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ABSTRACT This paper presents a recent metaheuristic optimization approach of multi-verse
optimizer (MVO) to design load frequency control (LFC) basedmodel predictive control (MPC) incorporated
in large multi-interconnected system. The constructed system comprises six plants with renewable energy
sources (RESs). MVO is employed to determine the optimal parameters of MPC-LFC to achieve the desired
output of the interconnected system in case of load disturbances. The presented system comprises reheat
thermal, hydro, photovoltaic (PV) model with maximum power point tracker (MPPT), wind turbine (WT),
diesel generation (DG), and superconducting magnetic energy storage (SMES). The integral time absolute
error (ITAE) of the frequencies and tie-line powers deviations is proposed as objective function. The effects of
governor dead zone and generation rate constraint (GRC) of thermal plants are considered. The performance
of the proposed MPC optimized via MVO is compared with the other designed via intelligent water
drops (IWD) and genetic algorithm (GA). Additionally, the robustness of the proposed MPC-LFC based
MVO with variation of the system parameters is presented. The obtained results confirmed the superiority
and reliability of the proposed controller compared to the others.

INDEX TERMS Multi-verse optimizer, load frequency control, model predictive control.

I. INTRODUCTION
One of the most important issues in the power system opera-
tion is the stability of frequency, especially in case of distur-
bances. The desired frequency is achieved via incorporating
load frequency control (LFC) in the system, it forces the
deviations of the frequency and tie-line power to stabilize
at zero. Power plants can be interconnected to share the
loads and cover the generation deficiency at any station.
This helps in keeping the system reliability in the event of
failure of generation in one area [1], [2]. Recently, renew-
able energy sources (RESs) such as photovoltaic (PV) and
wind turbine (WT) are integrated with traditional energy
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sources in multi-interconnected system [3]. Many reported
studies were performed on designing LFC incorporated in
the multi-interconnected system. A fractional order (FO)
Fuzzy- proportional-integral-derivative (F-PID) controller
based LFC has been optimized via bacterial foraging opti-
mization (BFO). The presented LFC has been incorporated in
a hydro-thermal system with redox flow batteries (RFB) [4].
Dash et al. [5] presented an optimized LFC based on cascaded
proportional integral (PI) and proportional derivative (PD)
controllers in nonlinear interconnected system via flower
pollination algorithm (FPA). F-PID based LFC has been
presented with three membership functions and tuned via
improved grey wolf optimization (IGWO), hybrid harmony
search cuckoo optimization algorithm (HSCOA) with high
voltage direct current (HVDC) [6], [7]. Shahalami et al. [8]
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investigated the performance of LFC with HVDC link via
a linear quadratic regulator (LQR) controller and Kalman
filter.Arya [1] presented an imperialist competition algorithm
(ICA) to optimize F-PID based LFC incorporated in two-
interconnected system with PV and capacitive energy stor-
age (CES). LFC based PID controller has been tuned via
hybrid pattern search (PS) and gravitational search algorithm
(GSA) [9].Babu et al. [10] presented LFC optimized via crow
search algorithm (CSA). It has been used for solar thermal
and HVDC to minimize the performance index. PID based
LFC has been designed via modified whale optimization
algorithm (MWOA) employed in two-interconnected system
comprising PV and thermal plants [11]. Sharma et al. [12]
implemented six-interconnected area with hybrid LFC via
interline power flow controller (IPFC) optimized by multi-
verse optimizer (MVO). In Ref. [13], sin-cosine algo-
rithm (SCA) has been employed to optimize the cascaded
controller incorporated with the deregulated system of a dish-
stirling solar thermal system (DSTS). Biogeography based
optimized (BBO) has been introduced to optimize PID-LFC
used in DSTS [14]. Arya. [15] presented Fuzzy-PID con-
troller optimized via ICA in different interconnected sys-
tems. In Ref. [16], PID, and Sugeno Fuzzy logic (SFL)
based LFC have been optimized via quasi-oppositional har-
mony search algorithm (QOHSA) and incorporated in dereg-
ulated system with thyristor-controlled series compensator
(TCSC). In Ref. [17], Antlion optimizer (ALO) has been
employed to simulate Fuzzy pre-compensated intelligent PID
controller incorporated in a multi-interconnected system.
Sarkar et al. [18] investigated robust adaptive sliding mode
control (SMC) on three-interconnected plants. In Ref. [19],
Fuzzy-PID with derivative filter based LFC has been opti-
mized via COA in multi-source with HVDC. In Ref. [20],
solar thermal plant including LFC has been presented with
PID optimized via grey wolf optimizer (GWO). Lightning
search algorithm (LSA) has been used in Ref. [21] to compute
the optimal gains of the Integral-double derivative controller
with derivative filter representing LFC with multi-source
system. Ref. [22] studied Fuzzy-PID with fractional order
based LFC incorporated in multi-interconnected system and
optimized via BBO. Ref. [23] presented multi-source system
with HVDC controlled via PID based LFC designed via
invasive weed optimization (IWO), the performance index
based on integral time absolute error (ITAE) is selected as the
target. Nosratabadi et al. [24] studied the predictive modified
PID based LFC optimized via the grasshopper optimiza-
tion algorithm (GOA). Raju et al. [25] presented PI with
fractional derivative (PIDµ) controller optimized via hybrid
antlion optimizer (ALO) based PS for LFC with distributed
generation and flexible AC transmission system (FACTS).
Dhundhara et al. [26] improved the performance of the dereg-
ulated system through CES and thyristor-controlled phase
shifter (TCPS) with tie-line. A modified integral deriva-
tive (MID) optimized via hybrid differential evolution (DE)
and PS has been presented in Ref. [27] for two-interconnected
system. Reference [28] presented PID based LFC designed

