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Abstract—Conventional  internal combustion  engine  vehicles (ICEV)  
are among the main contributors to carbon  emissions, which 
significantly damage the ozone layer. Although refueling such  vehicles  
takes  approximately   one minute for  20 liters, enabling a travel 
range of about 100 km at a cost  of roughly R400, the charging of 
electric vehicles (EVs) takes longer, which introduces  new challenges.  
For the same  travel distance,  EVs typically require 40–60 minutes of 
charging at a cost of around R175 for a DC fast charging  station 
(FCS). The rapid growth of electric  vehicles (EVs) in South Africa 
is  driving an urgent need for stable and energy-efficient  charging  
infrastructures. This paper investigates  the impact of flywheel  energy  
storage systems (FESS)  in developing smart EV fast-charging  stations in 
a low-inertia grid. During peak demand  periods, simultaneous 
charging of multiple EVs can result  in low power  density and sudden  
load disturbances.  A hybrid energy  system  consisting of 10 MW  
grid supply,  1.25 MW  from photovoltaic  (PV) and wind energy  
conversion  systems, and 15 FESS units rated at 
100 kW each was modeled  on Matlab /Simulink and validated on a  
Matlab  m-file. To  enhance  stability, an  asynchronous decentralized 
model predictive control (AD-MPC) approach was implemented  to 
coordinate  distributed  energy storage  during peak demand charging 
periods. Simulation on Matlab Simulink results  demonstrated that 
the combined  use of FESS and AD- MPC significantly reduced grid 
frequency deviation from  0.18 
Hz (without FESS) to  0.06 Hz, while  also decreasing charging time 
and improving  power density.  The findings confirm  that FESS offers 
a high-power and fast response solution compared to conventional  battery  
systems. The proposed framework  provides a scalable pathway  for 
low-carbon  and resilient  EV  charging infrastructure,  supporting  
South Africa’s  transition  toward a sustainable energy future. 

 

Index Terms—Flywheel Energy Storage System (FESS); Asyn- 
chronous Decentralized  Model Predictive  Control (AD-MPC); 
Electric  Vehicle (EV) Fast Charging;  Inverter-Based Resources 
(IBR); Frequency Stability; Power Density Enhancement; Smart Grid 
Integration; South African Energy Transition. 

 
I.  INTRODUCTION 

 

The 21st century is characterized by ongoing challenge and 

transition  between electric vehicles  (EVs) and conventional 

internal combustion engine vehicles (ICEVs), driven by con- cerns 

over sustainability,  energy efficiency,  and environmental 
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impact. The global transportation sector is undergoing  a signif- 

icant transformation with the rapid adoption of EVs. Compared to 

conventional ICEVs, EVs are widely regarded  as a cost- effective 

and environmentally  sustainable alternative, offering lower 

operating costs and reduced greenhouse gas emissions [1], [2]. 

South Africa, in particular,  has begun to experience increased  

penetration  of EVs in their grid and transporta- tion systems, 

with government policies and private initiatives supporting  the 

development  of  charging infrastructure  [3], [4]. However,  the 

expansion  of EV adoption  presents both opportunities and 

challenges for the stability of the national grid and traffic. 

Projections indicate that once EVs constitute around  65% of the 

vehicle fleet, significant stress  will  be placed on the power 

system if  charging is not intelligently managed [5]. 

To address these challenges,  advanced smart charging  sta- tions 

are required that can integrate  inverter-based  resources (IBRs) with 

energy storage  technologies.  IBRs integration provides an 

opportunity to supply cheaper,  cleaner  power, but intermittency 

and variability create uncertainties  for grid stability [6]. In this 

context, flywheel  energy storage systems (FESS) have emerged as an 

attractive  solution  due to their fast response times, high cycle life, 

and capability to handle short- duration power imbalances  [7]. 

FESS  can instantly absorb or release  energy to stabilize the grid 

during sudden  load fluctuations,  such as peak EV charging demand 

[2], [5]. 

