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Abstract

This study discusses the design and simulation of a solar cell-based battery charging system
by applying a multi-loop control strategy. The proposed system is a PV-battery hybrid system
with a topology of two independently operating DC-DC converters, consisting of a PV
converter and a bidirectional battery converter. The multi-loop control strategy uses a
Proportional-Integral (PI) control approach to maintain DC bus voltage stability and regulate
the charging current limit and battery State-of-Charge (SoC). The system was tested under
various load variations and solar irradiation intensities to evaluate its power control
performance. Simulation results show that the proposed control strategy is capable of
maintaining the bus voltage stable at the reference value and adaptively regulating the power
flow between the PV and the battery. The system is classified into four main operating modes
representing charging, idle, and discharging conditions, based on the combination of SoC, PV
power, and load requirements. Simulations on a 200 Wpeak PV system prove that this control
strategy is effective in maintaining system efficiency and reliability, as well as supporting
optimal operation of standalone PV systems.
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Introduction

Lead-acid batteries are still the primary choice for solar panel systems due to their
advantages, such as being maintenance-free, relatively low cost, ability to deep discharge up to
80% of their capacity, and lower risk compared to other types of batteries. However, the main
drawback of lead-acid batteries is their relatively short lifespan compared to lithium-ion
batteries. The lifespan of these batteries will decrease further if charging is done with a high
current that exceeds their maximum capacity.

To overcome these problems, a control strategy is needed that can regulate the power
flow on the DC bus, the charging current, and the State-of-Charge (SoC) of the battery in order
to extend its service life. A study in reference [4] has proposed a control strategy for a PV-
battery hybrid system that maintains maximum charging current and SoC without requiring
discrete conditions. However, this method results in a voltage deviation on the DC bus of up to
5%.

A power management strategy for PV-battery systems using three converters has been
proposed previously. Unfortunately, this approach introduces high control complexity, without
regulating the maximum charging current limit or taking into account the battery SoC limit.

Based on the above issues, this study proposes a multi-loop control method for PV-
battery hybrid systems, taking into account charging current limitations and battery SoC
capacity. Each DC-DC converter is controlled by a two-loop control system using a
Proportional-Integral (PI) controller. PI control was chosen because it is a conventional control
method that is simple and easy to implement, and is more efficient than PID control in converter
systems.

The proposed strategy aims to maintain voltage stability on the DC bus, regulate the
maximum charging current limit, and maintain the battery's state of charge (SoC) without
certain conditions so that control can operate optimally. The system used in this simulation has
a peak power of 200 W to prove the effectiveness of the developed method.

A Buck Converter is a type of step-down DC-DC converter that functions to reduce the
DC voltage from the input to a lower output voltage level [12]. The basic circuit of a Buck

Converter is shown in Figure 1.
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Figure 1. Buck Converter Circuit

A buck converter operates in two main conditions: when the switch is closed and when it
is open. When the switch is closed, the diode is reverse-biased, and current flows from the
voltage source through the switch to the inductor, then to the capacitor and load, before
returning to the source. When the switch is open, the diode is forward-biased, and the current
stored in the inductor flows to the load through the freewheeling diode, then returns to the
inductor.

In order for the Buck Converter to operate in Continuous Conduction Mode (CCM),
the inductor value used must be greater than the minimum required value (L > Lmin), to ensure
that the inductor current never drops to zero during the operating cycle.
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Figure 2. Bidirectional DC-DC Converter Buck Mode
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Literature Review
1 Solar Energy Systems and Lead-Acid Batteries

Photovoltaic (PV) systems are one of the fastest growing renewable energy sources. To
ensure continuity of power when the sun is not shining, PV systems are usually combined with
batteries as a means of energy storage. One type of battery commonly used is the Lead-Acid
battery due to its advantages such as low cost, ease of maintenance, and the ability to perform
deep discharging up to 80% of total capacity (Nema & Agnihotri, 2010). However, its
disadvantage is a short service life if charging is not properly controlled (Rahman et al., 2014).
2 State-of-Charge (SoC) and Power Management

State-of-Charge (SoC) is an important parameter that indicates the remaining energy
capacity in a battery. Proper SoC management can extend battery life and prevent overcharging
and excessive deep discharging (Chen & Rincon-Mora, 2006). Therefore, a power management
strategy is necessary in hybrid PV-battery systems to maintain system stability and battery
performance. A study by Lu et al. (2013) proposed a method for controlling current and SoC in
PV-battery systems using a fuzzy logic-based strategy, but it is highly complex. A simpler and
more effective alternative is the PI (Proportional-Integral) control-based method.
3 Multi-Loop Control and PI Control

Multi-loop control refers to the use of several separate control loops that work
simultaneously to control different variables, such as DC bus voltage and battery charging
current. This approach improves system stability and dynamic response compared to single
control (Zhang et al., 2015). PI control is widely used in power converter systems due to its
simplicity and ability to reduce steady-state errors. Compared to PID control, PI control is more
suitable for applications with less complex dynamics such as DC-DC converters (Kundur,
1994).

