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HYBRID CONTROL FOR MAXIMUM POWER EXTRACTION AND
VOLTAGE STABILITY IN PHOTOVOLTAIC-BATTERY SYSTEMS
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Photovoltaic power systems face two main challenges: inefficient power extraction under variations in irradiance and temperature,
and DC bus voltage instability due to power mismatches. This paper outlines the development, modeling, and simulation of a
standalone PV system with battery storage and DC-DC converters, employing a hybrid control strategy that simultaneously
addresses these critical challenges. Maximum power point tracking is applied to enhance energy extraction from the PV array
under perturbation conditions. A backstepping controller ensures accurate PV voltage tracking and maintains system stability
under varying operating conditions. Moreover, to sustain the required constant DC bus voltage, a proportional-integral controller
regulates battery charging and discharging. The proposed system is evaluated in MATLAB/Simulink under standard conditions
to assess static stability and under varying irradiation, temperature, and load conditions to test the dynamic stability. A simulation
study was conducted, and the results confirm improved power extraction and enhanced voltage stability, demonstrating the
effectiveness of the proposed approach for DC microgrid applications.

1. INTRODUCTION

Photovoltaic (PV) energy has become increasingly popular
for sustainable electricity generation. PV cells can convert
sunlight into usable electrical energy, making them useful in
rural regions without access to the electrical grid [1].

A significant challenge in standalone PV systems is their
inability to efficiently extract and regulate solar energy, as
their performance is highly influenced by weather conditions
such as irradiation fluctuations and temperature variations.
This can affect the system's ability to supply continuous
energy [2,3]. Additionally, standalone PV systems experience
DC bus voltage fluctuations due to mismatches between
generation and demand. To address this problem, storage
systems are added to PV systems. These systems store excess
energy generated during peak sunlight hours for later use
during low-light hours. Designing and controlling such
systems is often challenging due to the need to balance
performance with operational cost constraints. Therefore,
effectively managing the energy exchange between the PV
system, the battery, and the load remains a significant
challenge, requiring a strategy to optimize both maximum
power extraction and stable voltage regulation in real time [4].

This paper details the design and simulation of a standalone
PV system combined with battery storage and a bidirectional
DC-DC converter. Simulations are performed using
MATLAB. This system is tested under standard testing
conditions (STC) as well as during changes in irradiation,
temperature, and load demand.

The rest of this paper is organized as follows: Section 2
describes the system architecture with PV, battery storage, and
bidirectional buck-boost converter modeling. Section 3
describes the control strategies, which include maximum power
point tracking (MPPT), backstepping, and PI controllers. In
Section 4, the simulation results and analysis are presented. In
Section 5, the paper is concluded with an overview of the results
and recommendations for further research.

2. DESCRIPTION AND MODELING OF THE
SYSTEM

The mathematical modeling of each PV system
component is presented in the following section. Fig. 1
shows the system's general structure, which includes the

management of the generated power delivered to the load. It
includes a DC-DC boost converter that allows harvesting the
maximum power from the solar panel while maintaining a
constant output capacitor voltage. Additionally, this enables
MPPT control by ensuring robust operation of the

photovoltaic panel despite changing environmental
conditions.
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Fig. 1 — Structure of the standalone PV-battery power system.

2.1 PV CELL MODELING

A photovoltaic panel consists of many electronic cells, and
the PV module is the main source of energy, as it converts
solar radiation into electrical power. The PV array is
modeled using a single-diode model, one of the most popular
due to its accuracy and simplicity in PV array simulation [5].
The equivalent circuit of the one-diode model is shown in
Fig. 2, which consists of a current source, a diode, a series
resistance R; , and a shunt resistance Ry,
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The mathematical model of the PV cell that determines the
output current I, of a PV cell is expressed by [6]:

Vpv+Rslpy
IPV = Iph - Is [eqTTk - 1] - M: (1)
Rsh
where Vpy, is the voltage at the PV array, Ipn is the photocurrent
generated by solar irradiance, I is the diode reverse saturation
current, q is the electron charge, n is the diode ideality factor, K is
the Boltzmann constant, 7; is the cell temperature in Kelvin.
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Fig. 2 — PV array model.
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2.2 MODELING OF THE DC-DC BOOST CONVERTER

The main objective of the control strategy is to stabilize
the PV output voltage and ensure it reaches the desired
MPPT reference value. To achieve this, the boost converter
must be accurately modeled. This model describes the
relationship between the converter's parameters, as described

by the following [7]:
dVpy 1 .
dt = E (py —iL), (2)
di, 1 )
dt = I [_R"L + Vo — 1- .u)Vdc]' 3)

where L is the inductance of the boost converter, V.. is the output
voltage, and u is the duty cycle. The PV capacitor C,,, boost
inductor L, and series resistance R are key system parameters
that determine the converter dynamics.