This paper proposes the development of a smart  charging 

station model that incorporates  both FESS and IBRs, as shown 

in Fig. 1, controlled by an AD-MPC. The FESS  is designed  to 

provide stabilization  and frequency  support  to the EV-grid 

system during EV peak demand, while the IBRs ensure  the 

operation of  SCS at low  cost. By  combining these technologies,  

the proposed system aims to enhance the resilience of South 

Africa’s EV charging infrastructure while maintaining 

affordability and sustainability for future large- scale EV 

adoption. The table presents  a comparison   of the different 

charging technologies and a Table  I comparing the annual usage of 

EVs and ICEVs. 

The remainder of this paper is structured as follows.  Section 
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TABLE I
COMPARISON OF ANNUAL USAGE BETWEEN EVS AND ICEVS

Vehicle Type E (100 km) Ean Fuel Price An Cost
EV (Public
AC Charging) 16 kWh 2,400 kWh R5.50/kWh R13,200
EV (Public DC
Fast Charging) 16 kWh 2,400 kWh R9.00/kWh R21,600
Petrol Car 7 L 1,050 L R25.00/L R26,250

Fig. 1. Image of hybrid smart EV fast charging stations

II provides a review of FESS with EV charging control
methods. Section III presents the proposed AD-MPC strategy.
Section IV describes mathematical modeling of the global grid
system and the local FCS system. The case study is described
in Section VI, the results are presented in Section VII, and
the conclusion and recommendations for future directions are
presented in Section VIII.

II. BRIEF LITERATURE REVIEW

A brief literature review was conducted to assess the current
state of EV technology in South Africa and to identify the
control methods currently being implemented in the charging
infrastructure.

A. EV Companies Present in South Africa

These companies have manufacturing plants in SA, though
many have not yet produced fully electric vehicles locally.
Major automotive manufacturers operating in South Africa in-
cluding BMW South Africa (BMWSA), Ford Motor Company
of Southern Africa (FMCSA), Mercedes-Benz South Africa
(MBSA), Volkswagen South Africa (VWSA), Nissan South
Africa (NSA), Toyota South Africa Motors (TSAM), and
Isuzu South Africa (ISA) have each introduced or announced
their first EV models between 2013 and 2026 as shown in
Table II-A, with production and market availability steadily
accelerating, collectively, these initiatives are projected to
contribute to a substantial increase in EV production and
adoption in the country by 2030, with the passenger EV fleet
expected to reach approximately 25,456 units, representing
about 0.3 % of the total passenger vehicle in SA [8].

B. Review of EV Control Methods

According to [16], there is an increasing interest in research-
ing and implementing FESSs in IBR situations. The study

TABLE II
PRINCIPAL EV MANUFACTURER AND THEIR LOCATION IN SOUTH AFRICA

Manufacturer Location in SA Notes on EV / NEV involvement
BMW SA [9] Gauteng BMW iX3, 2022
FMCSA [10] Gauteng Ford Ranger PHEV
MBSA [11] Eastern Cape EQC 400 4MATIC, 2019
VGSA [12] Eastern Cape e-Golf pilot project. FEb. 2020
NSA [13] Gauteng Nissan Leaf, 2013
TSAM [14] KwaZulu-Natal Toyota bZ4X, 2025
ISA [15] Eastern Cape D-Max EV, 2026

finds that FESSs have tremendous potential for improving grid
stability. In [17], a droop-based control approach is used to
coordinate an EV-FCS without using digital communication
between the grid and FESS converters. The suggested method
responds well to system-level inputs while remaining consis-
tent with the EV battery’s specified charging profiles. In [18],
mixed integer linear programming (MILP) is utilized to study
the economic efficiency of EV-FCS with increased battery-
flywheel energy storage. The results show that the battery-
flywheel enhanced FCSan can reach a net present value up to
12 % higher than that of system FCS without energy. In [19],
a frequency regulation trial was conducted utilizing a hybrid
energy storage system (HESS) consisting of a 1 MW flywheel
and a 4 MW lithium battery.

The PSO algorithm was used to minimize wind-solar power
fluctuation. HESS saves expenses by 45.1 % when compared
to single-battery energy storage. This is one of the first
initiatives in the world to apply the HESS model to an IBR,
proving the viability of employing several storage technologies
to smooth wind power variations. Recent innovations combine
MPC and its derivatives, such as asynchronous decentralized
MPC (AD-MPC), to boost the dynamic performance of WECS
in hybrid renewable systems [20], [21]. When combined with
FESS, these control techniques assist in reducing frequency
deviations, increasing grid stability, and enabling high-power
EV charging operations. Depending on the DC bus voltage
variance and real-time grid demand at the charging station,
the FESS can absorb (charge) or release (discharge) energy.
Equation (1) provides the energy Ef of a FESS.

