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Abstract. The renewable energy system (RES) has recently become hot topic due to its 
unlimited, green energy potential, and the maturity of its technology. A solar charging 
controller (SCC) is required to regulate parameters for the battery and is an essential 
component for sustainable and renewable energy usage. An SCC based on a DC-DC Buck 
converter with cascaded proportional-integral (PI) controller is used in the system for 
managing the current and voltage loops, thereby preventing battery overcharging. The control 
parameters are determined using the Ziegler-Nichols method based on the reaction curve. A 
first -order system is employed due to the open-loop responses show no overshoot and 
oscillations. MATLAB software is used for both simulation and controller design. Simulations 
are conducted to validate the proposed SCC with the cascaded controller. Variations in the state 
of charge (SoC) are presented in two cases: without and with the controller. The SoC is set 20%, 
50%, and 95%. A high SoC percentage indicates that the battery is near the full capacity, 
whereas a low percentage indicates that battery is near empty. Using the cascaded controller, 
both current and voltage responses at different SoC levels demonstrate satisfactory 
performance, including rapid transient responses, minimal overshoot, small ripples, and 
robustness. 
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1. Introduction  

Indonesia’s increasing demand for electrical energy has been driven by demographic growth, 
one of the key contributing factors. In addition, economic growth also influences this rising 
demand. Therefore, alternative energy sources, specifically renewable energy sources (RES), are 
urgently required and being developed to support energy sustainability (Demirbaş, 2006; Gupta 
et al., 2022; Ramesh et al., 2023). As of 2021, Indonesia’s state-owned electricity company (PLN) 
operated 6.143 power plant units using various types of fuel. The most commonly used fuels are 
fuel oil and coal. However, their use has contributed to global warming, environmental 
destruction, and resource depleted (Fatima et al., 2021; Hamanah et al., 2023; Jenkal et al., 2020; 
Maina et al., 2020; Rahman & Mohamed, 2023; Roditis et al., 2023).  
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The use of photovoltaics (PV) has emerged as a promising solution to these issues, offering 
renewable, unlimited supported by mature technology (Azad et al., 2014; Jing et al., 2018; Sharma 
et al., 2011; Upadhyay et al., 2013). Moreover, Indonesia is one of the countries with significant 
solar energy potential. Research on PV continues to grow to encourage more optimal and efficient 
energy production (Choi et al., 2024; Kim et al., 2019; Li et al., 2013). To improve PV systems, the 
integration of both hardware and software is necessary. Batteries, as part of the hardware, play 
vitally role by providing storage for the photovoltaic energy. Meanwhile, the software component 
involves the controller, known as the solar charging controller (SCC), which typically consists of 
the converter, microcontroller, and sensing components. 

Some researchers have explored advanced technologies and the implementation of SSCs, 
including applications for transportation system (C et al., 2021; Shariff et al., 2020; Singh et al., 
2020; Verma & Singh, 2020), solar harvesting (Bagci et al., 2022; Kim et al., 2011), underwater 
system (Jenkins et al., 2014), and more. Venkatramanan et al. (2013) proposed the DC-DC buck 
converter design emphasizing simplicity, which achieved fast convergence and stable tracking 
performance. Faisal et al. (2021) implemented fuzzy logic controller to regulate the charging and 
discharging mechanisms of lithium-ion batteries in a microgrid system, aiming to smoothen the 
process. Shariff et al. (2020) designed and implemented a solar-powered electric vehicle (EV) 
charging station, where buck converter was used as the charging circuit to provide appropriate 
voltage for battery charging. The development of power electronic components for DC 
interconnection in solar systems remains a crucial challenge, with converter design significantly 
influencing system efficiency. Using a microcontroller Koutroulis et al. (2001) developed 
maximum power point tracking (MPPT) system for a solar panel setup. The solar panel was 
directly connected to a DC-DC buck converter for charging, which minimized system complexity 
and improved efficiency. Kumar et al. (2023) investigated solar-powered charging controllers 
using a boost converter and adaptive control. Their battery charging method employed a constant 
current approach, requiring only one current sensor at the charger's output.  