via linear matrix inequality (LMI) incorporated in single and
two-interconnected systems. In Ref. [29], gases brownian
motion optimization (GBMO) has been employed to optimize
Fuzzy-PID based LFC. Elsisi et al. [30], [31] presentedmodel
predictive control (MPC) based LFC optimized via bat-
inspired algorithm (BIA) employed in hydro-thermal inter-
connected system. In Ref. [32], salp swarm algorithm (SSA)
has been employed to optimize PID-LFC incorporated in
multi-interconnected system with WT and PV arrays. Addi-
tionally, the effects of real wind speed and solar radia-
tion intensity have been studied. PID based LFC optimized
via improved stochastic fractal search algorithm (ISFS)
has been presented in [33] considering ITAE as the tar-
get. Electro search optimizer (ESO) modified by balloon
effect has been employed to design an adaptive integral
based LFC controller [34]. Fuzzy-PID based LFC incor-
porated in multi-interconnected system and optimized via
the modified sine cosine algorithm (MSCA) has been pre-
sented in [35]. Reference [36] studied the deregulated LFC
based tilted integral derivative (TID) controller optimized
via hybrid teaching-learning based optimization and pattern
search (hTLBO-PS) approach. The MPC based LFC has
been presented with economic costs and very short-term load
forecasting (VSTLF) to minimize the frequency fluctuation
in single area [37]. A generalized multi-period economic dis-
patch (GMPED) problem has been studied with MPC based
LFC integrated renewable energy and controllable load via
bi-level optimization [38]. A system comprising renewable
energy, grid-friendly appliances (GFAs), and energy storage
units incorporated in LFC system based MPC has been intro-
duced in [39].

Most of the reported methods did not touch the applica-
tion of their approaches on large multi-interconnected sys-
tem. Most of them dealt with simple interconnected system
with ignoring some details of governor dead zone and gen-
eration rate constraint of thermal plants, and such models
are far from reality. Additionally, few researchers presented
multi-interconnected system, including RESs. Furthermore,
methods used metaheuristic approaches required large num-
ber of controlling parameters whichmay cause falling in local
optima. Therefore, all these defects are considered in our
work to cover this gap.