Ef =
1

2
Jω2

m (1)

where: ωm represents the rotor speed driving the FESS,
whereas J represents the machine’s moment of inertia driving
the flywheel. FESSs’ major components include flywheel
rotors, motor types, bearing support technologies, and power
electronic converter technologies. In [22], FESSs are discussed
in several contexts. The interest stems from an application
involving a ride-connected electric vehicle charging station
equipped with photovoltaic (PV) generators and an FESS
EV. When the overall investment costs of two systems, the
Bat-PVHS (battery and photovoltaic hybrid system) and the
FL-PVHS (flywheel and photovoltaic hybrid system), are
compared, the FL-PVHS has a somewhat lower total lifetime
investment than the Bat-PVHS does.
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Fig. 2. Topology of the FESS, EV, and IBR coupled on the same DC bus

III. METHODOLOGY

It is reported in [23] that the increasing number of EVs
in South Africa is estimated to exceed about 22,500 vehicles
by 2030, which projects South Africa among the countries
to cope with this technology. The intention is to develop a
large-scale charging hub of approximately 35 fast chargers
(FCS units) operating simultaneously, each rated at around 350
kW, and typically charge EVs for 20–40 minutes per session.
The instantaneous power demand resulting can easily reach
12.5 MW, leading to rapid load fluctuations and stressing both
the grid and the IBR on-site. To achieve this, it is necessary
to predict the demand capacity of EV, which determines the
choice of MPC. This MPC was used in [24] to control FESS
for charge/discharge control. However, it does not explicitly
combine EV charging and FESS in the same scenario.

The FCS control units (EV chargers, PV, WECS, and
FESS subsystems) can update their decisions at different times
or rates without global synchronization. This is particularly
relevant in real charging environments, where communication
delays can occur. This describes the asynchronous nature
of the problem. Each local controller optimizes its charging
or power exchange profile considering the station’s power
balance and renewable energy availability. Furthermore, the
distributed framework ensures global coordination through
limited information exchange, which describes the decentral-
ized nature of the problem.

To effectively manage this complex, large-scale, and dy-
namic system, shown in Fig. 2, the local control of FCS
is independent of the global control of the system. An
asynchronous distributed model predictive control (AD-MPC)
strategy is adopted. Unlike conventional centralized MPC,
which requires global state information and synchronized
communication, AD-MPC enables local controllers (e.g., each
charger or energy storage unit) to operate semi-independently
while exchanging limited information with their neighbors or
a coordinator. This structure offers several key advantages for
smart charging stations:

IV. MATHEMATICAL MODELING AND CONTROL
FRAMEWORK

The swing equation (2) is the fundamental dynamic equation
that describes how the rotor angle (frequency) of a syn-
chronous machine responds to grid power imbalances.

J.dωm

dt +B.ωm = Te − TL

Te = ϕs.iabc
dδ
dt = ωi − ωj

(2)

where: J,B, ωm and TL are the moment of inertia, the
magnetic friction, the rotor speed, and the load torque, respec-
tively. On this assumption, the measured voltage at the PCC
can be regarded as the same as the voltage reference, that is
Vpcc = Vref , and θpcc = θref . The linearized (Small-Signal)
form of the (2) used in MATLAB/Simulink, for small-signal
stability studies and control design, is given in (3).

∆ω̇ =
ωs

2H
(∆Pm −∆Pe −D∆ω) (3)

A. Power Balance in the Smart Charging Station

At every time step t, the station must satisfy the power
balance (4).

PPV (t) + PW (t) + Pfl(t) + Pg(t) = PEV (t) + Pl(t) (4)

where PPV (t) and PW (t) represent IBR power inputs,
Pfl(t) is the power exchanged by the flywheel, and Pg(t)
is the grid import or export power. PEV (t) denotes the
instantaneous EV charging load, and Pl(t) includes converter
and transmission losses. During charging or discharging, the
FESS can act as both a power charging (Pfl < 0) or a power
source discharging ( Pfl > 0).