In addition, energy storage technologies are rapidly advancing for temporary PV energy 
storage (Chemali et al., 2016; Li et al., 2019; Mahlia et al., 2014; Zhang et al., 2016). Giglio et al. 
(2023) highlighted the importance of smart data management for matching electrical demand and 
production in PV systems. Machine learning and artificial intelligence techniques have also been 
implemented to forecast electrical load and RES outputs from PV systems. Furthermore, Guo et al. 
(2022), proposed the integration of pumped hydro storage (PHS) with thermal energy storage 
(TES) to provide dual energy storage solutions, aiming to enhance performance and reliability of 
hybrid energy systems. 

In this paper, a DC-DC buck converter is used to step-down the voltage from PV system to the 
battery. A microcontroller executed the control algorithm, managing voltage and current loops 
during operation to prevent battery damage from overcharging. Current and voltage sensors are 
incorporated to measure the battery capacity. In addition, a cascaded proportional-integral (PI) 
control strategy is proposed for the DC-DC buck converter in SSC. A systematic design and 
implementation are demonstrated through simulation results. Compared to previous research, 
this paper aims are addressing identified gaps related to PV system. The investigation of the SCC 
using a DC-DC buck converter with cascaded PI control constitutes a novel contribution. 

2. Material and method  

In this paper, a DC-DC buck converter is implemented using cascaded PI controller, which 
regulates the current and voltage loops. The complete system circuit is shown in Figure 1. In the 
configuration, the source voltage is generated by PV system, while SCC, based on the DC-DC buck 
converter, controls the voltage and current to effectively charge a battery that serves as temporary 
storage. The cascade PI controller ensures stable and accurate regulation of these parameters 
under varying operating conditions. Figure 1 provides an overview of the system, showing the 
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integration of the PV source, buck converter, battery storage, and control loops. The detailed 
design of the circuit and control strategy is discussed in the following subsection. 

2.1. DC-DC Buck Converter 

The DC-DC buck converter is used for a step-down converter in the system transferring 
energy from the PV to the battery according to its specifications. The duty cycle and inductor value 
are derived as shown in Equation 1 and 2 (Rashid, 2001). 
 

𝐷𝑏𝑢𝑐𝑘 =
𝑉𝑜𝑢𝑡𝑝

𝑉𝑖𝑛𝑝𝑢𝑡
𝑚𝑎𝑥                                                                           (1) 

𝐿𝑖𝑛𝑑 =
1

𝑓𝑠𝑤
(𝑉𝑖𝑛𝑝𝑢𝑡

𝑚𝑎𝑥 − 𝑉𝑜𝑢𝑡𝑝) (
𝑉𝑜𝑢𝑡𝑝

𝑉𝑖𝑛𝑝𝑢𝑡
𝑚𝑎𝑥 ) (

1

0.2𝐼𝑜𝑢𝑡𝑝
)                                       (2) 

 
where 𝐷𝑏𝑢𝑐𝑘  is the duty cycle, 𝑉𝑜𝑢𝑡𝑝 is the output voltage, 𝑉𝑖𝑛𝑝𝑢𝑡

𝑚𝑎𝑥  is the maximum input voltage.  

𝐿𝑖𝑛𝑑  is inductor value, while 𝑓𝑠𝑤
𝑏𝑢𝑐𝑘  and 𝐼𝑜𝑢𝑡𝑝  represent the switching frequency and output 

current, respectively. The capacitor value is then expressed as presented in Equation 3 (Rashid, 
2001). 

𝐶𝑐𝑎𝑝 =
0.2𝐼𝑜𝑢𝑡𝑝

Π
                                                                        (3) 

where 𝐶𝑐𝑎𝑝  is the capacitor value. Then, according to Equation 3, Π  represented as where it 

expressed as in Equation 4 (Rashid, 2001). 