The contribution of this work can be summarized as
follows:

• A new approach based on multi-verse optimizer (MVO)
is proposed to determine the optimal parameters
of model protective control (MPC) based LFC
incorporated in large multi-interconnected system
with conventional and renewable energy
plants.
• A new architecture of multi-interconnected system
comprising PV, WT, hydro, thermal, and diesel
generator-based plants is constructed and the proposed
MPC based LFC is incorporated and investigated on the
proposed architecture.
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• Sensitivity analysis is implemented via changing some
parameters of the constructed multi-interconnected sys-
tem.
• The robustness of the proposedMPC-LFC optimized via
MVO under variable wind power is confirmed.

The paper is outlined as: section II presents the mathematical
model of the multi-interconnected system, section III intro-
duces the main principle of the multi-verse optimizer, section
IV explains the proposed optimization problem, section V
introduces simulation results, and section VI presents con-
clusion.

II. MATHEMATICAL MODEL OF THE PROPOSED
MULTI-INTERCONNECTED SYSTEM
The proposed system presented in this work comprises six
plants of thermal, hydro, diesel generator (DG), PV with
MPPT, and WT generation plants with SMES as storage sys-
tem. The architecture of the proposed multi-interconnected
system is shown in Fig. 1.

FIGURE 1. Architecture of the proposed multi-interconnected system.

A. THERMAL PLANT MODEL
The block diagram of the thermal generation unit is shown
in Fig. 2, it can be described as follows [40]:

Governor model Gg =
Kg

Tgs+ 1
(1)

Reheater model Gr =
KrTrs+ 1
Trs+ 1

(2)

Steam turbine model Gt =
Kt

Tts+ 1
(3)

Generator model Ggen =
Kp

Tps+ 1
(4)

FIGURE 2. Block diagram of thermal generating unit.

FIGURE 3. Block diagram of hydro generation unit.

FIGURE 4. (a) Structure and block diagram of SMES. (b) Block diagram of
battery.

FIGURE 5. Theory of MPC.

where Kp, Kt , Kr , and Kg are generator, turbine, reheater, and
governor gains while Tp, Tt , Tr , and Tg are generator, turbine,
reheater and governor time constants.

B. HYDRO PLANT MODEL
The block diagram of the hydro generation unit is shown
in Fig. 3. It can be described as follows [41]:

GMHG =
Kgh

Tghs+ 1
×
TRss+ 1
TRhs+ 1

(5)
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FIGURE 6. Structure of MPC.

Gt =
−Tws+ 1
0.5Tws+ 1

(6)

where Kgh and Tgh are the gain and time constant of the
governor, TRs and TRh are the transient droop and reset time
constants of the hydro governor, and Tw is the nominal start
time of the water in penstock.

C. PHOTOVOLTAIC PLANT MODEL
PV cells are usually connected in series and parallel to meet
the demand. Due to the change of solar radiation throughout
the day, the relation between voltage and current is nonlinear.
It is essential to use maximum power point tracker (MPPT)
for enhancing the output power of the PV panel. The transfer
function of the PV plant with MPPT can be described as
follows [1], [42]:

GPV =
KPV1s+ KPV2

s2 + TPV1s+ TPV2
(7)

where KPV1 and KPV2 are the gains of the PV system with
MPPT, TPV1 and TPV2 are the time constants of the PV
system. The approach used in extracting the MPP from the
PV system is incremental conductance (IC). The conditions
followed in IC can be expressed as follows:

dPPV
dVPV

> 0 At right of MPP

dPPV
dVPV

= 0 At MPP

dPPV
dVPV

< 0 At left of MPP

(8)

D. WIND GENERATION PLANT MODEL
In this study, doubly-fed induction generator (DFIG) based
wind turbine (WT) is considered. The wind energy is con-
verted into electricity via WT which is considered as prime
mover. The output power of the WT can be described as
follows [43]:

PW = 0.5ρACPV 3
W (9)

FIGURE 7. The proposed MPC optimized via MVO.

where ρ is the air density, A is the swept area of WT blades,
Cp is the power coefficient, and V is the wind speed. The
power coefficient of the WT can be written as follows:

Cp(λ, β)= (0.44−0.0167β)sin
(
π (λ− 2)
15− 0.3β

)
−0.00184(λ−3)

(10)

where λ is the tip speed ratio, and β is the blade pitch angle.
The transfer function of the wind plant can be written as
follows [27], [44]:

GW =
Kpw1(1+ sTpw1)

1+ s
×

Kpw2
1+ sTpw2

×
Kpw3
1+ s

(11)

where Kpw1, Kpw2, and Kpw3 are the gains of the wind plant
and Tpw1, Tpw2, and Tpw3 are the time constants of the wind
plant system.