B. Conventional Synchronous Generator / Single Area LFC
(basic blocks)

Let us consider the nonlinear swing equation, which mathe-
matically represents the grid as shown in the (2), to define the
classic swing equation used in LFC as shown in (5). Convert

to power form (per-unit) using (M =
2H

ωs
) (or use (M) inertia

constant in pu·s).

M∆ω̇(t) = ∆Pm(t)−∆Pe(t)−D∆ω(t) (5)

considering the governor and the turbine as shown in the
(6) τg∆Ṗg +∆Pg = − 1

R
∆ω +∆Pc

τt∆Ṗm +∆Pm = ∆Pg

(6)

where R is the speed drop, (τg, τt) is the time constants of
the governor and the turbine, and (∆Pc) is the setpoint power.

The change in the tie-line ∆Ptie,12 (two-area) linearization
for two areas, tie-line power deviation (linearized), is given by
(7).
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∆Ptie,12 = T12

(
∆δ1 −∆δ2

)
(7)

where: T12, ∆δ1, ∆δ2 are respectively the tie-line coeffi-
cient, the change in rotor of machine 1, and machine 2. Since
∆δ̇i = ∆ωi, the tie-line couples the swing equations of two
areas. Let us determine the small signal state space of the
system by considering the small signal of a single area.

x =
[
∆δ ∆ω ∆Pg ∆Pm

]T
(8)

then



∆δ̇ = ∆ω

M∆ω̇ = −Ks∆δ −D∆ω +∆Pm −∆P dist
e

τg∆Ṗg = −∆Pg − 1
R∆ω +∆Pc,

τt∆Ṗm = −∆Pm +∆Pg,

(9)

C. Development of the Wind Energy Conversion System
(WECS)

The output from the generator is conditioned using a back-
to-back converter to allow variable-speed operation and imple-
ment maximum power point tracking (MPPT), which ensures
optimal energy capture at different wind speeds [25]. In South
Africa, the adoption of WECS is gaining momentum as part
of the transition toward IBR generation, especially for smart
charging station integration [26]. Therefore, it is important to
integrate the WECS in this project. Let us use a rotor-coupled
(DFIG / SG) WECS has mechanical inertia with nonlinear
aerodynamic mechanical power as shown in (10).

Pm,w = 1
2ρACp(λ, β), V

3
w (10)

where Vw is the wind speed, A is the area, λ is the tip-speed
ratio, and(β) is the pitch coefficient.

Linearizing Pm,w about the operating point gives the small
signal mechanical power change as shown in the (11), with
Kwω, Deltaωw, and ∆Vw, these voltage and speed coeffi-
cients.

∆Pm,w ≈ Kwv,∆Vw +Kwω,∆ωw + . . . (11)

Assuming the WECS is grid-connected through a DFIG, it
contributes inertia (Mw) and damping (Dw) to the aggregated
system. The small-signal swing contribution used in the AD-
MPC is given in (12).

Mw∆ω̇ = ∆Pm,w −∆Pe,w −Dw∆ω (12)

Pitch control and torque control dynamics can be modeled
as additional first-order dynamics (time constants (τpitch, τtc)).

D. Development of Photovoltaic (PV) Plant with Full Con-
verter

The Photovoltaic (PV) plant plays a pivotal role in modern
IBRs systems, providing a clean and sustainable source of
electricity, despite having no rotating mass, no physical inertia
[21]. In South Africa, where solar irradiance levels are among
the highest globally (averaging 2200 kWh/m² per year), PV
systems are a cornerstone for achieving decarbonization and
supporting the integration of EV smart charging stations [27].
The rise of distributed energy resources and the integration
of PV systems using advanced control strategies such as AD-
MPC have been extensively investigated. These approaches
enhance the stability, power quality, and load-following capa-
bility of PV plants, especially when coupled with FESS for
transient smoothing and peak-shaving applications in EV fast-
charging networks [20], [21]. Key dynamic elements, Power
available (nonlinear) on PV solar, are given by the (13).

PPV (t) = ηAI(t)f(T, . . .) ≈ PPV 0 +
∂PPV

∂I
∆I(t) (13)

where I(t) is irradiance. The disturbance due to sudden
cloud inverter control (small-signal), assuming the PV inverter
implements droop/virtual inertia as shown in the (14).