2.3 MODELING OF THE BATTERY STORAGE
SYSTEM

An autonomous photovoltaic system incorporates a
battery storage system to help mitigate the variability issues
associated with solar energy. The battery is modeled using
the equivalent circuit model, which comprises an open-
circuit voltage V, ., an internal resistance R;,;, and a state of
charge SOC [8]. The battery voltage V4, is then given by:

Vbat = Voc - IbatRint' (4)

The SOC capacity of the battery is estimated using the

Coulomb counting method [9,10] with the following
equation:

1
SOC = SO0Cinie = 7— f Lygedt, (5)
bat

where SOC;,,;; is the initial state of charge of the battery, and
Cpq: 1s the nominal battery capacity.

2.4 MODELING OF THE DC-DC BIDIRECTIONAL
CONVERTER

The bidirectional buck-boost converter manages energy flow
between the battery and the DC bus, operating in charging and
discharging modes to maintain a stable DC bus voltage and
ensure efficient energy utilization. This controller regulates the
converter's duty cycle to maintain the system’s stability and
provide a constant bus voltage [11]. When the photovoltaic
array cannot meet the load demand, the converter operates in
boost mode to raise the battery voltage V,,; to the DC bus
voltage, allowing the battery to power the load. The input—
output voltage relationship can be given by:

V.. = Vbat ( 6)
7 (1~ dpar)’
where dj,; is the duty cycle of the converter, and the
relationship between the voltages is:
Vbat = dpacVac- 7

This dual function allows the converter to smoothly switch
between charging and discharging while maintaining a stable
DC bus voltage [12].

3. DESCRIPTION OF THE STUDIED CONTROL
TECHNIQUE

The designed combined control strategy integrates the
perturb and observe (P&O) MPPT algorithm, backstepping
control, and a PI controller to ensure optimal system
performance. This algorithm determines the reference
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voltage V., . for maximum power extraction. The

backstepping control regulates the boost converter to ensure

that the V,,tracks V,,, e while the PI controller works with

the backstepping controller to regulate the V,. voltage,
starting with controlling the bidirectional buck-boost, and
ensuring that the battery compensates for fluctuations in PV

power output. Fig. 3 illustrates the control process.
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Fig. 3 — Scheme of the control technique.

3.1 TECHNIQUE OF PERTURB AND OBSERVE
CONTROL (P&O):

The P&O technique is used to maximize power extraction
from the PV array due to its simplicity and ease of
implementation. It adjusts the PV voltage and monitors the
resulting change in power output to ensure the PV system
operates at its maximum power point even under varying
environmental conditions. The algorithm derives the ideal
reference voltage V,;. dynamically [13, 14]. Mathematically,
the P&O MPPT logic follows these rules:

®)

VPVref = VPVref + AV ,if : PB,, — increases,
VPVref = VPVref — AV, if: B,, - decreases.  (9)
Figure 4 shows the flowchart of the P&O algorithm, which

starts by measuring the PV voltage V,,, and its power, then

perturbs the PV voltage by small steps and tries to determine
an adjusted V, [15].
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Fig. 4 — P&O algorithm.

3.2 BACKSTEPPING CONTROLLER

The backstepping control technique is used in our system to
ensure that the PV voltage accurately follows the reference
voltage provided by the P&O MPPT algorithm. This nonlinear
control method improves system stability and robustness,
particularly under changing environmental conditions. It
works by defining voltage and current tracking errors and
systematically designing control laws using Lyapunov

stability theory. The voltage loop ensures V,,, that V/,,, . while

the current loop regulates the inductor current, generating the
appropriate duty cycle for the boost converter [16,17]. Their
mathematical equations are studied in the following steps,
starting by defining the voltage tracking error e;:

€ = va - VPVref' (10)
By substituting the boost converter model, to ensure V,,
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follows V,,, ;o the obtained equation becomes:

. 1
e = va (lPV lL) PVref (11)
Then, a Lyapunov candidate function V; is chosen as:
1
V= > el. (12)
By deriving V; with respect to time:
V' = e e;, (13)

while knowing thate; = —Kj e; , using K, the backstepping gain
for the voltage loop, the candidate function derivative becomes:

Vi = K et (14)

Substituting e; from the PV dynamics to ensure (V;* < 0)

achieving stability for voltage tracking:
(va lL) VPvref (15)
pv

By determining o = LLref where « is the function of

Kie;.

stabilization, we finally get the i; " expression:

o = ipy — Cpy (V;uref + Klel)' (16)

A second error variable e, for the inductor current is
defined as:

e, =1i,—q a7

e; =i —a”. (18)

After that, a second Lyapunov function V,, can be defined as:

Vy =V, +5e3, (19)

derivative:

derivative:

V; =ee] +eye;, (20)

The derivative of the second error can be calculated as:

1 .
e; =7 [V — A=WV —Ri] - (2D
The following equations are determined using (13), (14),
and (15) to ensure the stability of the system:

e a
e bpy = 7 = = Vo (22)
Cp,, Cp,, C,é,,
e; = —Kye; — =, (23)
Cp,,
€16,
Vi = —K,e? — - (24)
pv

Since e; = —K,e;using K, the backstepping gain for the
current loop, and to ensure the system remains stable and
errors converge to zero when(V, < 0):

V; = —K,K? — K,K2 < 0. (25)

The backstepping controller derives p to ensure both
errors e, e, converge to zero [ 18],

K. —1[V Ri,] — a* — =~ (26)
zez—L pv ly o va-

Therefore, the final control law for the duty cycle p:

Lo L& (27)
(04 I .

pv

(1= —Vac

1
u= 1 _V_<_RlL + I/pv + LKzez
dc

3.3 PI CONTROLLER

The PI controller regulates the DC bus voltage by
controlling the battery charging and discharging through the
bidirectional buck—boost converter. It first computes the DC
voltage error. The error is then processed by the PI controller
to produce a reference battery current that stabilizes the bus
voltage [19,20]. The voltage error e is calculated as follows:

e = VdCTef - VdC' (28)
Then, the PI control law to determine the battery current

reference that is necessary to keep the DC bus voltage stable
can be defined as:

Ibatref =K,e + Ky, f edt,

where K;,and K; are the proportional and integral gains of the

PI controller. The battery current error is calculated to ensure that
the battery current matches the desired reference current:

(29)

Inatyey = 30)

Then we calculate the duty cycle for a bidirectional Buck-
Boost converter that manages battery charging and
discharging as

€hat = Ibat'

epardt .

(31

To control the dynamic response of the DC bus voltage, we
apply the following equation that determines the relationship
between DC bus voltage Vdc and battery current I, :

dbat = Kpiebat + Kiif

(32)

where C,, is the DC bus capacitance, and I, ,,4 is the load
current.

Cdc dt ILoad Ibat'

4. SIMULATION AND RESULTS

To evaluate the performance of the standalone PV-battery
system, we conducted simulations in MATLAB/Simulink under
different conditions. (Simulink models can be made available
upon request. The system consists of a PV array, a battery, a boost
converter, and a bidirectional buck-boost converter. The P&O
MPPT algorithm generates the reference PV voltage V,,, .

which is tracked by the backstepping controller. Additionally, the
PI controller manages the battery's charging and discharging
process and maintains a stable DC bus voltage.

The following table specifies the system parameters,
including PV array specifications, battery characteristics,
and converter components:

Table 1
Characteristics of the PV-battery system
Parameter | Value

Series strings | 4
Parallel strings | 1
Cells per module | 36

Input Capacitance | 63 uF
Inductor | 3 mH
PV capacitor | 63 pF

DC bus capacitor | 200 pF

Battery type | Lithium-Ion
Number of batteries | 3

Nominal voltage of batteries | 24V
Buck- Boost Inductor | 3mH
Backstepping voltage-loop control gain K1 | 3300
Backstepping current-loop control gain K2 | 11800
Proportional gain of PI controllerK,,, K,; | 0.124,7.275
Integral gain of PI controllerK;,, K;; | 1.414, 2000
Sample Time Ty, Ty; | 500e-6, 50e-6

The PV-battery standalone system was tested under two
primary scenarios to evaluate its performance and stability:
static stability under normal conditions and dynamic stability
under weather changes and variable power demands. The
P&O MPPT Backstepping-PI controller operated together to
extract the maximum power, regulate the PV and DC bus
voltages, and manage the battery's charging and discharging
efficiently, ensuring a stable and reliable energy supply.
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4.1 STATIC STABILITY TEST: NORMAL
CONDITIONS

In this case, the system was evaluated under standard test
conditions, where the irradiance is constant (1000W/m?),
constant temperature (25°C), and the load is resistive and set
to (320 Q). This scenario was used as a critical evaluation to
verify the system's and control strategy's stability under ideal
operating conditions.