E. DIESEL GENERATOR MODEL
In hybrid power system, the diesel generator (DG) is con-
sidered as an extra unit that provides electrical power output
via a synchronous generator that is connected to the diesel
engine [45]. The transfer function of DG can be described as
follows [46]:

GD =
Kdies(1+ s)
0.025s2 + s

(12)

F. MODEL OF SMES
Energy storage units such as superconducting magnetic
energy storage (SMES), batteries, and flywheel are installed

114626 VOLUME 8, 2020



H. H. Ali et al.: MVO for Model Predictive LFC of Hybrid Multi-Interconnected Plants Comprising Renewable Energy

TABLE 1. Comparison between the errors obtained via the MVO, GA, AND IWD.

FIGURE 8. The proposed steps of the optimization approach.

in the power system to store the excess energy generated from
the power plants. In this work, SMES is considered and its
structure and block diagram are shown in Fig. 4. [47].

In case of fast response of the SMES, the delays caused
by the frequency measurement can be modeled via the block
diagram shown in Fig. 4(a). When the load demand is
changed suddenly, the SMES discharges the stored energy
into the grid via the power conversion system. SMES helps
in enhancing the generated energy to minimize the time
consumed by the system to be stable. While LFC oper-
ates to restore the current in the coil back to its primary
value, the coil is charged by the surplus power in the sys-
tem. The SMES is different than the battery in structure
and transfer function as shown in Fig. 4. The SMES trans-
fer function is based on two stage lead-lag compensator
[47]–[50]. The SMES life is not affected by its ability to
charge/discharge in a short time and ideally reduces the devi-
ation in frequency. However, the battery life is affected by
sudden charge/discharge currents. To compensate for power

system disturbance before LFC operates, the energy storage
system should have a fast-dynamic response. In addition,
the charge/discharge speed of the battery is much slower than
that of the SMES, Therefore, SMES is selected [51].

G. MAIN PRINCIPLE OF MULTI-VERSE OPTIMIZER
Multi-verse optimizer (MVO) was introduced by Mirjalili
in 2016 [52], the MVO theory is based on astrophysics. The
multi-verse describes how big bangs create countless uni-
verses and how they interact with each other through different
types of holes such as worm, black, and white. Physicists
stated that, more than one major explosion generates the birth
of universe. Multi-verses approach runs counter to universe,
despite a tunnel that represents the motion between two uni-
verse pairs and the interacts between white and black. White
holes emit all while black holes attract all. The purpose of
the white holes in MVO is to be at high universe inflation
rates, while and black holes are assumed to have tiny inflation
rate universes. Thus, events are migrated from the elevated
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FIGURE 9. (a) Connection of tie-lines between plants. (b) Simulink model of six-interconnected system.

114628 VOLUME 8, 2020



H. H. Ali et al.: MVO for Model Predictive LFC of Hybrid Multi-Interconnected Plants Comprising Renewable Energy

TABLE 2. Optimal parameters of MPC-LFC obtained via various approaches.

inflation globe to the reality that low inflation is through the
white/black hole tunnels. This action guarantees the enhance-
ment of the inflation rate of the entire universes. Modeling
this action is performed based on the roulette wheel scheme.
The universes were structured in each iteration according to
the space of inflation that is accountable for the development
of the universe. After that, only one universe is selected with
white holes through the roulette wheel as follows:

X ji =

{
X jk , r1<Ui

X ji , r1 ≥ Ui

(13)

where X ji refers to the jth coefficient of ith universe, Xk j is
the jth coefficient of the k th universe, r1 is a random number
in the range of [0,1], and Ui is the ith universe normalized
inflation rate. The updating process followed in MVO can