τinv,∆Ṗpv +∆Ppv = −Kdroop
pv ,∆ω +∆Pref +GI(s)∆I

(14)
where GI(s) maps irradiance variation to output power

(fast). Without frequency control, the photovoltaic system is a
disturbance injection as shown in (15).

∆Ppv(s) = GI(s)∆I(s) (15)

PV solar with grid-forming mode, if the PV solar inverter
runs as a grid-forming source with virtual inertia Mpv as
shown in the (16)

Mpv∆ω̇ = ∆Ppv,ctrl −Dpv∆ω (16)

with control dynamics τinv on the power setpoint. Practi-
cally, many PV plants can provide fast active power support
via curtail/over-dispatch or droop emulation with sub-second
dynamics.

E. Development of Small-Signal Linearization FESS Dynamic
Model

The FESS is modeled as a Permanent Magnet Synchronous
Motor (PMSM) coupled to a flywheel with inertia through a
grid-forming converter, as shown in (17).

{
J∆ω̇r = −

(
Pf0

ω2
r0

+Bf

)
∆ωr − 1

ωr0
∆Pf +∆Tm

τc∆Ṗf = −∆Pf +Kc∆uf

(17)

FESS energy dynamics: energy decreases when discharging,
and increases otherwise. Sign convention: (Pf > 0) means
discharge supplying the DC bus; adjust the sign if you prefer
the opposite

Ėf = −Pf (18)
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F. Development of EV Charging

A common, tractable EV battery model suitable for system-
level control is the first-order equivalent circuit as shown in
the (19)


Vbat(t) = Voc(SoC(t))−RbatIbat(t)

Ceq
dVoc

dt
= −Ibat(t)

Qcap
=⇒ ˙SoC(t) = − Ibat(t)

Qcap

Pev(t) = Vbat(t)Ibat(t)
(19)

Where: SoC is the state of charge (0–1), Qcap is battery
capacity (Ah), Rbat is the internal resistance, Ibat is charging
current (A), (Voc(·)) is an open-circuit voltage vs SoC (non-
linear).

The global system is not part of this study; the development
of the state, the input, the disturbances, and the output equation
is left to the reader. Let’s develop the EV fast charging station
control by the AD-MPC. The state equation of the system can
now be obtained by considering all injections into the swing
equation (5), (6), (12), (14) aggregate single-area LF model,
including IBRs and FESS, to obtain (20), which is determined
by a matrix in x

Mtot∆ω̇ = ∆P (conv)
m +∆PW +∆Ppv+∆Pfl−∆Pe−Dtot∆ω

(20)
where: Mtot = Msg+M (if emulated)

w +M (if emulated)
pv (aggregate

inertias), (Dtot) sums damping/droop, (∆Pfl) is the flywheel
injection (FESS), typically modeled as first order include both
disturbance terms (wind/irradiance) and controlled responses
(droop/emulation).

x =
[
∆δ ∆ω ∆Pfess ∆Pm ∆Ppv ∆Pwec

]T

ẋ =



0 1 0 0 0 0

− Ks

Mtot
−Dtot

Mtot

1

Mtot

1

Mtot

1

Mtot

1

Mtot

0 0 − 1

τf
0 0 0

0 0 0 − 1

τt
0 0

0 0 0 0 − 1

τinv
0

0 0 0 0 0 − 1

τW


where inputs (u) include control commands to the turbine,

FESS, PV/WECS setpoints; disturbances (w) include irradi-
ance, EV charging, and wind speed deviations.

G. Mathematical Modeling of EV Fast Charging Station

Let represent the active set of chargers by A(t), the EV
charging power is defined as PEV (t) =

∑
i∈A(t) Pch,i(t). The

DC bus voltage Vdc dynamics shown in Fig. 2 is given by
(21). The station level power balance (instantaneous) is given
in (22).

