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ARTICLE INFO ABSTRACT

Keywords: Although electric vehicles (EVs) offer bidirectional charging and can serve as mobile energy storage units,

Autonomous microgrid;Electric vehicle integrating them into microgrids and enabling them to participate in load frequency control (LFC) has proven to

aggregator;Energy storage system;Fuel cell be a significant challenge. One of the crucial issues is the unpredictability of EV usage patterns, which can lead to

Load frequgncy control sudden fluctuations in generation-demand balance. This unpredictability makes it difficult to coordinate EV

Model predictive control . . . . . . . o
charging and discharging with the grid’s frequency control needs. Classical control techniques lack the capability
to handle the EV’s stochastic behavior. To address this, the study proposes the integration of a battery energy
storage system to maintain continuous generation — demand balance. Then, a finite horizon model predictive
control (MPC) is applied for the LFC of a two-area islanded MG integrated with the EV charging station. The MPC
generates the optimal signals for the optimal adjustment of the power generation of the dispatchable sources as
well as the EV aggregators. To evaluate system stability, the local input-to-state stability (ISS) criterion is
employed. Simulation results demonstrate that the proposed MPC-based LFC outperforms conventional methods
in terms of frequency nadir, settling time, and rate of change of frequency (RoCoF). Under a 2 % step load
perturbation in one of the control areas (CAs), the proposed MPC reduces frequency nadir to —0.0306 Hz (a 12.9
% improvement over the best alternative), limits RoCoF to —0.0524 Hz/s (a 17.4 % enhancement), and achieves
a minimum steady-state frequency deviation of 4.14 x 107® Hz (a 1.9 % reduction). Furthermore, in response to
random load fluctuations and renewable energy source (RES) variability, the proposed controller ensures that
frequency deviations remain within +0.02 Hz, while RoCoF is constrained within +0.02 Hz/s, demonstrating
superior robustness, constraint handling and faster convergence.

Nomenclature (continued )
piie ith CA tie-power Tges BES .time constant
fi ith CA frequency Trv EV tm.le constant
ACE; ith CA area control error Tore DEq time constant
?; frequency bias constant of ith CA T FC time constant
712 ratio of CA 1 to CA 2 rated capacities T(Jl. 2) synchroizing coeffcient
Pprg diesel engine generator output power Ts sampling time
Ppy output power of PV system ¥ vector of the control variables
Pgy scheduled power of EV fleet ¥y predicted output
Prc fuel cell output power up initial control input
PP load (as disturbance) in ith CA 3 sampling time
Kpi gain of ith CA u predicted control input
Ky gain of EV system X vector of state variables
Tyi ith CA time constant ya set of postive integers
Tpy PV time constant R set of real numbers
Y controlled output,
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(continued)
Vs constrained output
Ay, By, ¢ state matrices
Unin, Umax limits of the control input
Ymins Ymax limits of the constrained output
ACEyf reference area control error
u" ACE weighting matrix
& control variables weighting matrix
Afmin, Afmax limits of fequency deviation
VDEG DEG optimal control signal
742 FC optimal control signal
WEV EV optimal control signal
ng number of disturbances
n, number of controlled output
ny, number of constrained output

1. Introduction

Frequency control in autonomous micro-grids (MGs) is generally
challenging. This is largely due to the lack of inertial support from the
main grid, leading to the low inertia with drastic rate of change of fre-
quency (RoCoF) and large frequency nadir as possible consequences [1].
In addition, frequency fluctuation (an indicator of mismatch between
power generation and consumption) is often attributed to the intermit-
tent nature of the renewable energy sources (RES) [2,3]. To reduce the
adverse damping effects of non-inertial RES in islanded MG, especially
while handling sudden load variations, large scale energy storage sys-
tems (ESS) such as battery, super and ultra-capacitors, flywheel or
superconducting magnetic energy systems are utilized. Some of these
systems like flywheel ESS are quite sluggish and therefore not suitable
for arresting frequency instability [4,5]. While the battery ESS (BESS) is
known to be cost-ineffective amounting to about 40 % of the total
installation cost of the MG [6,7]. Therefore, ESS of EV is seen as a
promising alternative for frequency stability. This is mainly due to the
fast charging/discharging of EV and the robust algorithms embedded in
their aggregators. It has been established that EVs participation in the
LFC is cheaper than BESS [8,9].

Nevertheless, there are number of issues associated with engaging EV
to participate in LFC. Uncertainties in the EV aggregator to EVs’ sto-
chastic behavior [5,10], delay due to communication between the LFC
controller and the aggregator [11,12], frequent charging and discharg-
ing which is at the detriment to the lifespan of EV’s ESS [13], are among
the identified issues [14,15]. Moreover, the controller design re-
quirements such as accuracy, robustness, and simplicity in the imple-
mentation are of great concern when EVs are made to participate in LFC
[14,16]. As such, numerous research works proposed various techniques
to address these problems.