4 DC-DC Converters and Buck Converters

A buck converter is a type of DC-DC converter that functions to reduce voltage from the
input to the output. Its operation depends on the switching cycle (MOSFET) and the interaction
between the inductor, capacitor, and diode. Buck converters are commonly used in battery
charging systems due to their high efficiency and ability to regulate output voltage with
precision (Erickson & Maksimovic, 2001).
5 Simulation and Implementation of PV-Battery Systems

PV system simulation with battery charging is generally performed using software such
as MATLAB/Simulink. This environment allows for integrated multi-loop control simulation,
voltage and current analysis, and SoC analysis (Amin et al., 2016). In this study, simulation
was used to evaluate the effectiveness of multi-loop control strategies with a 200 Wpeak power
configuration as a case study.

Research Methodology

In the system design process, it is very important to develop a block diagram that can
comprehensively explain the relationships between components and the workflow of the
system. Block diagrams provide a visual representation of the functions of each part and the
interactions between subsystems involved in the overall operation of the system.

This study proposes a hybrid PV-battery system designed with a topology of two DC-DC
converters that work independently. This system aims to manage the power flow from the solar
panels (PV) and batteries to the DC bus to ensure a stable and efficient power supply. The block
diagram of this system is shown in Figure 3.
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Figure 3. Proposed PV Battery Hybrid System Circuit
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Figure 4. Proposed Control System Block Diagram

One of the main components in this system is a bidirectional DC-DC converter, which is
responsible for regulating the DC bus voltage (denoted as vbus). This converter is connected
directly to the battery, allowing two-way power flow between the battery and the DC bus,
depending on the system conditions. Based on the configuration used, the nominal battery
voltage must be lower than the DC bus voltage for the converter to operate efficiently in both
modes.

This bidirectional converter is capable of operating in two modes, namely:

1. Buck Mode (Step-Down): When the voltage on the DC bus (vbusv) is higher than the
reference voltage (vbusRetv), the converter will lower the voltage from the bus to the
battery to store energy (charging). In this condition, energy from PV or other sources
can be stored in the battery with precise current control.

2. Boost Mode (Step-Up): When the vbusv voltage is lower than the vbusRef reference
value, the converter will operate in boost mode, raising the voltage from the battery to
the DC bus level. This allows the battery to supply energy to the system when the power
from the solar panels is insufficient, such as during cloudy weather or at night.
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The combination of these two modes allows the system to operate automatically and adaptively,
maintaining voltage stability on the DC bus and ensuring that the battery is not overcharged or
over-discharged. This strategy also optimizes battery life by keeping the State-of-Charge (SoC)
within safe limits.

Overall, this system offers an efficient solution for power management in renewable energy-
based applications, and provides a strong foundation for the implementation of a digital river
flow measurement system that relies on energy availability from solar panels.

Results

In the initial testing phase, the system enters the maximum power point tracking (MPPT)
process. When MPPT first starts working, the PV converter is not yet able to meet all of the
load's power requirements. Therefore, part of the load's power requirements are supplied by the
battery. Over time, the output power from the PV that is successfully absorbed by the converter
gradually increases until it exceeds the power required by the load. This excess power is then
used to charge the battery. This condition is known as Mode-1.

Mode-1 (Charging Mode)

Mode-1 runs from 0.6 seconds to 5 seconds, with a load value of 20 Ohms. In this mode,
after the system reaches a steady state, the power absorbed by the load is 115.3 W, while the
power entering the battery (charging) is 79.82 W. The battery current (ibati_{bat}ibat) is
recorded at -3.19 A. The negative sign on the battery current and power indicates that the battery
is charging.

Mode-2 (Equilibrium Mode)

At the 5th second, the load value suddenly changed from 20 Q to 11.84 Q, causing an
increase in load power requirements. Under these conditions, the load power becomes
proportional to the power generated by the PV converter, which is 194.6 W, so that the battery
is in a static state (neither charging nor supplying power), with a current value of ibat=01_{bat}
= Oibat=0 A. Nevertheless, the MPPT algorithm continues to run and successfully finds the
maximum power point of 199.9 W. The difference between the input and output power of the
PV converter is due to power losses that are normal in the energy conversion process.

Mode-3 (Discharging Mode - Partial Support)

At the 10th second, the load suddenly changed again from 11.84 Q to 9.57 Q. This change
triggered a transient response in the bus voltage signal (vbus). This transient phenomenon
commonly occurs due to drastic changes in load within a short period of time. Since the load
power at this point exceeds the power that can be supplied by the PV converter, the battery
converter begins to operate to supply the power shortage so that the bus voltage remains stable
according to the reference (setpoint). In steady state Mode-3, the power supplied by the battery
1s 45.48 W, while the total power consumed by the load is 240.7 W.