{
CdcV̇dc(t) =

1
Vdc(t)

(
Pg,dc + PPV,dc + PW,dc + Pfl,dc

−
∑

i Pch,i − Pl

)
(21)

{
Pg(t) + PPV (t) + PW (t) + Pfl(t) =

∑Nch

i=1 Pch,i(t)

+Paux(t) + Pl(t)
(22)

AD-MPC design the prediction model uses linearized
(Ad, Bd). The terminal constraint/penalty enforces the min-
imum SoC objective. Robustness: tube-MPC or constraint
tightening to handle asynchrony and IBRs uncertainty. This
is the core equality the AD-MPC must satisfy or manage via
controlled grid import Pg(t), FESS dispatch (Pfl), and charger
setpoints (Pch,i). The EV model is as follows.

1) State, Input, and Disturbance Vectors:

• States : [
∆Vdc ∆Pf ∆Ef ∆PEV

]T
• Inputs (control):

u =
[
∆Pg ∆uf ∆P cmd

EV

]T
where ∆uf is the FESS power command and (∆P cmd

EV )
is the aggregate charger power command from the station
controller.

• Disturbances:

w =
[
∆Ppv ∆Pw ∆Ploss

]T
• Outputs :

y =
[
∆Vdc ∆PEV ∆f

]T
(choose as needed).

Nonlinear (physical) equations base relations: DC bus
energy/voltage dynamics is obtained by an approximate
energy form. Vdc(t) ≈ Vdc0 of (21), so factor 1/Vdc0 is
constant. Aggregate charger dynamics (power tracking)
as shown in (23)

τch, ṖEV + PEV = P cmd
EV (23)

Linearize around the equilibrium and write in compact form:

ẋ = Ax+Bu+ Ew

With the chosen states, the matrices are:

A =



− 1

CdcVdc0

∂Ploss

∂Vdc

1

CdcVdc0
0 − 1

CdcVdc0

0 − 1

τf
0 0

0 −1 0 0

0 0 0 − 1

τch


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B =



1

CdcVdc0
0 0

0
Kf

τf
0

0 0 0

0 0
1

τch



E =


1

CdcVdc0

1

CdcVdc0
− 1

CdcVdc0
0 0 0

0 0 0

0 0 0


Outputs is y = Cx, with y = [∆Vdc, ∆PEV ]

T

C =

[
1 0 0 0

0 0 0 1

]

V. ASYNCHRONOUS DECENTRALIZED MODEL
PREDICTIVE CONTROL (AD-MPC)

The small signal of the local system is made of stack states
x = [∆SoCi, ∆Vdc, ∆Pfl, ∆ωg, . . .], linearize dynamics in-
put u contains charger power commands and storage dispatch
commands. This model can be used in discrete-time after sam-
pling the MPC prediction model xk+1 = Axk +Buk +Ewk.
Each local agent (charger or storage) solves an objective
function by minimizing Ji over horizon Np as shown in (24),
which is subject to the grid prediction model and constraints.

The AD-MPC optimizes each subsystem (PV, WECS,
FESS, Grid) independently, ensuring coordination through
iterative updates of the predicted states and charging buses,
without requiring continuous communication. At each control
interval k, each local controller i minimizes its own cost
function.

min
Pfl(k),Pg(k)

Ji =

{∑k+Np

i=k w1(PEV (i)− Psup(i))
2+

w2Pg(i)
2 + w3∆Pfl(i)

2

(24)
subject to: Psup(i) = Pg(i) + PPV (i) + PW (i) + Pfl(i)
Where: Np is the prediction horizon, w1, w2, w3 weighting

factors, Psup is total supplied power, ∆PFESS(i) is the power
rate constraint for FESS.

In summary, the algorithm flow of the AD-MPC to control
an EV-FCS follows these steps:

1) The asynchronous updatemechanism allows each local
controller to optimize and update at different sampling
rates or when communication packets are delayed, en-
suring scalability for large-scale EV charging infrastruc-
tures. The decentralized structure reduces computational
complexity and increases fault tolerance.

2) Prediction Each local controller predicts future states
using local measurements and the model of FESS-IBR
dynamics

3) Optimization Solve the local MPC problem to minimize
(Ji) subject to constraints.