Thus, the studies in [8,17] assessed the uncertainty in the available
dispatch capacity and time delay associated with charging control of the
EVs and their impact on LFC. The EVs were made to take part in a
multi-objective, Hy/Hy,-based LFC. Other similar studies combined two
controllers in order to achieve better performance [18,19]. In spite of
the improvement in the stability, it is inefficient hybridizing two con-
trollers to perform a task accomplishable by only one. Moreover, with
multiple controllers, it is difficult to effectively incorporate some con-
straints such as the frequency fluctuation limits, ramp-rates or RoCoF
limits [20]. Stability of MG with EV is investigated in [11,21]. With aid
of the solution of Linear Matrix Inequalities (LMI) formed using Lya-
punov Krasovskii (LK) function, maximum allowable time delay for the
MG stability is obtained. However, forming the LMI using LK is
computationally complex and as such it will be difficult to implement. In
[22], a Fractional-order PID (FOPID) controller optimized using Sine
Cosine Algorithm, is applied for LFC in a 2-area system incorporated
with EVs. In a similar studies with the FOPID tuned with particle swarm
(PSO) and aquila optimizer (AO) are presented in [17] and [23]
respectively. Impact of delay in the wireless communicates between the
EV and the controller is also examined [24]. However, in most of similar
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studies, wide stability delay margins are observed and is largely due to
the EV charging pattern and demand response control incorporated.
Effects of EV participation in secondary frequency modulation based on
area control error (ACE) is analyzed in [25,26].

Other ancillary services are combined with the LFC to achieved
better responses [27,28]. In [27], a hybrid of ANFIS and ANN are used to
control the energy flows and frequencies of two-area MG with EV. In
[28], LFC and AVR loops synchronized by introducing a slow optimal
control action on the AVR loop to improve the LFC.

Moreover, there are studies that employed model predictive control
(MPC) for LFC and ascertain the participation of EV in the LFC of con-
ventional PS grid-connected or islanded MG [29,30]. For instance, in
[31], plug-in EV (PEV) is employed for frequency control in a standalone
smart power system power through a diesel engine generator (DEG) and
photovoltaic (PV) systems. The load fluctuations and system un-
certainties handled by an active MPC. As such, a state observer is
required to estimate the unmeasurable states. Similar control scheme is
used in [32] to carryout LFC in an islanded AC MG supplied from wind
turbine (WT), PV and PEV. The MPC is designed to forecast the future
control action following a sinusoidal load disturbance. In [33], a
tube-based MPC is proposed to provide control signals to improve the
dynamic response of aggregated EVs to LFC of RES-penetrated islanded
PS. A reduced order model is obtained by lumping the variations in the
load, WT, PV and the aggregated EVs. Uncertainties brought by external
disturbances are matched using the charging/discharging of aggregated
EVs. The impact of the communication delay is also investigated by
conducting a stability analysis to obtain the delay margin. Likewise, an
MPC-based LFC for MG with EV is presented in [34,9]. The optimal
design of the MPC is constrained by generation rate of the DEGs, fre-
quency fluctuations, among others. The ESS of EVs are designed to
compensate frequency fluctuations in [35]. A centralized and decen-
tralized MPC is optimally designed to control EVs and WTs participating
in the LFC. Also, [36] proposed the use of MPC for the EV aggregators
participating in LFC. EV users’ convenience and payment from the
utility are incorporated in the constraints while designing the MPC.
Conversely, in all these reviewed MPC-based LFC studies, all the state
variables were assumed to be accessible to the MPC. This assumption is
far from reality, since not all the states are not measurable [29,37]. In
addition, most of the study designed the LFC with decentralized control
architecture. One major disadvantage of decentralized control is the
potential lack of coordination between subsystems, which can lead to
suboptimal performance or instability in the overall system [30]. Since
each controller operates independently with limited communication, it
may fail to account for the interdependencies between different CAs.
This can result excessive oscillations and imbalances in the tie-line
power exchanges. Hence, this proposed study proposed robust MPC
controller with centralized architecture for the LFC in a two-area MG
with EV. Instead of optimizing the entire time horizon as applicable to
most optimal controller such as LQR, the proposed MPC optimizes in a
receding time window. The unique contributions that can be credited to
this study include;

e Improving the performance of LFC of a two-area MG taking into
consideration the stochastic behaviour of the EVs and the fluctua-
tions of renewable energy sources,

e Applying a robust finite horizon MPC controller due its predictive

capability to generate the future behavior of the EV aggregator and

generate control actions in advance. The LFC is designed with
centralized control architecture to ensure that both CAs are
controlled simultaneously.

Constraining the RoCoF of the two areas along with other typical LFC

constraints, using a finite horizon MPC used as the supplementary

controller.

The remaining part of the paper is organized with the MG modelling
and frequency controller design presented in Section II and III
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respectively. In addition, the simulation results are comprehensively
discussed in Section IV, and the paper is concluded in Section V.

2. Microgrid modelling

Micro grid (MG) is formed by cluster of ESS, renewable and non-
renewable micro-sources such as WT, PV, DEG, fuel cell (FC) and
loads [10]. In modern day MG, fleet of EVs through the aggregator is
often integrated to the MG and are made to provide ancillary services.