Mode-4 (Full Battery Support)

From the 15th to the 16th second, the irradiation level received by the PV panel gradually
decreased to zero, causing the PV output power to slowly decrease and eventually stop
completely. During this irradiation decrease process, the battery converter gradually took over
the power supply for the load. When the irradiation completely disappears (the PV does not
generate power), the battery becomes the sole energy source for the system. In Mode-4, the
power supplied by the battery is recorded at 241.9 W, while the load power remains at 240.7
W, indicating that the battery successfully meets all of the system's energy needs.
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Bus Voltage Stability and the Role of the Bidirectional DC-DC Converter

Test results show that the DC bus voltage (vbus) consistently remains at the reference
voltage (vbusRef), despite changes in load and fluctuations in solar irradiation intensity. This
indicates that the MPPT algorithm remains active at all times and that the system successfully
maintains bus voltage stability under various operating conditions.

This voltage stability can be achieved because the bidirectional DC-DC converter
effectively regulates the power flow between the solar panels, batteries, and loads. When the
power generated by the PV panels exceeds the load requirements and causes the
vbusv_{bus}vbus voltage to be higher than the reference voltage vbusRefv_{busRef}vbusRef
, the PIS control loop will generate a negative error value. This activates the bidirectional
converter to operate in buck (step-down) mode, where the battery absorbs the excess power
(charging process) so that the bus voltage returns to the reference value.

Conversely, when the vbus voltage drops below the reference voltage, the battery,
through the bidirectional converter, supplies power to the load, i.e., it operates in boost (step-
up) mode to keep the bus voltage stable.

Overall, the performance of the PI control loop and the dynamic operation of the
bidirectional converter proved capable of maintaining the bus voltage at the expected value,
both in conditions of excess power (surplus) and power shortage (deficit).

These findings are consistent with the results reported in previous studies, as described in
references [4], [8], and [9], where the use of a bidirectional converter with a PI control strategy
( ) demonstrated reliable performance in maintaining voltage stability and power flow
efficiency in hybrid PV-battery systems.
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Figure 5. Charging Current Control System Graph

Table 1.Simulation Test Results of the PV-Battery System with a Multi-Loop Strategy

Mode Time | Load | PV Load | PV Battery | Battery Operation
(s) Valu | Irradiatio | Power | Power | Power Status Description
e(Q) |n W) W) W)

Page 4657 of 4660




Kadelianto Ramba, Zuraida Tharo

Mode 1 | 0.6— |20 Increasin | 115.3 | 195.1 |-79.82 | Charging PV surplus,
5 g battery
absorbs
excess
power
Mode 2 | 5—10 | 11.84 | High 1946 | 1946 | =0 Idle PV balanced
stability — with load,
199.9 battery idle
Mode 3 | 10— 9.57 | Highly 240.7 | =195 | +45.48 | Dischargin | PV deficit,
15 stable g battery
supply
power
shortage
Mode 4 | 15— |9.57 | Decreasin | 240.7 |0 +241.9 | Full
16 g—0 discharge
Description:

1) Battery Power (negative) = battery in charging mode

2) Battery Power (positive) = battery in discharging mode

3) PV Irradiation = describes the lighting conditions that affect PV power

4) MPPT is active throughout the entire test to optimize power from the solar panel.

The simulation results show that the solar panel-based battery charging system with a
multi-loop control strategy is able to work well under various load and irradiation conditions.
This system is divided into four operating modes, each of which shows how the power flow is
controlled between the solar panels, batteries, and loads.

In Mode 1 (0.6-5 seconds), the power from the solar panels exceeds the load
requirements, so the excess power is used to charge the battery. The battery current is negative,
indicating the charging process, and the bus voltage remains stable according to the reference.

In Mode 2 (5-10 seconds), the power from the PV is equal to the load power. The battery
does not charge or supply power, so it remains idle. The bus voltage remains stable, and MPPT
remains active to regulate optimal power.

In Mode 3 (1015 seconds), the load increases and the PV power is insufficient. The
battery begins to supply power (discharging) to cover the shortfall, and the system is still able
to maintain bus voltage stability quickly despite momentary transients.

In Mode 4 (15-16 seconds), solar irradiation drops to zero, causing the PV to stop
generating power. All load power is supplied entirely by the battery. The system remains stable,
and the bus voltage remains at its reference value. In general, the multi-loop control strategy is
capable of automatically and responsively managing mode transitions, maintaining stable bus
voltage, and protecting the battery from overcharging or over-discharging. This system has
proven effective in handling changes in load and irradiation conditions.

Conclusion

Based on the results of the design and simulation that has been carried out, it can be
concluded that the multi-loop control strategy in the solar cell-based battery charging system
has been successfully designed and tested effectively. This strategy is capable of controlling
the PV power converter and bidirectional battery power converter by considering the charging
current limit and the State-of-Charge (SoC) condition of the battery, without causing voltage
deviation on the DC bus. The system can adapt to load changes and solar irradiation
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fluctuations, while maintaining the bus voltage at its reference value. Based on a combination
of battery SoC parameters, maximum PV power, and load power requirements, the system was
successfully classified into four main operating modes that reflect the efficient power flow
mechanism between the PV, battery, and load. Simulation results on a 200 Wpeak PV system
show that the proposed control strategy is capable of maintaining system stability and efficiency
under various operating conditions. Thus, this multi-loop control approach has been proven
effective in improving the performance and battery life of standalone solar energy systems.
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