TABLE III
RESULTS OF EV CHARGING ENERGY IN DIFFERENT SENARIOS

Scenario Pe (kW) PEV (kW) tc (min)
Without FESS 11,250 321.4 18.7
With FESS 12,000 342.9 17.5
With FESS + AD-MPC 12,600 360.0 16.7

TABLE IV
RECORDING OF THE FREQUENCY DEVIATION AND CHARGING TIME

Scenario ∆f(Hz) Trec Stability
Without FESS -0.18 Hz Slow (>20 s) Poor/grid
With FESS -0.09 Hz Moderate Improved damping
FESS/AD/MPC -0.06 Hz Fast (∼ 6 s) Excellent

4) Asynchronous Update Apply the most recent control
input (ui(k)) even if neighboring subsystems have not
updated.

5) Coordination Exchange limited information (power and
state of charge) between neighboring units to ensure
system-wide balance.

6) Reiteration Repeat the process at the next sampling
instant.

VI. CASE STUDY

The proposed case study focuses on FCS integrated within a
low-inertia power system. The system consists of three major
components: LFC unit connected to the main grid, supplying
10 MW of power; IBR, which includes a WECS and a PV
plant, jointly providing an additional 1.25 MW; and 15 FESS
rated at 100 kW each, capable of delivering up to 1.5 MW
total. During peak demand conditions, the FESS units supply
50 % of their rated capacity (750 kW) to support the charging
station. The FCS is designed to accommodate 35 EVs charging
simultaneously, each at a fast-charging rate of 350 kW and an
average energy requirement of 100 kWh per session.

VII. RESULTS AND DISCUSSION

A. Impact of FESS on the EV Power Density

The first sets of results evaluate the impact of FESS and the
AD-MPC controller. To do so, the system without FESS, the
system with FESS, and the system with FESS and AD-MPC
are evaluated. Without FESS, charging takes the longest. With
FESS: FESS contributes 750 kW, boosting available power as
shown in Fig. 3 and reducing charge time Fig. 4 by 7 %, With
FESS + AD-MPC, the dynamic coordination is improved by
5 % gain further reducing charge time by 10 % overall. The
recapitulation of results is shown in the Table. III where PT

is the total power, PEV is the total power per EV, tc charging
time.

B. Impact of Many EV Charging Simultaneously on the Grid
Frequency

When multiple EVs charge simultaneously, the sudden
increase in load leads to a significant impact on the grid
frequency, resulting in noticeable frequency deviations. To
assess the effect of this load fluctuation, the grid frequency
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Fig. 3. Power Density for EV Charging under Different Scenarios

Fig. 4. EV charging Time under different scenarios

response is evaluated under three scenarios: without FESS
support, with FESS integration, and with FESS controlled
using AD-MPC, as shown in Fig. 5, and the results are
summarized in a Table. 5.

When 35 EVs (350 kW each) start charging, the grid
frequency drops due to a sudden increase in 12.25 MW
load. FESS mitigates this by rapidly injecting stored energy

Fig. 5. Initial Frequency Dynamics during EV Charging

from FESS, improving frequency recovery. AD-MPC further
optimizes FESS dispatch asynchronously across subsystems,
reducing overshoot and enhancing overall system stability.
This study confirms that the combination of FESS and AD-
MPC can transform the operation of EV charging networks
from passive loads into active, grid-supportive systems.

VIII. CONCLUSION AND RECOMMENDATIONS FOR
FUTURE TRENDS

This study demonstrated that integrating FESS with AD-
MPC significantly enhances the stability and efficiency of EV
smart charging stations powered by IBRs. The proposed sys-
tem minimized frequency deviations, improved power density,
and reduced charging time, showing clear advantages over
conventional configurations without FESS.

The findings indicate that FESS technology can serve as a
fast response and durable energy buffer for the EV, making
it ideal for mitigating grid instability caused by large-scale
EV adoption in South Africa. Looking ahead, future trends
should focus on real-time hardware implementation, AI-driven
predictive control optimization, and hybrid energy integration
strategies combining PV solar, WECS, and kinetic storage.
These directions will advance the development of resilient,
low-carbon, and intelligent EV charging infrastructures aligned
with South Africa’s 2030 energy transition goals.

The proposed control strategy not only mitigates frequency
deviations during peak demand but also reduces the average
charging time per vehicle by maintaining a stable power
density. Hence, the proposed hybrid configuration represents a
sustainable and high-performance solution for the integration
of renewable energy sources and large-scale EV charging in
South Africa’s low-inertia power grid.
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