In this study, an islanded MG with two control areas supplied from
various micro-sources is proposed. The first control area (CA;) is pow-
ered from PV and DEG systems and integrated with a fleet of EVs. The EV
aggregator serves as an interface between the EV charging stations (CSs)
and the MG. The second control area (CAy) is equipped with a WT, FC
and battery energy storage (BES).

2.1. Tie-power modelling

The model for the tie-power change in CA;, AP can be derived in s-
domain as function of deviations of area frequencies, as shown in (1),

2z 701 2) ) .
AP = —— = [AF; (s) — AFy(s)]; APy = —yy, APY 1)
Where y,, is the ratio of the rated capacities of CA; and CAy. In this
paper, the CAs are identical, therefore y;, is unity.

2.2. EV modelling

Depending on the mode of the operation of the EVs, the direction of
the power flow can be grid-to-vehicle (charging mode) or vehicle-to-grid
(discharging) mode [38]. Due to the stochastic nature of the charging
pattern, an EV can be disconnected at any time during the charging/-
discharging period. This is undesirable to the frequency response. The
frequency change due to this scenario, is constrained to a band of ffi
and ffi™*. In addition, the proposed scheme constrained the upper and
lower limits of the charging/ discharging power of the EV, PR and Pp%
respectively.

Fig. 1 shows the droop characteristic (P - f) of EV charging. Py is the
reference charging power where the MG frequency stabilizes. The EV is
set to discharges for frequency, f: fi" < f < f,. For frequency, f < fin,
the EV reaches it discharge limit, Pf". This is achieved with aid of a
saturation function, as shown in (2). With the droop characteristics, the
dynamics of the EV is modelled as shown in Fig. 2.

1 AF, (s
) = (v - sal {0 @

min
E V

Dzschargmg mode Charging mode

Fig. 1. EV charging P - f characteristics.
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Charging/discharging control

Fig. 2. EV primary control and charging model.

2.3. Frequency deviation modelling

The frequency deviation, AF; for CA; is modelled as first order
transfer function of the generation-demand mismatches,

K, Pprg(s) + Ppy(s)+
AF,(s) = —2 . 3)
19 =17 5Ty {PEv(s) — P2(s) — P
Similarly, AF, also obtained as,
K, Ppc(S) -+ PWT(S)JF
AF,(s) = —2 . ()]
2(9) =17 sTya | Ppgs(s) — P2(s) — P&

Where P? and PDare the load disturbances in CA; and CA; respectively,
which are primarily the source of the system perturbation. A simplified
transfer function model of the MG system is depicted in Fig. 3.

2.4. Micro-sources modelling

Although some of the micro-sources in the MG exhibit higher-order
dynamics, such as the FC, this study employs approximate first-order
models. With this approximation, the essential dynamics of the micro-
sources are captured devoid the complexity of higher-order represen-
tations. The WT, PV and DEGs powers are modelled as in (5) — (7),

1
APpy(s) = TSTPVAQPV(S) (5)
APyr(s) = mAQWT(S) (6)
1 AF.
APDEG(S) = m (V/DEG(S) _ Rll(s)> (7)

Besides its high-order dynamics, the FC model is also characterized
by some form of nonlinearities. However, since power system control
studies concentrates on low-frequency domain, the impact of the
nonlinearity is insignificant. Therefore, the FC’s transfer functions are
simplified to first-order lag models as shown in (8);

1 AF.
APrc(s) = 17 5T <l//pc(5) - R—Z(S)> (€))

The complete transfer function model of the 2-CA MG is shown in
Fig. 3.

The output of the system is the area control error, ACE formed by
combining the frequency deviation of each CA and that of the tie-line
power. It is, thus, formulated as in (9);

ACE; = ¢,Af; + AP*i=1, 2 9
Where ¢; is the frequency bias constants of ith CA. Rearranging the

modelling equations in matrix form, the state space model of the 2-area
MG is formulated as in (10) and (11).
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The state space model defined in (10) and (11) can be represented in
general form as (12)

{ x(t) = Ax(t) + Bu(t) + Ddp(t) + Edpe(t)y(t) = Cx(t) 12)

Where x € R® and u € R® represent the vectors of the state variables and
control signals respectively. While dp € R? and dggs € R? are the
disturbance inputs from the changes in the load demand and the fluc-
tuations from the RES respectively. The matrices A, B, C, D, and E are the
coefficients matrices. The elements of the control vector, ¥ ¢ R® con-
trols the DEG, EV and the FC. The generation rate of the DEG is con-
strained with a saturation of 9.8 %/min. In the proposed MG, only the
active powers of DEG, FC and EV are controllable and can participate in
the LFC, since PV and WT are non-dispatchable.

3. MPC-based frequency controller
In this section, concept of model predictive control (MPC) is

explained. In addition, the design of the MPC for the MG frequency
control also is presented.
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Afy
Afz
Ppig

P, FC
AP

3.1. Concept of model predictive control

Generally, model predictive control (MPC) entails computing the
solution of an online finite horizon optimal control problem by taking in
to consideration the system dynamics (which can be linear or nonlinear)
and constraints of the states, x € R™ and that of the controls, u € R™. It
involves taking the present measurement at a continuous or discrete
time to predict the future dynamic behavior of the system using its dy-
namic model over a prediction horizon Nj, and optimally generate the
control input & over a control horizon N, (with N, > N¢), in order to
optimize a pre-defined target objective, as illustrated in Fig. 4.