FIGURE 10. Performance of the objective function with iteration.

be written as (14), shown at the bottom of the page, where
Xj is the jth parameter of the greatest universe, ub and lb
are the upper and lower bounds respectively, and r2, r3, and

X ji =


{
Xj + TDR× ((ub− lb)× r4 + lb), r3 < 0.5
Xj − TDR× ((ub− lb)× r4 + lb), r3 ≥ 0.5,

If r2 < WEP

X ji , If r2 ≥ WEP

(14)
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FIGURE 11. (a) Frequency aberration (dFi), and (b) Tie-line power aberration (dPtie,i) for 1% load disturbance applied on area 1.

r4 are random numbers in the range of [0, 1], TDR is the
rate of the traveling distance and WEP is the probability of
the presence of wormholes. Exploration and local optima
prevention are emphasized by high TDR and small WEP,
which are improved using eqns. (13) and (14) respectively.
Low TDR and high WEP enhance the exploitation process

and provide an accurate assessment of the optimal global
results. TDR and WEP can be expressed as follows:

TDR = 1−
Iter (

1/p)

Iter
(1/p)
max

(15)
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FIGURE 12. (a) GRC model (b) Simulink model of nonlinear six-interconnected system.

WEP = Wmin + Iter ×
(
Wmax −Wmin

Itermax

)
(16)

where Wmin, Wmax, Iter, Itermax, and p are minimum, max-
imum, current iteration, maximum number of iterations,
and precision of exploitation over iterations respectively.

The optimization process starts with initializing the col-
lected random variables representing the universes. At each
iteration, universe factors with elevated fitness migrate
through black/white holes towards universes with small fit-
ness scores. Meanwhile, through wormholes, each universe
meets a random theoretical transition to the finest universe
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FIGURE 13. System time responses of dFi and dPtie, I for nonlinear six-interconnected system.

in its variables. This process is repeated to a pre-defined
peak amount of iterations. Furthermore, the MVO algorithm
retains the finest alternative and uses it to affect the rest of the
alternatives.

III. THE PROPOSED OPTIMIZATION PROBLEM
In this section, the theory of the model predictive con-
trol (MPC) is discussed. Additionally, the LFC with the pro-
posed approach combined MVO and MPC is explained.

A. MODEL OF PREDICTIVE CONTROL
MPC is a recent approach based on predicting the future of
the process to be controlled and widely used in industrial
processes. The MPC is online optimization with various vari-
ables formulations and has the ability to treat the constraints.
Fig. 5 shows the MPC approach theory, where the sample
interval is the vertical axis. The main idea of MPC is to
measure the difference between the reference signal and the
current system output signal and then predict the output at

114632 VOLUME 8, 2020



H. H. Ali et al.: MVO for Model Predictive LFC of Hybrid Multi-Interconnected Plants Comprising Renewable Energy

TABLE 3. Performance specifications of linear six-interconnected system for 1% load disturbance applied on area 1.

intervals of time until the output signal converges to the
reference one [53], [54].

The structure of MPC is shown in Fig. 6, it comprises pre-
diction and control units. The prediction unit is responsible
for expecting the future performance of the system according
to the current output. The objective function constraint is
minimized by the control unit with the aid of the prediction
unit output [55]. The aim of the optimization process is mini-
mizing the difference between the predicted response and the
reference one, as well as the control effort that is subjected to
prescribed constraint [56]. The input and output of each area
can be written as follows:

xp (k + 1) = Apxp (k)+ BSiup (k) p = 1, 2, . . . , n (17)

yp (k) = S−1o Cxp (k)+ S−1o DSiup (k) p = 1, 2, . . . , n

(18)

where A, B, C , and D are the state space matrices, Si and
So are diagonal matrices of input and output respectively, up
is a vector of dimensionless plant input variables, and n is
the number of the plants. In MPC, two phases are employed
to calculate the current move (uk ) which are estimation and
optimization phases. In the first one, the MPC movement is
dependent on the system state which is represented by the
current and future control variables (ȳk , ȳk+1,. . . , ȳk+p).