Π = 8𝑓𝑠𝑤
𝑏𝑢𝑐𝑘0.01𝑉𝑜𝑢𝑡𝑝                                                                 (4) 

 
Figure 1. The whole circuit in PV system 
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2.2. Parameter and controller design 

In this system, the mathematical analysis is used to determine the value of each parameter. 
The parameters used in this paper is shown in Table 1. The system block diagram is presented in 
Figure 2.  

The controller parameters are determined using the Ziegler-Nichols method based on the 
reaction curve (Upadhyay et al., 2022). Whether the system is first-order or second-order is 
identified from the reaction curve in open-loop mode. A first-order system is indicated when the 
responses have no overshoot and oscillation. Otherwise, it is considered second-order. In open-
loop mode, the transfer function (TF) is expressed as Equation 5 (Kula, 2024). 

𝑌𝑜𝑢𝑡
𝑏𝑢𝑐𝑘(𝑠)

𝑋𝑖𝑛
𝑏𝑢𝑐𝑘(𝑠)

=
Δ𝑐𝑜𝑛𝑠

Γ𝑠 + 1
                                                                     (5) 

where 𝑌𝑜𝑢𝑡
𝑏𝑢𝑐𝑘 is the output function, 𝑋𝑖𝑛

𝑏𝑢𝑐𝑘is the input function, Δ𝑐𝑜𝑛𝑠 is the constant and Γ𝑜𝑢𝑡

𝑖𝑛

 is the 

time constant. According to Equation 5, the time constant is defined as expressed in Equation 6 
(Kula, 2024). 

Γ =
𝑡𝑠𝑒𝑡𝑙

5
                                                                              (6) 

where 𝑡𝑠𝑒𝑡𝑙  is the settling time, which is obtained from the open-loop response. Hence the 
cascaded PI controller parameters are derived as presented in Equation 7 and 8 (Kula, 2024). 

𝐺𝑝
𝑏𝑢𝑐𝑘 =

Γ𝑖

Γ∗ + Δ𝑐𝑜𝑛𝑠
                                                                   (7) 

𝐺𝑖
𝑏𝑢𝑐𝑘 =

𝐺𝑝
𝑏𝑢𝑐𝑘

Γ𝑖
                                                                      (8) 

where 𝐺𝑝
𝑏𝑢𝑐𝑘  and 𝐺𝑝

𝑏𝑢𝑐𝑘   are the proportional and integral gains, respectively. Γ𝑖   is the integral 

time constant, assumed to be Γ𝑖  = Γ , and Γ∗ is the desired time constant. 

Table 1. The parameter design 

Parameters Explanation Values 

𝑉𝑜𝑢𝑡𝑝 The output voltage 14V 

𝑉𝑖𝑛𝑝𝑡
𝑚𝑎𝑥 The maximum input voltage 36V 

𝑉𝑖𝑛𝑝𝑡
𝑚𝑖𝑛 The minimum input voltage 3V 

𝐼𝑜𝑢𝑡𝑝 The output current 10A 

𝑓𝑠𝑤
𝑏𝑢𝑐𝑘  The switching frequency 400kHz 

𝜉𝑏𝑢𝑐𝑘 The efficiency 90% 

𝑇𝑎𝑣𝑟  The period 34°C 

Irrad The irradiation of solar panel 1000W/m2 

 

Figure 2. Block diagram system 
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2.3. Battery and PV design 

In the system, the battery serves as a key component for temporary energy storage. The 
charging method used is constant current and voltage (CC-CV), implemented through a cascaded 
PI controller. The charging parameter needs to be calculated precisely. The battery specification 
in the system is 12 V, 45 Ah. typically, the charging current is set 10% and 30% of the battery 
capacity. The charging current and charging time are defined as shown in Equation 9 and 10 (Jeon 
et al., 2021).  