When the system reaches steady state, then @([N;, N, |) is maintained
as u, till another disturbance or a mismatch between the predicted
output y and the set point occurred. As another scenario, when the
optimization problem can be solved for infinite N, and N, then ug (u(0)
= up) can be applied to the system at time t (Vt €[0, co]).

However, this scenario can be difficult to be encountered in reality
because of the disturbances and the output mismatch, the real system
behavior is different from the predicted behavior. Thus, u is only
implemented when the measurement in the next sampling time # is
obtained, at time t+ #. Hence, the prediction and optimization (either
deterministic or stochastic models) used to obtain u(t) is repeated to
determine u(t + #), with N, and N, shifted ahead by #. Due to the
shifting of N, and N, MPC is often regarded as moving horizon or
receding horizon control.

It can be understood that MPC is governed by two basic operations;
prediction and control optimization as shown in Fig. 3.

3.1.1. Model-based prediction

Unlike the rest of the feedback controllers that normally compute
u(t) based on the information of the present state x(t) or preceding state
x(t”) information, MPC obtains u(t) using both the predicted states
x(t+#) starting from x(t).

3.1.2. Control optimization

After predicting the future dynamics of the system to be control, the
MPC then optimizes a predefined objective function obtained from er-
rors in measurements, subject to the constraints of x(t) and u(t).

(a) Online optimization

The predefined objective function that mathematically defines the
target control performance is minimized online at each # € Z*.
Depending on the control objective, the objective function can be inte-
gral squared error (ISE), integral solute error (IAE) or integral time ab-
solute error (ITAE) of the difference between the predicted and the
reference output, or that of an error between u(t) and u(t +#) or their
combination. ISE is the most widely applied. In conventional MPC, the
optimization is repetitively solved online using quadratic programing
till certain stopping criteria is met. The repetition is to a large extent,
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From __ WYrc KD 1
MPC : "‘

ACE, (—-(%}(—@

APYe

Fig. 3. Transfer function diagram of the proposed 2-CA MG.

reduce the model uncertainties and the difference between the real and
predicted dynamics and thus, improve the control performance.

(b) Inputs, States and Controls Constraints

To guarantee the stability of the system, some logical dynamic con-
ditions must be satisfied during the online optimization. These condi-
tions, better referred as constraints can imposed on the inputs, states or
the control variables. One peculiarity of MPC is that the constraints can
be incorporated explicitly into the optimization problem, devoid of any
transformation thereby leading to a less conservative solutions. In
addition, since x(t +#) is obtained through prediction, then u(t) can be
implemented on the system to avert violating the states’ constraints.
Usually, there is a compromise between satisfying the constraints and
obtaining an excellent control performance.

3.1.3. MPC on linear models

The formulation of MPC for linear and non-linear models differ since
the model of the MG considered in this study is linearized (presented in
the next Section), formulation of linear model is highlighted.

Consider a basic form of linear discrete state space in (12);

x(#+1) = Ax(#) + Bu(#) + 7 d(#) 13)

Results in Engineering 26 (2025) 104727

Y, (#) = Cx(#) a4
¥, (#)=Csx(#) (15)

Where d € R™ is the measurable disturbance, y, € R™ is the controlled
output, andy, € R™ is the constrained output. The exact solution of the
DE:s is defined as

%(t) = Ax(£) + Beu(£) + 7 cd(£) (16)

The terms of (13) can be obtained using

A =M a7
y
B= / e*°d5-B; (18)
0
£ o
7= / A7, 19
0

The optimization problem of linear MPC is formulated as

W(x(4), Au(#))

min
Au(£:4=1, .. Nc-1)

Where W is the MPC objective function. The online minimization of W is
subject to inequality constraints in the control input vector, u(#), its
increment, Au(#) and the constrained output, y, defined as

Upin S U(# +1

£) <Upee,t =0, 1,2, ..,N. -1 (20)

Alpin < Au(# +t

£) < AUpe t=0,1, 2, ....N.—1 21)

Where Au(#) = u(t + #) — u(#), Umins Umaxs Ymin a0d ¥pq, are the min-
imum and maximum limits of the control input vector and the con-
strained output.

3.2. Frequency controller design

The proposed LFC has centralized architecture with an MPC as the
central controller. Hence, the control actions in CA-1 are considered as
external disturbance in CA-2 and vice-versa, as against a decentralized
LFC which is completely decoupled. The design of the controller consists
of the Kalman filter (KF) design and that of the rolling optimization of
the MPC.

