1 = 0.785 s, Tg2 = 0.105 s, Tt2 = 0.6 s, Tg3 = 0.15
s and Tt3 = 0.7 s. Frequency deviation of the second area and
full comparative numerical results including minimum damping
ratio among all the eigen values and corresponding oscillatory
modes are presented in Fig. 13 and Table 5, respectively. As can
be seen in the results, responses of optimal CDM based controller
are much better than the others because of the provision of fast
and stable responses when faced with these wide uncertainties.
The important thing to note is that in this study, just optimal CDM
based control strategies stay stable because of positive minimum
damping ratio. AGC and algebraic CDM controllers have negative
MDR due to unstable modes with positive real parts. Moreover,
the results indicate the superiority of the proposed scheme ob-
viously since there is lower OS, US, TS, ITSE and higher MDR and
also unchanged response compared to the response of test system
with nominal parameters.

The rest of sensitivity analysis was done by taking into account
the uncertainty in the range of ±50% for Tg, Kr, Tr, Tt, H, D and Tij
in all areas, individually, for the proposed controller in this paper.
Graphical and numerical results in the presence of these changed
conditions and unequal SLP as 2% puMW in area 1, 0.04% puMW
in area 2 and 3% puMW in area 3 are presented in Fig. 14 and
Table 6. By taking into account the high insensitivity in Fig. 13,
it is clear that the proposed controller guarantees robustness un-
der intense uncertainty scenarios with almost similar responses.
Thus, the optimal parameters of the proposed CDM controller
and RFB once set for nominal condition do not require re-set
again. Sensitivity analysis revealed that the results obtained from
the proposed control scheme has negligible changes in all of the
performed scenarios and provides completely robust, stable and
fast responses.

8. Conclusion

In this paper an attempt was made for the first time to apply
an algorithm to optimize key parameters of the algebraic coeffi-
cient diagram method based controller and obtaining them in a
clear mathematical way for frequency control of a realistic three
area power system, considering GRC, GDB and TD nonlinearities
in the presence of redox flow batteries. The innovation of the
proposed controller involves using an intelligent combination of
the decentralized CDM technique and optimization throughout
its algebraic equations. In addition, a new developed grasshopper

Fig. 13. Frequency deviation of area 2 against Tg and Tt parameters variation
with different control strategies.

Fig. 14. Frequency deviation of area 2 for ±50% change in system parameters
with the proposed Optimal CDM+RFB control strategy.

optimization algorithm with comprehensive modified objective
function consists of decreasing the ITSE criteria for input and
output of the controller, decreasing the settling time of frequency
and tie line power deviation, and also a new function based
on increasing the minimum damping ratio among all the eigen
values have been applied for the first time for the solution of LFC
problem. This hybrid, intelligent new control scheme combines
the advantages of both powerful mathematical back up of the
decentralized CDM technique and optimization within logical
limitations to satisfy the dominant rules and achieve the most
desirable performances before starting the design. The effective-
ness of the proposed strategy was verified following a large
random step, sinusoidal load perturbations and also uncertainty
scenarios. The results were compared with the results of conven-
tional integral control and CDM alone. Simulation results indicate
the superiority of the optimal CDM based proposed controller
because of the superb damping when faced with continuous fast
load changes, provision of completely stable and robust dynamic
responses against a wide range of uncertainties with almost no
change compared to responses of the nominal test system, upper
MDR and no need to reset the controller gains under the worst
conditions. Moreover, analysis of the test system equipped with
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Table 6
Sensitivity analysis.
Parameter variation Optimal CDM with RFB (∆f2) Optimal CDM CDM [15] I [26]

% change Os × (10−3) Us × (10−3) Ts (s) ITSE × (10−3) MDR (ζ ) MDR (ζ ) MDR (ζ ) MDR (ζ )

Nominal 0 0.2596 −43.867 5.8271 9.9055 0.3076 0.2197 0.1285 0.0105

Tg
+ 50% 0.3006 −44.129 5.7630 9.9958 0.2398 0.1299 0.0766 −0.0016
−50% 0.2151 −43.560 5.8928 9.8079 0.3535 0.3881 0.1986 0.0275

Tt
+ 50% 0.7786 −44.326 5.6547 10.304 0.2865 0.2147 0.0909 0.0022
−50% 0.0719 −43.356 6.0712 9.5829 0.3287 0.2153 0.2266 0.0494

Tij
+ 50% 0.1775 −43.850 5.8928 9.8298 0.1944 0.1164 0.0659 0.0014
−50% 0.5996 −45.355 5.6607 10.148 0.4567 0.3141 0.2461 0.0451

H + 50% 0.3104 −40.573 6.2638 9.5732 0.2752 0.2654 0.1493 0.0194
−50% 0.2352 −47.399 5.4783 10.138 0.3596 0.1512 0.0978 −0.0062

D + 50% 0.0491 −43.330 5.9874 9.6570 0.3102 0.2213 0.1318 0.0152
−50% 0.5429 −44.421 5.6986 10.170 0.3050 0.2182 0.1251 0.0057

RFB and the optimal CDM controller emphasize on improving dy-
namic responses because of fast reaction of RFB and consequently
providing shorter settling times and softer ripples. This newly
developed strategy leads to a flexible controller which can suc-
cessfully cope with nonlinearities in perturbed uncertain power
system and provide fast, stable and robust dynamic responses.
Furthermore, its design procedure is completely systematic and
also easy to use and implement. Also, by optimizing the key
parameters it will perform satisfactorily by taking into control
system needs. These characteristics make the proposed optimal
CDM based controller accurate, possible and trustable in the
industry. Because of flexibility of this method and its clear and
logical designing process, combining with other control strategies
and making comparison by taking into its possibility to use, are
recommended.
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Appendix

Thermal power system [26]:

2H1 = 0.1667 puMW s, 2H2 = 0.2017 puMW s, 2H3
= 0.1247 puMW s, D1 = 0.015 puMW/Hz,

D2 = 0.016 puMW/Hz, D3 = 0.015 puMW/Hz,
R1 = 3 Hz/puMW, R2 = 2.73 Hz/puMW, R3 = 2.82
Hz/puMW, Tg1 = 0.08 s, Tg2 = 0.06 s, Tg3 = 0.07 s,

Tt1 = 0.4 s, Tt2 = 0.44 s,
Tt3 = 0.3 s, T12 = 0.2 pu,

T13 = 0.25 pu, T23 = 0.12 pu, P1,2,3 = 2000 MW,

F = 60 Hz, Ki1 = 0.3, Ki2 = 0.2, Ki3 = 0.4

RFB [23]:

Kr−RFB = 1, Tr−RFB = 0.78, Td−RFB = 0, KP−RFB = 1.8
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