PV VOLTAGE TRACKING PERFORMANCE
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Fig. 5 — PV voltage tracking performance under standard conditions.

Figure 5 presents the PV voltage V,,,, response compared

to the reference voltage V,,,, .. The results indicate that the
ref

backstepping controller successfully tracks the reference
voltage with high accuracy, demonstrating the system's
ability to track the MPP and achieve steady-state stability
within 0.004s with minimal transient response. This
confirms the effectiveness of the P&O MPPT-based
backstepping approach in maintaining optimal operating
conditions and indicates excellent static stability and fast
convergence to the desired operating point

DC BUS VOLTAGE REGULATION
To maintain a stable DC bus voltage, the system was
designed to provide a constant and steady voltage to the load.
Figure 6 compares the actual DC bus voltage V;,. with its
reference value Vg, - demonstrating how well the system

maintains stability across different operating conditions.
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Fig. 6 — DC bus voltage response under standard conditions.

As shown in Fig. 6, the DC bus voltage V. closely follows
the reference voltage, consistently maintaining a stable
output of 300V. This highlights the bidirectional buck-boost
converter's effectiveness in regulating the DC bus voltage
under static conditions, thereby ensuring a highly stable DC
bus voltage.

BATTERY CHARGE-DISCHARGE STATIC

Figure 7 shows the battery charging and energy storage
performance by comparing the battery current with its reference:
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Fig. 7 — Battery current tracking under standard conditions.

The battery current I,,, successfully tracks the 4 , ;

current that comes from the controller, indicating that the
system effectively manages the battery's charge and

discharge cycles, as shown by the stable I;,,; curve.
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Fig. 8 — Battery voltage and state of charge under standard conditions.

The battery smoothly absorbs excess PV power, as
reflected in the state of charge (SOC) curve, Fig. 8b, which
shows a gradual increase in stored energy. The battery
voltage in Fig. 8a remains within a stable range, confirming
the efficiency of the charge controller in managing battery
charging under normal conditions.

4.2 DYNAMIC STABILITY TEST: PERTURBATION
CONDITIONS

In this case, the system was subjected to variable irradiation,
temperature, and load changes to evaluate its dynamic stability.
The chosen irradiance range (300—-1000 W/m?) and temperature
range (18-35°C) represent typical operating conditions
encountered in standalone photovoltaic systems, while the
transitions between resistive, inductive, and capacitive loads
simulate changes in practical load demand. This test, therefore,
represents realistic operating scenarios, including changes in
solar irradiance due to passing clouds or weather fluctuations,
to assess the adaptability and dynamic performance of the
proposed system. The corresponding variations in irradiance,

temperature, and load are presented in Fig. 9.
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Fig. 9 — Profile of the variable level of irradiance and temperature.

Figure 9 illustrates the varying irradiation and temperature
levels used in the simulation. The irradiation starts at
1000 W/m?, drops to 800 W/m? then further decreases to
500 W/m?, and fluctuates between 300 and 800 W/m?2. On the
other hand, the temperature varies between 25, 18, 35, and
25°C. These changes test how well the system can maintain
controlled stability and optimal performance under dynamic
environmental conditions.

PV VOLTAGE TRACKING UNDER PERTURBATIONS

Figure 10 shows the system's response to perturbations,
such as variations in irradiation, temperature, and load
conditions. The load profile alternated between resistive,
inductive, and capacitive loads.

Minor deviations occur during irradiation changes, but the
system quickly returns to steady state, demonstrating robust
dynamic stability. Temperature variations have a negligible
impact, while inductive and capacitive loads cause slight
perturbations. However, the system recovers rapidly,
maintaining accurate tracking of the reference voltage.
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Figure 11 shows the PV power and current responses
under perturbation conditions. Despite environmental and
load variations, PV power and current I, curves in both
figures remain stable. The system dynamically adapts to
changes, ensuring continuous MPPT  operation,
demonstrating the effectiveness of the designed control
technique under dynamic conditions.

DC BUS VOLTAGE BEHAVIOR DURING
DISTURBANCE

To evaluate the system's ability to maintain a stable DC
bus voltage under dynamic conditions, the DC bus voltage

V4. was tested under varying irradiation and load changes.
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Fig. 12 — DC Bus voltage response behavior during disturbance.