3.2.1. Kalman filter design

As a model-based controller, the MPC requires comprehensive
knowledge of the entire dynamic system to be controlled. To achieve
effective control, the MPC needs full state information from both CAs of
the CAs. Among the well-known methods for obtaining the state

MPC CONTROLLER

\
1
1
1
1
1
1
1
1
|

Controller
Objective function
Constraints

SYSTEM
Control “—
Signal, u )

Measured & Unmeasured

Reference
input, tixe

Disturbances

Fig. 4. Concept of model predictive controller.
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information are:-

i. Transmitting all the state information over communication channels
to the controller [36],

ii. Estimating the states locally by means of observer by processing the
previous local signals [32].

The first method is more expensive due to the requirement of the fast
communication link. In addition, not all state variables are directly
accessible and those that are accessible often contain noise. Therefore, a
Kalman Filter (KF) is utilized as an observer to estimate the unmeasur-
able state variables accurately. The estimation takes the measurable
variables considering the noises associated with measurements.

The MG model expressed in (12) is with the assumption that all the
state variable are measurable and accessible to the MPC. To design the

min : W; Such that

w#s=1, .. Ne-1
Np Np
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Theorem. Suppose that pair (A, C) is detectable and that Fgf = 0.
Then the solution of (27) converges to a non-negative definite matrix 1:

as #—oo and I satisfies the equation
B AT + BpA + E Wil — 8,CT6CH = 0 (29)
The KF gain is subsequently obtained using (30),
Kig = 8;C"o (30)
3.2.2. Controller online optimization
The MPC optimization minimized a weighted function comprising of

squared tracking errors and control inputs sampled over discrete time #,
as expressed in (31),

(3D

Wi(#) = > (ACE(£) — ACE.(#)) n(ACE(£) — ACE,(£)) + > _w(# —1)" Qu(# — 1)

k=1 k=1

KF, the discrete-time model of (12) is modified to include the mea-
surement noises as in (23)

x(# + 1) = Ax(#) + Bu(#) + Ddp(#) + Ddpe(#) + y,&(#) 23)
() = Cx(£) + §(4)

Where ¢ and J are the Gaussian pseudo-white measurement noises with
covariance matrices Wyy and Vis respectively defined as,

Wis = E{E(#).&(# +1)"} > 0; (24)
Vig = E{3(#)8(# +1)7} > 0; (25)
E{E(#)E(# +1)"} =0; (26)

The KF is designed with the assumption that the pair (4, C) is
detectable and observable and V,, is invertible.

Definition 1. (Observability): The system model, (12) modified to (23)
with the pair (4, C) is observable if and only if for any initial state, x(#¢)
and any final state, x(#,); n =0, 1, 2, ..., i— 1, there exists an input
sequence u(£o), u(#1), ..., U(#n), which relate uniquely x(#y) to
x(£n) :n e R,

Definition 2. (Detectability): For an unmeasured state x(#;), the sys-
tem in (11) with the pair (A, C) is detectable if and only if for any
measured control input u(#,), and output y(#,);n =0, 1, 2, ..., i — 1,
there exist an estimated state X(#,) such that || x(#n) — X(#5)|| =0.

From the definitions, it implies that if a system is observable, then it
is detectable, even though the converse is not necessarily be applicable.

The KF is modelled based on a function of the estimated state vari-
ables x(#) defined in (27). With the application of the estimated out-
put y(#), the state space model for the KF is expressed in (24):

D = limE{(x(#) — X(#))"C"C(x(#) —x(#))} 27
:%(/) = AX(#) + Kig (x(#) — X(#)) Y(#) = Cx(#) (28)

Where Ky is the gain of the KF obtained from one of the solutions of the
Algebraic Riccati Equation presented in [39]. The solution is based on
the following theorem.

Where ACE = (ACE, ACE;)", and w = (wpge Wgy Wic)' are the
output and control signal vectors respectively, whose positive definite
and symmetric weighting matrices are defined as p and €. They are fine-
tuned to improve the dynamic performance of the MPC. N, and N, are
the prediction and control horizons are respectively.

The minimization of (31) was carried out subject to some system and
dynamic constraints, among which are;

e Generation rate: due to inertia of the DEG, the rate at which Ppgg is
changing due to w5 is constrained to GRCpgg take as +8.5 %/min,

e Frequency deviation: f1 and f, are restricted within certain limits as
expressed in (32) to preserve the MG stability.

Af| < Af: i=1, 2 (32)

e RoCoF: the rate of change of frequency (RoCoF), expressed in (33), is
constrained to a limit +0.5Hz/s [40], to avoid abrupt changes in the
area frequencies following a disturbances,

filh +1) - fil#)

RoCoF; = 5%
¢

(33)

The proposed LFC is designed with centralized architecture, as
shown in Fig. 5. This control structure is chosen to its ability to coor-
dinate and optimize the entire system’s performance by managing both
CAs from a single point of control. This holistic view allows it to
simultaneously monitor and regulate both local state variables, x;, (for
ith CA) and global interactions with its neighbouring jth CA, xj. By
having access to system-wide data, a centralized controller can make

ACEret
MG f Controller zEV
Model DEG
(MEC) > Prc
T

Fig. 5. Structure of the proposed frequency controller.
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Y

[ Discretize the CT model using T ]

[

Compute ACE
using (9)

Y

N
Compute initial control input for DEG,
EV & FC, (%) = 0; € R3

v

e N
Solve the optimal control problem in (31)
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Y
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YpEG, Yre, and Yy respectively.

v

[ Check freq. deviation, Af; ]

r

Update: £ = £ + 1]

Fig. 6. Flowchart of the proposed frequency control scheme.

more informed decisions, ensuring optimal adjustments across all sub-
systems. Furthermore, centralized control can quickly respond to large
disturbances affecting multiple areas, providing a more comprehensive
and robust approach to maintaining grid reliability compared to
decentralized scheme.