In the optimization phase, target points, constraints,
and disturbances are represented over a finite interval as

(k + 1, k + 2, . . . , k + P) where P is a finite integer number.
After that, MPC calculates the M movements of uk , uk+1,
. . . , uk+M−1, where 1≤ M ≤ P. The movement of MPC is
determined via solving the following expression:

min︸︷︷︸
u(k),...,u(k+p−1)

p∑
i=1

[
Q
(
rk+1−ŷk+1

)2
+R (1uk+i−1)2

]
(19)

Subject to, umin ≤ uk+1 ≤ umax
ymin ≤ ŷk+1 ≤ ymax
|1uk+i| ≤ 1umax (20)

B. THE PROPOSED LFC WITH MPC
The proposed MPC used in this work is based on linear
time-invariant (LTI) and constructed with the aid of the MPC
toolbox in Matlab Simulink. LTI can be calculated by using
MPC toolbox in Simulink, LTI for first area can be calculated
by removing MPC from the other area and disconnecting the
tie-line. However, LTI of the other areas can be computed in
similar way. For nonlinear system, both governor dead zone
and generation rate constrain are illuminated.

The proposed objective function can be written as follows:
The optimal parameters of the proposed MPC based

LFC (T , P, M , R, and Q) are evaluated via the proposed
methodology of MVO such that minimizing the ITAE of
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TABLE 4. Sensitivity analysis for linear six-interconnected system for 1% load disturbance applied on area 1.
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TABLE 5. Comparative analysis of errors for nonlinear six-interconnected
system for 1% load disturbance applied on area 1.

FIGURE 14. Variable load disturbance.

frequencies and tie-line power aberrations.

ITAE =

t∫
0

n∑
i=1

(
|dFi| +

∣∣dPtie,i∣∣)t.dt (21)

where t is the simulation time, dFi is the aberration of fre-
quency in area i and dPtie,i is the power aberration in tie-line
power in area i.
The proposed LFC with MPC optimized via MVO is

shown in Fig. 7, while Fig. 8 presents the flowchart of
the proposed MVO. The constraints of MPC parameters are
selected as 0.1≤ T≤10, 10≤P≤10, 1≤M≤10, 1≤R ≤10 and
1≤ Q≤10 [30].
The pseudo code of MPC with LFC is presented as

follows:

Algorithm 1MPC Based LFC Optimized via MVO
1. Construct LTI or state-space model of the system with

installed LFC.
2. Initialize MPCi parameters (T, P, M, R, Q)
3. Convert the continuous system to discrete system with

the aid of eqn. (17),
4. When start Simmodel in Simulink, theMPCmeasures

the disturbance (dPL) and the output signal (dFi).
5. Apply (uk+1) to the system using eqn. (20) to predict

the output.
6. for i = 1:P;
7. If dFi 6= ref. signal.
8. Next sample time (k = k+i),
9. end
10. end

TABLE 6. Optimal parameters of MPC for nonlinear six-interconnected system for 1% load disturbance applied on area 1.

VOLUME 8, 2020 114635



H. H. Ali et al.: MVO for Model Predictive LFC of Hybrid Multi-Interconnected Plants Comprising Renewable Energy

TABLE 7. Performance analysis of nonlinear six-interconnected system.

FIGURE 15. System time responses for variable load disturbance applied on area 2.

IV. SIMULATION RESULTS
The optimal parameters of the proposed MPC based LFC
are determined using the proposed MVO with considering
ITAE as objective function. The controlling parameters of
MVO are 50 universes and 100 iterations. The system under
study comprises six different plants including RESs. Addi-
tionally, the effects of the governor dead zone and generation

rate constraint (GRC) of thermal plants are considered. The
SMES capacity and parameters are taken from Ref. [49].