𝐼𝑐ℎ𝑎𝑟𝑔
𝑏𝑎𝑡𝑡 = 10% Ψ𝑐𝑎𝑝                                                                     (9) 

𝑇𝑐ℎ𝑎𝑟𝑔
𝑏𝑎𝑡𝑡 =

Ψ𝑐𝑎𝑝

𝐼𝑐ℎ𝑎𝑟𝑔
𝑏𝑎𝑡𝑡                                                                        (10) 

where 𝐼𝑐ℎ𝑎𝑟𝑔
𝑏𝑎𝑡𝑡  is the charging current, Ψ𝑐𝑎𝑝 is the battery capacity, and 𝑇𝑐ℎ𝑎𝑟𝑔

𝑏𝑎𝑡𝑡  is the charging time. 

The charging voltage is obtained from the output voltage of the DC-DC buck converter and must 
be adjusted according to the battery capacity calculation. The battery consists of six cells, and each 
cell can be charged at a voltage between 2.3 V to 2.4 V per cell. Therefore, the total charging voltage 
ranges from approximately 13.8 V to 14.4 V. The PV capacity is determined based on the input 
parameters of the DC-DC buck converter, derived as shown in Equation 11 (Jeon et al., 2021). 

𝑃𝑉𝑐𝑎𝑝 = 𝑃𝑖𝑛𝑝
𝑏𝑢𝑐𝑘                                                                       (11) 

The input and output power are presented as Equation 12 and 13 (Jeon et al., 2021). 

𝑃𝑖𝑛𝑝
𝑏𝑢𝑐𝑘 =

𝑃𝑜𝑢𝑡𝑝
𝑏𝑢𝑐𝑘

𝜉𝑏𝑢𝑐𝑘
                                                                      (12) 

𝑃𝑜𝑢𝑡𝑝
𝑏𝑢𝑐𝑘 = 𝑉𝑜𝑢𝑡𝑝𝐼𝑜𝑢𝑡𝑝                                                                 (13) 

Then by substituting Equation 12 and Equation 13 into Equation 11, The PV capacity can be 
defined presented in Equation 14. 

𝑃𝑉𝑐𝑎𝑝 =
𝑉𝑜𝑢𝑡𝑝𝐼𝑜𝑢𝑡𝑝

𝜉𝑏𝑢𝑐𝑘
                                                                  (14) 

where 𝑃𝑉𝑐𝑎𝑝  is the PV capacity, 𝜉𝑏𝑢𝑐𝑘  is the converter efficiency, and 𝑃𝑖𝑛𝑝
𝑏𝑢𝑐𝑘 � and 𝑃𝑜𝑢𝑡𝑝

𝑏𝑢𝑐𝑘  are the 

input and output power of the DC-DC buck converter, respectively. 

3. Result and discussion 

The MATLAB software is used here for simulation and controller design in this study. The 
simulations results demonstrate the feasibility of the proposed SCC using a cascaded controller. 
The variation state of charges (SoC) in battery are presented in simulation. The SoC indicates how 
much electrical energy is stored within the battery. Ideally, the SoC should be maintained within 
appropriate limits to ensure battery health and performance (Chiasson & Vairamohan, 2005).  

Figure 3 shows the output current response when the SoC is set 20%. At this condition, the 
low SoC percentage indicates that the battery nearly empty. The output current with the controller 
successfully tracked the setpoint at 10 A. Without the controller, however, the response exhibits 
a significant overshoot, reaching 24A, accompanied by oscillations. Such poor transient responses 
can damage the charging system and reduce battery’s lifetime. 