As depicted in Fig. 5, the MPC uses the ACEs from both CAs and a
predefined reference error (ACE.f), and optimize (31) to generate the
optimal signals for the EV, DEG and the FC.

The generated control signal y g regulates the diesel intake of the
DEG, . regulates the hydrogen intake of the FC, while y,, controls the
charge/discharge of the available EVs through the aggregator. Fig. 6

Results in Engineering 26 (2025) 104727

shows the flowchart of the proposed frequency control scheme

3.2.3. Input-to-state stability analysis

Local Input to State Stability (ISS), which can be understood as a
robustness property of the asymptotic stability of the system equilib-
rium, and providing estimates of the ISS gains. The system model (12) is
analysed to ensure that it is input-to-state stable.

Definition 3. (Input-to-State Stability): A system (12) (discretized at #
sampling time) is locally and uniformly input-to-state stable if there
exists a class ¢ e &<, and 9 ek, so that for any x(#o) and
u(#,):V£ > 0;n e Z" the solution satisfies

e(#n)| < (|| x(£0)l|£n—#0 ) +9( || ul#n)l|es) (34)

The function 9 is said to be « function if it is continuous and strictly
increasing with 9(0) = 0. By extension, the function is k. function
if limy, 0o {9(#n) }—>oo. Similarly, function ¢ in (30) is ¢ function if for
each #, > 0, the function 9(-,#,) is x function and 9(s,#,) is mono-
tonically decreasing with respect to 4, implying that
limy, .o {9(#n)}—0.

For the system in (12) to meet up with the ISS condition, the state
matrix A should have eigenvalues with negative real parts. Thus, it is
stable if the spectral radius, p(A) < 1. From the general solution of the
discretized system (12),

An—1
x(£n) = A"x(#5) + >  AB (35)
J=£o

For some constants Q > 0 and 0 < 1 < 1, it implies that
| A“x(#o)l|< Q2| x(#0) | (36)
By extension, the summation implies that

F#n—1 Fn—1
Y QB <aMy i (38)

J=#4o J=#4o

The geometric series summation in (38) can be expressed as

An—1 Vi
G 1=
> A= (39)
- 1-2
j=#o

Combining (35) - (39),

QM
x(#o) || t1-3 (40)

From the definition in (36),

X(#,) = QI

G| x(#0)||£n ) = QU x(#0) || V£ >0; ne Z* (41)
Similarly,
, Q || u(#n)llo
8( ) ue)) = 2l 42

Since for any bounded control input, u(#,), the state variable x(#,)
remains bounded, it can be deduced that the system in (12) is ISS.

Table I
System parameters.
Parameter Value Parameter Value
Y12 1 Tpy 0.35s
¢, 0.46 puMW/Hz TgEs 0.35s
by 0.44 puMW/Hz Tey 0.75s
Key 122 Hz/ MW Tpee 1.72s
Kgy 82 Hz/MW Trc 0.45s
Tp1 20s 2;,,-7‘()1_ 2 0.545 puMW/Hz
Tpa 22 GRCpre +8.5 %/min
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Fig. 7. Af; with step load variations.

4. Results and discussion

To establish the effectiveness of the proposed on the LFC, the two
area MG is simulated with step and random disturbances. The time-
based simulation study is carried out to demonstrate the performance
of the EV (through the aggregator) only mitigating the frequency fluc-
tuations by reducing the RoCoF. The study is carried out in MATLAB/
Simulink® on an Intel(R) Core(TM) i5-6200U CPU 2.40 GHz computer.
The system parameters are summarized in Table I.

4.1. Selection of MPC horizons

As MIMO system, the MG is controlled using the three optimal sig-
nals; ypge, Wre and yyy serving as the input. While disturbances are
established through the disturbances inputs dp and dggs.

Ideally, best control performance is obtained using the MPC if Np— oo
and N¢—oo. With the large N, the MPC considers long-term effects of
current control actions (u(#,) : V# > 0), leading to more accurate and
optimal control. In addition, As N, increases, the MPC gains the flexi-
bility to plan further into the future, leading to potentially better long-

10% Step Load
—=w== 2% Step Load
m— 4% Step Load
—— 8% Step Load
6 8 10 12 14 16 18 2

Time (sec)

Fig. 8. Af, with step load variations.
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Fig. 10. ACE1 with step load variations.

term performance [30]. However, these come with significant
trade-offs. Large N}, and N, increase the computational complexity. In
particular, large N, value makes the system more sensitive to modeling
errors or disturbances, which can propagate further in time. Thus, in
either scenarios presented in this study, finite values of N}, and N, are
carefully selected to strike balance between computational efficiency
and control performance. The symmetric weighting matrices for the
tracking errors and control inputs g and 2 (both positive definite) are
then defined;

Tracking errors weighting matrices: 4 =1 x Iy,xn, (¢ > 0)

Control input weighting matrices: Q = 0.5 x Iy «n, (& > 0).