Figure 12 demonstrates how V. it reacts to changes in
irradiation and load compared to its reference Vg, , ’ under

varying conditions. Each disturbance causes slight
deviations in the V;, curve. However, the backstepping-PI
controller effectively restores stability, ensuring that the
voltage quickly returns to the reference value. Inductive
loads, in particular, cause the most significant transient
response, but the system demonstrates robust performance
by stabilizing rapidly.
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Fig. 13 — DC bus power and current behavior during disturbance.
Figure 13 shows the DC bus power P;. and current .

The curves indicate stable operation, with the system
continuously adapting to maintain reliable power flow.

irradiation. When irradiation is high, the battery stores extra
energy, as shown by tracking the charging reference. During
high load, the battery discharges.
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Fig. 15 — Battery voltage and state of charge during disturbance.

Figure 15 illustrates the battery's energy storage behavior.
Both figures show how charging and discharging cycles are
regulated to maintain an optimal charge level, ensuring the
battery operates efficiently despite variations in the DC bus
voltage.

4.3 COMPARATIVE STUDY WITH CONVENTIONAL
CONTROLLER

In this case, the proposed P&O-Backstepping—PI
controller is compared with a conventional MPPT-PI
controller to evaluate the reference tracking, transient
performance, and voltage regulation quality during varying
conditions that are applied in case two

80 }-VPV-PI_VPV-BS Vev-ref
s 7°% I N e
Ly 2N H
> © [
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0 0.2 0.5 0.75 1. 1.25 15

Time (s)

Fig. 16 — Comparison of PV voltage tracking during disturbance.

Figure 16 compares the PV voltage-tracking performance of
the conventional and proposed controllers under varying
operating conditions. The conventional controller shows a
fluctuating transient period with significant oscillations before
reaching the reference voltage, with a stabilization time of
approximately 0.18s and a transient of approximately 12%.
While the proposed controller clearly improves transient
behavior, it reduces the stabilization time to approximately 0.05
seconds and limits the transient to approximately 3%.
Moreover, the steady-state tracking error decreased from
approximately 2V for the conventional controller to less than
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0.5V with the proposed approach, demonstrating improved
tracking accuracy and enhanced stability.

350
s 325‘\
g 300 - ; &-———,
Q275 A\
8 250
>
225 =Voc.rer=Voc.r=Vocss
200 ! ! :
0 025 0.5 0.75 1 1.25 1.5

Time (s)

Fig. 17 — Comparison of DC voltage tracking during disturbance.

Figure 17 compares the DC bus voltage responses of both
controllers. Both controllers follow the reference voltage
under  steady-state  conditions. = However, during
disturbances, the conventional MPPT-PI controller exhibits
a larger voltage deviation of approximately 45 V and a higher
ripple of approximately 10 V under irradiance and load
changes. The proposed controller significantly improves
voltage regulation and quickly returns the PV voltage to the
reference value, limiting deviation to approximately 15 V
and reducing ripple to around 3 V. These results demonstrate
that the proposed hybrid control strategy provides faster
stabilization and more effective regulation of the DC bus
voltage under dynamic conditions.

5. CONCLUSION

In this work, a standalone PV-battery power system was
developed, and its efficiency and stability were demonstrated
under both normal and dynamic environmental conditions.
The traditional methods often suffer from oscillations,
instability, and slow adaptation to changes in irradiance and
load. To overcome these limitations, a hybrid control strategy
combining P&O MPPT technology with a backstepping-PI
controller was proposed. The system, controlled by this hybrid
technique, showed excellent performance under varying
operating conditions. The system demonstrated strong
adaptability to environmental and load variations. Simulation
results confirmed that the P&O MPPT-backstepping-PI
controller effectively tracked the PV voltage reference,
ensuring optimal power extraction from the PV array.

Meanwhile, the bidirectional boost converter maintained a
constant DC bus voltage and managed battery charge and
discharge cycles based on DC bus demand. The designed
control technology also demonstrated robust performance
under disturbances, quickly recovering from transients.
Comparative results demonstrated that the P&O MPPT-
backstepping-PI controller provided improved dynamic
performance, faster transient response, lower oscillations, and
enhanced robustness under perturbations compared to
conventional controllers. making it highly suitable for
standalone PV—battery systems under fluctuating conditions.
Future work may include integrating wind energy sources,
enhancing nonlinear control strategies, implementing
advanced intelligent controls, and validating the system
through real-time hardware deployment.
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