A. LINEAR MULTI-INTERCONNECTED SYSTEM
The constructed system composes six interconnected plants.
The first area has thermal generating unit with PV, the second
one is hydro plant coupled with WT. The third area is thermal
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FIGURE 16. System time responses for variable load disturbance applied on area 4.

plant coupled with DG, the fourth area has a hydro generating
unit with PV. The fifth area comprises thermal plant withWT,
and the last one includes hydro unit and DG. It is assumed
that, all plants have storage system of SMES. The Simulink
model of the proposed multi-interconnected system is shown
in Fig. 9. Regarding to the constructed system shown in Fig. 9,
the block diagrams of PV and thermal plants are constructed
based on the model given in Ref. [1] while the models hydro,
wind turbine, and DG based plants given in Ref. [27], [44]
are presented. The parameters of the constructed system are
given in Table 8 in Appendix A. This architecture is proposed
to study and implement the proposed LFC in large multi-
interconnected system comprising RESs. The change in solar
radiation for PV based plant and wind speed for WT based
plant are modeled as step inputs that represent the load distur-
bance. This means the load disturbance occurs on PV or WT
based plants represents the solar radiation and wind speed
respectively. The first study case is performed by assuming a
load disturbance of 1% applied on the first area. The obtained
results via the proposedMVO are compared to those obtained
via intelligent water drops algorithm (IWD) [57] and genetic
algorithm (GA) for the constructed system with and without

SMES. IWD is selected as comparative approach as It’s
a nature-inspired algorithm and population-based optimizer
like MVO which depends on initializing probable solution
using upper and lower bounds of variables of to be designed.
Moreover, both approaches are similar in optimization pro-
cess composing exploration and exploitation search phases.
Furthermore, the availability of the proposed MVO based
LFC is confirmed by selecting IWD that was not previously
applied to design LFC. Fig. 10 shows the performance of the
fitness function during implementing the optimizer for the
constructed system with and without SMES. The obtained
optimal error, integral time absolute error (ITAE), integral
absolute error (IAE), integral time square error (ITSE), and
integral square error (ISE)) are tabulated in Table 1. It’s clear
that, the MPC optimized via the proposed MVO succeeded in
achieving the minimum error compared to the others. In case
of missing the RESs, the designed LFC via the proposed
MVO has a great effect on the obtained results. As it achieves
ITAE of 3.2348 without RESs based plants. However, when
the RESs based plants are considered the objective function
becomes 0.3131. The optimal parameters of the proposed
LFC are given in Table 2.
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FIGURE 17. System time responses for variable load disturbance applied on area 6.

FIGURE 18. Random wind speed variation.

The results given in Fig. 11 and Table 3 are obtained
via applying IWD and GA for the system with installed
RESs. However, the obtained results via MVO are obtained
for three cases which are system without installed RESs,
system with installed RESs only, and system with installed
RESs and SMES. The deviations in frequencies and tie-
line powers are shown in Fig. 11. Additionally, settling

time (Ts), undershoot (Us), and overshoot (Ms) of their time
responses are calculated and compared to IWD and GA as
given in Table 3. One can get that, the performances of the
frequencies and tie-line power deviations obtained via the
proposed MPC are the best compared to IWD and GA.

B. SENSITIVITY ANALYSIS
To confirm the validity and competence of the proposed
LFC, it has been investigated under the variation of the
system parameters. Sensitivity analysis is implemented on a
linear six-interconnected system via changing some param-
eters of thermal and PV plants like Tg, Tr , Tt , and
Kpv1 in ranges of ±25% and ±50% with considering
SMES. Table 4 tabulates the obtained results of the per-
formance criteria and ITAE. It’s confirmed that, the pro-
posed optimal controller is robust to the variations of system
parameters.

C. NONLINEAR MULTI-INTERCONNECTED SYSTEM
The proposed controller is incorporated in a nonlinear
six-interconnected system considering the governor dead
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FIGURE 19. System time responses for variable wind speed and 1% load disturbance applied on area 1.

