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This paper aims to analyze the nonlinear dynamic behavior of a photovoltaic 

(PV) cell under constant irradiance using numerical simulation and stability 

analysis. PV systems are inherently nonlinear and time-varying, making 

accurate dynamic modeling essential for control and performance 

optimization. Understanding how the system responds over time is critical 

for designing stable and efficient PV-based energy systems. A single-diode 

equivalent circuit model is used to represent the PV cell. The fourth-order 

Runge-Kutta (RK4) method is chosen for time-domain simulation due to its 

balance between computational efficiency and accuracy. A quadratic 

Lyapunov function is formulated to assess system stability by observing the 

sign of its time derivative. Simulation results show that the voltage reaches 

steady state smoothly with minor overshoot, and the current converges 

rapidly. The Lyapunov function decreases consistently, confirming 

asymptotic stability. The system demonstrates a maximum voltage error 

below 2% and low standard deviation, with consistent return to equilibrium 

despite changes in initial conditions. In conclusion, the proposed approach 

effectively characterizes the PV cell’s nonlinear dynamic behavior and 

confirms system stability under constant irradiance. The effectiveness of 

combining RK4 integration with Lyapunov analysis for modeling nonlinear 

PV dynamics ids demonstrated. 
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Time-domain Simulation and Stability Analysis of a Photovoltaic Cell Using the Fourth-order Runge-Kutta 

Method and Lyapunov Stability Analysis (M. S. Priyadarshini) 

1. INTRODUCTION 

Photovoltaic (PV) cell is a basic unit for harnessing solar energy in the process of conversion of solar 

energy to electrical energy [1]-[3]. PV systems are pivotal in using freely available radiant energy from the 

Sun, promoting sustainable power generation. Understanding the dynamic behavior of PV cells is essential for 

optimizing their performance and ensuring system stability. The single-diode model effectively captures the 

nonlinear characteristics of a PV cell, accounting for factors like photocurrent, diode saturation current, thermal 

voltage, and resistive elements [4]-[6].  

Numerical methods, such as the fourth-order Runge-Kutta (RK4) technique, offer precise solutions to the 

differential equations governing PV cell behavior [7]-[9]. The RK4 method is a time-domain numerical 

integrator that estimates future states of a system by averaging intermediate slopes, providing fourth-order 

accuracy and stability for nonlinear equations. Additionally, Lyapunov's direct method provides a robust 

framework for assessing the stability of nonlinear systems by defining an energy-like scalar function whose 

time derivative indicates convergence toward equilibrium. By integrating these approaches, this study aims to 

simulate the PV cell's dynamic response and evaluate its stability under constant irradiance. 

PV systems exhibit nonlinear behavior due to fluctuating environmental factors, requiring robust 

mathematical models for accurate analysis [10][11]. Existing numerical methods such as iterative solvers and 

Runge-Kutta approaches have been employed to model I-V and P-V characteristics, yet challenges remain in 

computational efficiency and real-time stability assessment [12][13]. Current models often emphasize steady-

state analysis and overlook formal verification of dynamic stability, creating a gap in ensuring reliable real-

time operation. This paper aims to simulate the dynamic response of a PV cell and evaluate its stability under 

constant irradiance conditions using accurate numerical and analytical methods. To analyze the transient 

behavior and system stability of a PV cell under constant operating conditions, we set the following specific 

objectives: 

The primary objectives of this study are: 

• To simulate the time-dependent voltage and current behavior of a PV cell using the RK4 method. 

• To formulate a Lyapunov function representing the system's energy and analyze its time derivative to 

assess stability. 

• To provide visual representations (plots) of the PV cell's dynamic response and stability characteristics. 

The following section reviews recent developments in PV dynamic modeling, numerical integration 

techniques, and nonlinear stability analysis.  

A PV cell converts photon energy into electrical signals, making PV power generation an eco-friendly 

solution for energy production at both small and large scales [14]. A MATLAB-based modeling and simulation 

of a PV cell was presented in [15], analyzing its performance under varying temperature and solar irradiance 

conditions. Real-time stability is crucial for PV systems integrated into smart grids, standalone inverters, and 

dynamic load environments, where unpredictable fluctuations require immediate system correction to prevent 

efficiency loss or operational failure. The study highlights how changes in environmental parameters affect the 

output voltage, current, and power characteristics of the PV cell. The study of PV systems through 

mathematical modeling and simulation tools like MATLAB [16][17] enhances understanding and 

optimization. Various factors, including photo-current, diode reverse saturation current, series resistance, shunt 

resistance, and diode ideality factor, influence PV performance [18][19]. Since the I-V equation is 

transcendental and lacks an explicit analytical solution, numerical methods such as iterative solvers and Runge-

Kutta techniques are preferred [20][21]. The term "transcendental" here refers to equations involving 

exponential terms (from the diode equation), which cannot be rearranged into a closed-form solution. This 

makes them analytically unsolvable using standard algebra, necessitating iterative or numerical approaches. 

