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Abstract— This article proposes a sliding mode control (SMC) method to control and optimize the operation of a
flywheel in a photovoltaic energy storage system. The primary objective is to regulate the flywheel's speed to
ensure efficient energy storage and release while guaranteeing system stability and robustness against variations
in solar irradiance and load. The system is modeled in detail, including the photovoltaic system, the boost
converter, and the flywheel. The sliding mode control is designed by defining a sliding surface based on the speed
error, then calculating the equivalent control and discontinuous control to force the system to converge to this
surface. Stability and convergence are demonstrated using Lyapunov theory, ensuring that the speed error
converges to zero in finite time. Finally, the article explores the optimization of the flywheel's operation by
adjusting the SMC parameters, such as the convergence gain and the discontinuous control gain. Numerical
simulations is used to validate the system’'s performance under different operating conditions.

Keywords— Photovoltaic system, Flywheel system, Boost converter, Sliding mode control, Optimization.

I. INTRODUCTION

Photovoltaic energy is one of the most promising renewable energy sources to address current energy and
environmental challenges. By directly converting solar energy into electricity, photovoltaic systems provide a
clean and sustainable solution. However, the intermittency of solar irradiance and variations in energy demand
require efficient storage solutions to ensure a stable and continuous power supply. Among storage
technologies, flywheels stand out for their ability to store energy in kinetic form, offering advantages such as
long lifespan, high power density, and reduced environmental impact ([1]-[6]).

System control plays a crucial role in optimizing the performance of energy systems, particularly in
photovoltaic systems coupled with storage devices. Among advanced control methods, sliding mode control
(SMC) stands out for its robustness against uncertainties and disturbances ([7]-[11]). This technique, based on
nonlinear system theory, forces the system to follow a predefined sliding surface trajectory using a
discontinuous control. It is particularly suited to photovoltaic systems, where variations in solar irradiance and
load can induce significant disturbances.

In a photovoltaic system coupled with a flywheel, regulating the flywheel's speed is essential to ensure
efficient energy storage and release. However, rapid variations in solar irradiance and load make this
regulation complex. A robust and precise control strategy is required to maintain the flywheel's speed at a
reference value while ensuring system stability. The objective of this article is to use SMC to control and
optimize the operation of a flywheel in a photovoltaic energy storage system. Specifically, we aim to model
the photovoltaic system, the boost converter, and the flywheel to establish a comprehensive understanding of
the system dynamics. Based on this modeling, we design a SMC strategy to regulate the flywheel's speed,
ensuring efficient energy storage and release while maintaining system stability. The stability and
convergence of the proposed control method are rigorously demonstrated using Lyapunov theory,
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guaranteeing that the speed error converges to zero in finite time. Finally, we optimize the flywheel's
operation by adjusting the SMC parameters, such as the convergence gain and the discontinuous control gain,
to enhance performance under varying operating conditions. This integrated approach ensures robust and
efficient control of the photovoltaic energy storage system, contributing to more reliable and sustainable
renewable energy management.

The article is organized as follows: first, we present the system modeling, which includes the dynamic
equations of the photovoltaic system, the boost converter, and the flywheel, providing a detailed
understanding of the system's behavior. Next, we focus on the SMC, where we design the sliding surface and
calculate the equivalent control and discontinuous control to ensure robust regulation of the flywheel's speed.
Following this, we conduct a stability and convergence analysis using Lyapunov theory, demonstrating that
the system's speed error converges to zero in finite time and guaranteeing stability under varying conditions.
Subsequently, we apply the developed results to a numerical system model through simulations, validating the
performance of the proposed control strategy under different operating scenarios. Finally, we conclude with a
summary of the results and discuss future perspectives, highlighting the contributions of this work to the
optimization and control of photovoltaic energy storage systems.