band (GDB) and generation rate constraint with consider-
ing SMES. Fig. 12 illustrates the Simulink model of the
nonlinear six-interconnected system. Similar to the linear
multi-interconnected system given in Fig. 9, the constructed
system shown in Fig. 12 is constructed with the aid of models
given in Refs. [3], [27]. A load disturbance of 1% is applied on
area 1. Table 5 tabulates the values of ITAE, IAE, ITSE, and
ISE obtained via the proposed approach in comparison with
the others. However, the optimal parameters of the proposed
MPC-LFC are given in Table 6 for all studied approaches.
The best fitness function is 0.6054 obtained via the pro-
posed MPC-LFC optimized via MVO with SMES. The time
responses of the frequencies and tie-line powers aberrations
are shown in Fig. 13. The performance specifications of the

time responses obtained viaMVO and the others are tabulated
in Table 7. The results given in Fig.13 and Table 7 are
obtained via applying IWD, GA, and MVO on the system
with installed RESs. Moreover, the proposed MVO is applied
for the system with installed RESs and SMES. The curves
and data given in Table 7 confirmed the excellence of the
proposed LFC for nonlinear six-interconnected system.

D. EFFECT OF VARIABLE LOAD DISTURBANCE
It’s important to investigate the proposed MPC-LFC opti-
mized via MVO in case of variable load disturbance. The
presented disturbance is assumed to be in the range [−1%,
1%] applied on the second area as shown in Fig. 14. The
aberrations in the frequencies and tie-line powers at variable
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load disturbance are shown in Fig. 15. It’s important confirm
the stability of the constructed system with installed the
proposed LFC, this is done via applying the variable load
shown in Fig. 14 on the fourth and sixth areas. the aberrations
in the frequencies and tie-line powers for A4 and A6 are
shown in Figs. 16 and 17 respectively. The obtained responses
confirmed the robustness of MPC to maintain stable system
under variable load disturbance applied on different areas.

E. EFFECT OF VARIABLE WIND POWER
In order to confirm the competence of the proposed
MPC-LFC optimized via MVO, the effect of variable wind
power is analyzed on the proposed system given in Fig. 12.
In this case, variable wind speed shown in Fig. 18 is applied
on WT installed in area 2 and area 5 with considering 1%
load disturbance applied on area 1. The aberrations in the
frequencies and tie-line powers at such case are shown in
Fig. 19.

The obtained time responses of the frequencies and tie-line
powers obtained via the proposed MPC confirmed the valid-
ity and competence of the proposed LFC in achieving a
reliable multi-interconnected system not only for the fixed
disturbance but also under variable disturbance and variable
wind power. The excessive analysis performed in this work
and the obtained results represent a qualitative and quantita-
tive support that confirms the validity and efficiency of the
proposed optimized LFC based MPC in all studied cases.

V. CONCLUSION
A novel structure of load frequency control (LFC) incorpo-
rated in multi-interconnected system is proposed based on
model predictive control (MPC) optimized via multi-verse
optimizer (MVO). The integral time absolute error (ITAE)
comprising the frequencies and tie-line powers deviations
is proposed as objective function to be minimized. MVO
is employed to calculate the optimal parameters of the pro-
posed MPC. The constructed multi-interconnected system
comprises reheat thermal, hydropower plants, PV system
with MPPT, WT, and diesel generator (DG). The storage
system of SMES is installed in all considered plants. Six
different plants are interconnected and analyzed with differ-
ent optimization approaches in two cases. The first one is
a linear system, while the second on is a nonlinear system.
Settling time, undershoot, and overshoot are calculated for the
time responses of frequencies and tie-line powers aberrations
obtained via MVO based LFC and compared to IWD and
GA. IWD failed in obtaining acceptable results as it depends
on large controlling parameter defined by the user which
may cause falling in local optima. The proposed MVO based
LFC with SMES achieved the preferable results due to less
controlling parameters which avoid stuck in local optima.
Moreover, MVO has powerful neighborhood exploration fea-
tures. Furthermore, the usage of SMES assists in damping
the frequency deviation as explained before. The system is
investigated under varying some parameters with the pro-
posed controller operated under variable load disturbance.

The obtained results confirmed the superiority and the com-
petence of the proposed MPC-LFC optimized via MVO in
minimizing the frequencies and tie-line apowers deviations in
case of operation under different load disturbances. Modifi-
cations in the exploration and exploitation processes followed
in MVO are recommended in the future work to enhance the
convergence rate of MVO.

APPENDIX
See Table 8 here.

TABLE 8. Parameters of six-interconnected system.
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