4.2. Response to step load variations

To investigate the impact of loading on the LFC, the MG is subjected
to an increasing load changes, and their effects on the LFC are studied.
CA, of the MG is subjected to 1 %, 2 %, 4 %, and 8 % step load changes.
Only the DEG, FC and EV are made to participate in the LFC, as such the
WT and PV are excluded from the frequency support.

In this scenario, N}, and N, are set to 85 and 10 respectively, after an
iterative tuning process. These values were selected to achieve a balance
between computational efficiency and control performance. In addition,
the frequencies in the respective CAs are constrained to +0.2 Hz.

Oy
§aaz
=
&
~ 004
8‘ 1% Step Loed
< -+ 2% Step Load
R I B A S PRSI R U 4% Step Loed
—— &% Step Load

008
0

Fig. 11. ACE2 with step load variations.
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Table II
summary of the responses under/overshoots under different loading conditions.
Step Freq. dev. (Hz) Tie-line power dev. ACE (puMW)
load
Afy Afy Aptlit Apge ACE, ACE,
1% -0.0172 -0.0446 2.03 x -2.03 x 5.01 x 0.0198
10 10 103
2% -0.0306 -0.0724 4.14 x -4.14 x 10.25 x 0.0382
10° 10 10°®
4% -0.0485 -0.1270 6.52 x -6.52 x 15.20 x 0.0566
10 10 103
8% -0.0622 -0.1761 9.23 x -9.23 x 20.05 x 0.0725
103 103 10
Table IIT
Comparative analysis on system dynamic characteristics.
Controller Af1(Hz) Af>(Hz) APt (pu)
Hy/H,,, [8] -0.0485 -0.127 6.52 x 10°
QORSA-based FOID [23] -0.0425 -0.112 4.22 x 10°%
AO-based PID [24] -0.0310 -0.080 4.53 x 10°
CSA-based FOPID [22] -0.0410 -0.077 5.28 x 10
ANFIS/ANN based [27] -0.0600 -0.057 4.58 x 102
PSO-based FOPID [17] -0.0485 -0.126 -
MFO-based LQR/PI [18] -0.0688 -0.0642 4.56 x 10°°
Dec-MPC [35] -0.0410 -0.039 5.26 x 107
SCA-based FOPID [12] -0.0459 -0.0422 6.38 x 10
Proposed -0.0306 -0.0524 414 x 10

It is demonstrated from the Af responses shown in Figs. 7 and 8, that
the MPC has only not the restored the frequency to near zero deviation,
but also constrained to the specified limits.

For instance, the RoCoF; of -0.021Hz/sec, -0.042Hz/sec, -0.086Hz/
sec, and -0.174Hz/sec following the 1 %, 2 %, 4 %, and 8 % step load
changes respectively. It is observed that the maximum RoCoF of 0.2Hz/
sec is not violated.

Similar observation is made in RoCoF,. Even though the developed
MPC-based scheme is capable of suppressing the effect of the load
changes in both CAs, however, the fluctuations in Af, are eliminated
faster compared to that of Af;. This is largely due to the faster response
of BESS in CA; in comparison to the DEG in CA;. Similar observation can
be realised in the AP! and ACE responses, shown in Figs. 9-11.

Moreover, it is observed that the loading has more effect on the

Results in Engineering 26 (2025) 104727

undershoots than the settling time, since the latter depends on the
controller speed and response of the frequency supporting facility. Since
the MG has only two CAs, the AP% and APS* are identical with opposite
direction of the. Table IT summarizes the under/overshoots of the state
variables under different loading conditions.

To evaluate the superior performance of the developed controller,
the responses of the system are compared with responses obtained using
other control schemes, as summarized in Table III. As a basis for the
comparison, the MG is perturbed with 2 % step load increase in one of
the CAs, in all the scenario considered for the comparative analysis.

While various control methods successfully restore frequencies to
nominal values with reduced nadir and steady-state error, the proposed
MPC-based scheme has generally demonstrated superior performance.
However, certain schemes, such as Dec-MPC and SCA-based FOPID,
achieved better frequency responses in CA-2, with nadirs of -0.039 Hz
and -0.0422 Hz, respectively. This can be attributed to the fact that
greater emphasis is placed on minimizing Af; than on AP} while tuning
the controllers. From Table III, it is seen that despite the smaller un-
dershoots in Afy obtained using these schemes, yet the AP§® un-
dershoots are found to be larger than that of the proposed scheme. It is
understood that overemphasizing frequency deviation minimization can
therefore come at the expense of tie-line power performance.

The Dec-MPC scheme effectively reduces the f; by focusing on local
frequency stability, but its decentralized control architecture limits its
ability to adequately manage the piie dynamics. The lack of coordination
between decentralized controllers in Dec-MPC prevents optimal
adjustment of piie, leading to its larger undershoots.