Il. SYSTEM MODELING
A. Photovoltaic System

The photovoltaic system is modeled by the following equation:

Vpp+IyuR Vyp+Rsl
-7 VovtlpoRs\ _ 1) _ VovtRslpw
lyw = Tpn = 1o (exp( aNgVy, ) 1) R, @

The different variables and parameters of Eq. 1 are given as follows:
I,,: Photocurrent (4)

I,: Saturation current (A)

Vot Voltage of the PV module (V)

Rs, Ry,: Series and parallel resistances (£2)

a: Quality factor of the diode

Ng: Number of PV cells in series

Vi Thermal voltage (V)

B. Boost Converter

The boost converter is used to increase the voltage of the photovoltaic system. Its dynamic equations are:
diy

LE = Vin + (u— 1)Vout @
av, . .
Cd_otut = —loye — (L — 1y,
where:
- iy @ Inductor current,
- V,ut - Output voltage,
-u:Dutycycle (0 <u<1).
C. Flywheel
d
]d_‘/:Ti - Tout - Tloss (3)
where:

- J - Moment of inertia,
- w : Angular velocity,
- Ty, © Input torque,

- Toyt - Output torque,
- T)oss - LOSS torque.
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For simplicity, we assume T,,,; and T}, are negligible, yielding:

d
J = =Tin (4)
The input torque Ty, is proportional to the current i, :

I11. SLIDING MODE CONTROL
A. Sliding Surface

The sliding surface S is defined based on the speed error = wy..; — w :

S=e+A[edt (6)
where:
- A : Positive design parameter.
B. Derivative of the Sliding Surface
The derivative of S is:
S=¢é+1e (7
Since e = wy..r — w, we have é = —w. Substituting w = T]ﬂ we obtain:
S Tin
S = —T+/1(Wref —W) (8)

C. Equivalent Control u,,
The equivalent control u., is calculated by imposing S:

T.
0= —% + A(Wrep —w) = Ty = JA(Wpep — w)

Since Ty, = k. i, we have:
A _
iy = 2lrer) )
D. Discontinous Control u ;.
The discontinuous control u ;. is added to ensure convergence to the sliding surface:

Ugisc = —Ksign(S) (10)
where:
- K : Discontinuous control gain,
- sign(S) : Signum function.

E. Total Control u
The total control is the sum of u,, and ug;s,:
U = Ueq + Ugisc (11)
IV.STABILITY AND CONVERGENCE
A. LYAPUNOV FUNCTION
To prove stability, we use a Lyapunov function V = %52. Its derivative is:
V=258 (12)
Substituting S and Ty, we obtain:
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V=S <—% + A(Wref - w)) (13)
Replacing i;, we have:
V=s <k'TKsign(S)> (14)
Since S.sign(S) = |S|, we obtain:
v ="25s] (15)
J

B. STABILITY CONDITION
To ensure V < —n|S|, where n is a positive constant, we choose K such that:

"'TK >n = K22 (16)
This ensures V < —n|S|, guaranteeing the convergence of S to zero in finite time.

V. NUMERICAL SIMULATION

In this section, we present the results of the numerical simulation of the photovoltaic system coupled with a
boost converter and a flywheel, under SMC. The objective of this simulation is to validate the system's
performance in terms of regulating the flywheel's speed, optimizing the boost converter's power, and ensuring
robustness against variations in solar irradiance and load. To achieve this, we use the system's dynamic
equations and the numerical parameters defined earlier, incorporating the initial conditions and control gains.
The simulation is conducted over a period of 10 seconds.

We will analyze the boost converter's output power, the flywheel's speed, and the power generated by the
photovoltaic system. These results will demonstrate the effectiveness of sliding mode control in optimizing
and controlling the photovoltaic energy storage system, while ensuring robust and stable energy management
under variable conditions. The different parameters of the system are provided below.

TABLE|
PHOTOVOLTAIC MODULE PARAMETERS
Photovoltaic current L, 85A
Diode saturation current I 1.2x10°A
Series resistance R, 0.2Q
Parallel resistance R, 500 Q
Thermal voltage V; 0.0257 V (at 25°C)
Initial output voltage V,, 30V
Initial output current I,,,, 7A
TABLE Il
BoosT CONVERTER PARAMETERS
Inductance L 2 mH (0.002 H)
Output capacitance C 470 pF (0.00047 F)
Load resistance R 10 Q
Initial output voltage V,,,; 50 V
Initial inductor current i; 5A
Initial duty cycle p 0.5 (50%)
TABLE Il
FLYWHEEL PARAMETERS
| Moment of inertia ] | 0.1 kg-m?
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Initial angular velocity w 100 rad/s
Reference angular velocity w,.., | 150 rad/s
Torque constant k 0.05 N-m/A
Loss torque Tjyss 0.01 N-m
Output torque Tyt 0N-m
TABLE IVV