Prior research has employed iterative techniques, Newton-Raphson, and Runge-Kutta solvers for nonlinear PV 

system equations. MATLAB is commonly used for this purpose due to its high-level environment and built-in 

functions that streamline the implementation of such solvers, particularly for systems with nonlinear behavior. 

MATLAB-based implementations have been widely used to validate numerical efficiency [22][23]. Lyapunov-

based stability metrics have been explored in various nonlinear systems but are rarely integrated into PV 

models. This study extends their application for assessing transient and steady-state PV behavior [24][25].  

Most numerical methods focus on power optimization without stability considerations. Existing 

Lyapunov-based analyses lack computational efficiency for real-time applications. MPPT is a control 

technique used in PV systems to continuously adjust the operating voltage or current so that the system extracts 

the maximum possible power under varying environmental conditions, such as irradiance and temperature [26]-

[29]. While MPPT is not implemented in this study, the time-domain simulation and stability analysis presented 

here provide critical insights into the PV system’s behavior near equilibrium. Such understanding supports the 

development of MPPT algorithms that maintain stable operation during dynamic environmental changes [30]. 
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The proposed approach unifies both aspects, ensuring stability-aware MPPT optimization. While previous 

research has explored PV system dynamics and stability, this study uniquely combines RK4 numerical 

integration with Lyapunov stability analysis in a simplified single-diode PV model under constant irradiance. 

This integrated approach offers a clear and concise framework for understanding the PV cell's dynamic 

behavior and stability, ultimately contributing to the design of more robust, responsive, and reliable PV systems 

capable of withstanding real-world operational uncertainties, serving as a foundational reference for further 

studies involving more complex PV system models. To evaluate the transient response and assess the stability 

of a PV cell under dynamic conditions, the mentioned objectives guide this investigation. Most existing models 

focus on static I-V curves or steady-state MPPT responses. These ignore the system’s dynamic transition 

behavior, which is critical for designing robust and real-time control algorithms under fluctuating 

environmental conditions. 

 

2. INVESTIGATIONS ON APPLIED METHODS  

The practical model, Single-Diode Model (SDM) is shown in Figure 1 [31]. The basic equation (Shockley 

Diode Equation) from the theory of semiconductors that mathematically describes the I–V characteristic of the 

ideal PV cell is given by Eq. (1). The I–V equation defines the dynamic nature of the PV cell, motivating the 

need for numerical simulation and stability analysis as outlined in the objectives mentioned above [32]. 

 

 
Figure 1. Single-diode equivalent circuit for PV module [31] 

 

A simplified PV model is used where I is a function of V. The simplified I–V relationship of the PV cell (using 

the diode equation) is:  

 
𝐼 = 𝐼𝑝ℎ − 𝐼0 [𝑒𝑥𝑝 (

𝑉

𝑉𝑡

) − 1 ] (1) 

where 𝐼𝑝ℎ is the photocurrent (in Amperes), 𝐼0 is the reverse saturation current of the diode, 𝑉𝑡 is the thermal 

voltage and 𝑉 is the voltage across the PV cell.  

In this study, the following assumptions are adopted to enable a dynamic model of the PV system: 

• Constant irradiance: The solar insolation is fixed at 1000 W/m². 

• Constant temperature: The cell temperature is assumed constant at 25°C (298 K), removing temperature-

dependence from the I-V model. 

• Neglecting parasitic effects: Capacitance, recombination losses, and leakage currents beyond 𝑅𝑠ℎ are 

excluded. 

• Constant photocurrent (𝐼𝑝ℎ): Taken as 1 A. 

• Negligible inductive/capacitive effects: For simplicity, dynamic effects due to reactive elements are 

ignored. 

These assumptions reflect typical standard test conditions (STC) and enable use of the single-diode model 

for transient analysis. A simplified PV model is chosen as it preserves the nonlinear exponential diode 

characteristics while reducing model complexity, allowing efficient time-domain simulation of the cell’s 

dynamic behavior using numerical solvers. 