Furthermore, the proposed scheme only stabilized the area
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frequencies and tie-line power with lower nadirs and significant
reduction in their settling times, but also converges faster than the other
control schemes, as shown by the convergence curves for 100 iterations
in Fig. 12. This is due to the effective constraint handling capability of
the MPC controller couples with the careful selection of the N, N, u and
Q.

4.3. Response to step load variations

To assess the participation of the EV fleet in the LFC and the MG
dynamic behavior in a more realistic setting, the MG is subjected to a
random disturbance due to the fluctuations in the change in the load
demand and the generations from RES shown in Fig. 13 respectively
limits.

As in the previous case, after an iterative tuning process, the N}, and
N_ are set to 92 and 15 respectively. These values were carefully selected
to optimize the balance between computational efficiency and control
performance. Furthermore, the frequency deviations in the respective
CAs are constrained to +0.02Hz while the RoCoFs are constrained to

+0.02Hz/s. While designing the controller, the following were as-
sumptions considered;

i. Due to the stochastic nature of the charging pattern, it is assumed
that the EV is available at any instant, ensuring that the power
limits PR and PT¢* are not exceeded,

ii. The communication delay between the DEG, FC and EV with the

MPC controller is assumed to be negligible, thus, the control ac-

tions by the signals; wpgg, Wi and yg, are promptly executed.

At the beginning of the simulations, the initial conditions for all
the system states, {x(#o) = 0: Vx,} are set zero ensuring that no
residual responses in the system prior to applying the MPC.

iii.

With these assumptions, the MPC controller is applied to stabilize the
frequency in both areas. The EV, DEG and FC are made to respond to the
load change and minimize the frequency fluctuations instantly. There-
fore, the MPC generated the gy, Wpgg, and ygc (shown in Figs. 14-16)
to optimally adjust the output powers of these micro-sources.

To assess the effectiveness of the proposed scheme in this scenario,
the responses obtained the under random disturbances are compared
with other control schemes.

Figs. 17 and 18 show the trajectories of Af; and Afs. For clarity sake,
among the schemes used for the comparative analysis, only responses
obtained using Dec-MPC and SCA-based FOPID (identified to have su-
perior performance than the rest of the methods in the previous sce-
nario) are shown.

The results demonstrate that the proposed control scheme achieves
fewer oscillations compared to the other methods, indicating a more
stable system response which is critical for maintaining reliability under
varying load conditions. The trajectories clearly show that the proposed
scheme successfully kept Af within the predefined limit of +0.02 Hz,
highlighting its strong constraint-handling performance. Although the
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Fig. 17. Af, with random disturbance.

Dec-MPC scheme also showed effective constraint management, it
slightly breached the Af, constraint. In contrast, most other schemes,
such as the SCA-based FOPID, significantly violated the constraint in
both CAs. This can be attributed to the poor constraint-handling capa-
bilities of PID controller.

OCB | | | | | | | |
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Fig. 18. Af, with random disturbance.
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Furthermore, the RoCoF of the system responses was also analyzed.
At 10.7 s of simulation time, the proposed scheme achieved a RoCoF; of
0.005 Hz/sec, as shown in the zoomed-in section of Fig. 16. In com-
parison, the Dec-MPC and SCA-based FOPID stabilized the frequency
with RoCoF; values of 0.025Hz/sec and 0.036Hz/sec, respectively. This
demonstrates the superior ability of the proposed scheme to stabilize
frequency with fewer abrupt changes, underscoring its efficacy in
ensuring smoother frequency regulation. Similar observation is made in
the P responses as shown in Fig. 19.

In addition to stabilizing the area frequencies and tie-line power with
lower nadirs and significantly reduced settling times, the proposed
scheme demonstrated faster convergence compared to the other control
methods. This improved performance is attributed to the MPC’s robust
constraint-handling capability, combined with its iterative tuning.

5. Conclusion

The study employed a finite horizon MPC strategy for LFC in a two-
area islanded MG integrated with EV charging stations. A key challenge
in such systems is the inherent variability of RES and unpredictable load
fluctuations, which can significantly impact frequency stability. To
address this, the proposed MPC-based control scheme was rigorously
evaluated under two scenarios: step load changes and random distur-
bances from RES and load variations. The results demonstrated that the
MPC-based LFC effectively mitigates the adverse effects of these fluc-
tuations, maintaining frequency deviations within predefined limits
while minimizing tie-line power oscillations. Compared to conventional
approaches such as Dec-MPC and SCA-FOPID, the proposed controller
exhibited superior robustness, handling random disturbances with faster
convergence and reduced oscillations. Additionally, it significantly
limited RoCoF, ensuring a more stable and resilient MG operation. By
efficiently coordinating power adjustments from dispatchable sources
and EV aggregators, the proposed approach enhances frequency stability
and system reliability, making it a vital solution for modern MGs where
RES penetration and load uncertainty pose major operational chal-
lenges. As future research, the stochastic nature of the EV can be
incorporated while modelling the MG as well as the controller.
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