SMC PARAMETERS
Convergence gain A 10
Discontinuous control gain K 5
Initial speed error e 50rad/s

TABLE V

INITIAL CONDITIONS
Simulation time 0 to 100 second
Initial solar irradiance 1000 W /m?
Initial temperature 25°C

The figures generated by the simulation allow for an analysis of the behavior of the photovoltaic system
coupled with a flywheel. The solar irradiance curve shows the variations in solar energy received over time,
reflecting the step-like sunlight conditions. The photovoltaic power follows this irradiance, while the charging
power varies in response to the difference between photovoltaic production and the load, adjusted by the SMC
controller. The kinetic energy of the flywheel illustrates the accumulation and release of energy based on the
system'’s needs, with variations linked to imbalances between production and consumption. Finally, the energy
losses curve highlights the dissipations due to friction and aerodynamic drag, which increase with the
flywheel's rotational speed. These losses, although small, affect the overall efficiency of the system. Together,
these curves provide a comprehensive view of the energy dynamics and performance of the system.

1000

900 -

80O [~

700

600 —

Irradiance (W/m?)

500

400

300

0 10 20 30 40 50 60 70 80 90
Time (s)

Fig. 1 Solar irradiance

The solar irradiance curve reflects the variations in solar energy received over time, modeled as a step-like
function. The irradiance directly influences the photovoltaic power generation, as seen in the subsequent
figures. The step changes in irradiance allow us to evaluate the system's response to sudden shifts in energy
input, which is critical for assessing the robustness of the SMC controller.

© Copyright 2025
ISSN: 1737-9288



AL MR SRR et G  |nternational Journal of Control, Energy and Electrical Engineering (CEEE)

1000 |

800

600

Power (W)

| I I I | I I I I
0

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Fig. 2 Photovoltaic power and load

This figure compares the photovoltaic power output with the load demand over time. The photovoltaic
power closely follows the solar irradiance profile, demonstrating the direct relationship between sunlight
availability and energy generation. The load, on the other hand, represents the power demand, which may vary
independently. The SMC controller ensures that the system adapts to the imbalance between production and
consumption by regulating the charging and discharging of the flywheel. The figure highlights the controller's
ability to maintain stability despite fluctuations in both power generation and load.
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Fig. 3 Kinetic energy of the flywheel

The Kkinetic energy curve of the flywheel illustrates the energy storage and release dynamics. As the
photovoltaic power exceeds the load demand, excess energy is stored in the flywheel, increasing its kinetic
energy. Conversely, when the load demand exceeds the photovoltaic power, the flywheel releases energy to
compensate for the deficit. The SMC controller ensures smooth transitions between these states, maintaining
the flywheel's speed close to the reference value. This figure demonstrates the flywheel's role as an effective
energy buffer, stabilizing the system under variable conditions.
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Fig. 4 Energy losses in the system

The energy losses curve highlights the dissipative effects within the system, primarily due to friction and
aerodynamic drag in the flywheel. These losses increase with the flywheel's rotational speed, as expected from
the system's dynamic equations. Although the losses are relatively small, they impact the overall efficiency of
the system. The SMC controller minimizes these losses by optimizing the flywheel's operation, ensuring that
energy dissipation is kept within acceptable limits. This figure underscores the importance of considering
losses in the design and control of energy storage systems.

The simulation results demonstrate the effectiveness of the SMC controller in managing the photovoltaic
system, boost converter, and flywheel. The system exhibits robust performance under varying solar irradiance
and load conditions, with the flywheel effectively balancing energy supply and demand. The energy losses,
while present, are minimized, ensuring high overall efficiency. These results validate the proposed control
strategy and provide insights into the system's dynamic behavior under real-world operating conditions.

V1. CONCLUSIONS

The SMC control has proven to be an effective method for optimizing energy management in a photovoltaic
storage system with a flywheel. By adjusting the charge/discharge power based on the discrepancy between
photovoltaic production and load, the SMC control enables:

. Maximizing energy efficiency by balancing supply and demand.

. Reducing energy losses through optimized charge/discharge cycle management.

. Improving system stability by responding quickly to load fluctuations.

The integration of SMC control into hybrid systems combining multiple storage technologies opens
promising prospects for simple and sustainable management of renewable energy.

As a future perspective: Integrating advanced and intelligent control strategies for better management of the
energy stored in the flywheel.
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