Figure 4 represents the voltage responses with and without controller. With the controller, 
the voltage exhibits better performance, characterized by a faster transient response and minimal 
ripple, compared to the system without the controller. The rise time with controller is 0.08 
seconds, whereas it is 0.2 seconds without the controller, indicating a much lower system 
response without control. 
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Figure 5 and 6 display the voltage and current responses when SoC is increased to 50%. 
Figure 5, the output current with the controller is smaller compared to Figure 3, since the battery 
is already charged (approximately 20%). The output current with the controller shows reduced 
overshoot and oscillation compared to the response without the controller. In Figure 6, the voltage 
responses with controller again demonstrates a faster rise time (0.05 seconds) compared to 
uncontrolled system (0.18 seconds). In addition, while the voltage without controller eventually 
reaches the setpoint under steady-state conditions, it suffers from slower dynamics and slight 
instability during the transient phase. 

Figure 7 and 8 show the output current and voltage responses when the SoC reaches 95 %. 
In Figure 7, the current waveform with the controller has the smallest value compared to earlier 
conditions, as the battery is nearly fully charged. Notably, between 1.8 seconds and 2.5 seconds, 
the charging current gradually decreases, reflecting the typical behavior during the constant 
voltage phase of battery charging. In contrast, the current without the controller shows strong 
oscillations and a large overshoot, reaching 25 A, which could pose significant risks to the battery’s 
health.  

Figure 8 shows the voltage response ate 95% SoC. The voltage with the controller achieves a 
faster rise time and maintains a steady value, while the voltage without controller slowly increases 
toward the end of the simulation. This behavior occurs because no control mechanism is in place 
to stabilize the voltage as the battery nears full charge.  

 

Figure 3. Output current responses, SoC set 20% Figure 4. Output voltage responses, SoC set 20% 

 

Figure 5. Output current responses, SoC set 50% 

 

Figure 6. Output voltage responses, SoC set 50% 

Figure 7. Output current responses, SoC set 95% Figure 8. Output voltage responses, SoC set 95% 
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In addition to the trial-and-error method, the performance of the PI controller tuned using 
the Ziegler-Nichols method is compared with other established tuning approaches, such as 
manual fine-tuning. While the Ziegler-Nichols method is known for its simplicity and effectiveness 
in achieving a fast response, it may introduce moderate overshoot in certain systems. Manual fine-
tuning, although capable of delivering good performance, is time-consuming, lacks repeatability, 
and heavily relies on the designer’s experience. 

Simulation results indicate that the Ziegler-Nichols–tuned PI controller offers a balanced 
trade-off between speed and stability, consistently outperforming the trial-and-error method. 
Among the evaluated approaches, Ziegler-Nichols proves to be the most efficient in terms of 
convergence time and performance improvement for the battery charging system, particularly 
under dynamically varying conditions. This comparative analysis highlights the importance of 
selecting a tuning strategy that aligns with the system’s operational demands and performance 
objectives. 

Overall, the results demonstrate that a PI controller designed using the Ziegler-Nichols 
method can effectively balance a rapid system response with the system stability. The integral 
gain is crucial for minimizing oscillations by correcting long-state errors, while the proportional 
gain, when properly tune, reduces overshoot by moderating the system's reaction speed. With 
precise tuning, the PI controller significantly improves stability, reduce overshoot, dampens 
oscillations, and enhances the overall performance of the battery charging system. 

4. Conclusion 
The cascaded proportional-integral controller, including current and voltage loops, is 

proposed for the SCC. The SCC, based on a DC-DC buck converter, is implemented to step down 
the voltage from PV source to the battery, which serves as temporary storage. Several simulations 
using variations in the state of charge validate that the use of cascaded controller in both the 
voltage and current loops results in good performance, including small ripple, fast rise time, 
minimal overshoot, and strong robustness, thereby supporting the efficiency and reliability of the 
sustainable renewable energy system. Therefore, the proposed systems, utilizing the reaction 
curve Ziegler-Nichols method, demonstrates satisfactory performance of the DC-DC buck 
converter for solar charging controllers in PV systems, making it well- suited for industrial 
applications. 
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