The constants defined for the PV model: 𝐼𝑝ℎ in Amperes is = 1 A, Vt in Volts is = 0.025, Shunt resistance 

in Ohms is 𝑅𝑠ℎ=1000 Ohms, Series resistance in Ohms is Rs = 0.02 and Irradiance in W/m2 is G = 1000. This 

study uses a simplified single-diode PV model under the assumptions of constant irradiance (G = 1000 W/m²), 

constant temperature (25°C), constant photocurrent (𝐼𝑝ℎ = 1 A), and negligible dynamic variation in resistive 

elements. The impact of parasitic capacitance, partial shading, and nonlinear recombination dynamics is 

excluded for clarity and computational tractability. 
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2.1. Numerical Solvers for PV Models 

The basic generalization of the Runge-Kutta-Fehlberg (RKF) method is: 

 
𝑥𝑛+1 = 𝑥𝑛 + ℎ ∑ 𝑏𝑖𝑘𝑖

𝑠

𝑖=1

 (2) 

where  

 𝑘1 = ℎ𝑓(𝑥𝑛 , 𝑡𝑛) (3) 

 𝑘2 = ℎ𝑓(𝑡𝑛 + 𝑐2ℎ, 𝑥𝑛 + 𝑎21𝑘1) (4) 

 𝑘𝑠 = ℎ𝑓(𝑡𝑛 + 𝑐𝑠ℎ, 𝑥𝑛 + 𝑎𝑠1𝑘1 + 𝑎𝑠2𝑘2 + ⋯ + 𝑎𝑠,𝑠−1𝑘𝑠−1) (5) 

where 𝑥𝑛 is a dependent variable, 𝑡𝑛 is an independent variable, s is a number of stages, bi, ci and aij are 

coefficients that determined from Butcher tableau [33][34].   

The Runge-Kutta-Fehlberg method is widely used, but one of its common applications is the Runge-

Kutta-Fehlberg method, also known as the RKF45 method. This method is an algorithm in numerical analysis. 

The error in solving a given problem according to this method is estimated and controlled using a higher-order 

integrated method. This method allows the adaptive step size to be determined automatically. The general form 

of the RKF 45 method is written as follows [35][36]. In [12], ‘Euler method, Runge-Kutta second order, Runge-

Kutta fourth order and Runge-Kutta Fehlberg methods’ were presented to solve the initial value problem of 

ordinary differential equation. 

 
𝑥𝑛+1 = 𝑥𝑛 +

25

216
𝑘1 +

1408

2565
𝑘3 +

2197

4104
𝑘4 −

1

5
𝑘5, (6) 

where n=1,2,3, …, and 

 𝑘1 = ℎ𝑓(𝑥𝑛 , 𝑡𝑛), (7) 

 
𝑘2 = ℎ𝑓 (𝑥𝑛 +

1

4
ℎ, 𝑡𝑛 +

1

4
𝑘1), 

(8) 

 
𝑘3 = ℎ𝑓 (𝑥𝑛 +

3

8
ℎ, 𝑡𝑛 +

3

32
𝑘1 +

9

32
𝑘1), 

(9) 

 
𝑘4 = ℎ𝑓 (𝑥𝑛 +

12

13
ℎ, 𝑡𝑛 +

1932

2197
𝑘1 −

7200

2197
𝑘2 +

7296

2197
𝑘3), 

(10) 

 
𝑘5 = ℎ𝑓 (𝑥𝑛 + ℎ, 𝑡𝑛 +

439

216
𝑘1 − 8𝑘2 +

3680

513
𝑘3 −

845

4104
𝑘4), 

(11) 

 
𝑘6 = ℎ𝑓 (𝑥𝑛 +

1

2
ℎ, 𝑡𝑛 −

8

27
𝑘1 + 2𝑘2 −

3544

2565
𝑘3 −

1859

4104
𝑘4 −

11

40
𝑘5). 

(12) 

The error in the solutions can be estimated and controlled by using a higher-order embedded method that 

allows for an adaptive step size to be determined automatically [12]. MATLAB implementations assess 

convergence rates and error minimization. Newton's method is widely used for solving nonlinear equations 

because this type of method is iterative in nature and also has the property of converging quickly [37]. For 

numerical integration of the nonlinear PV system, the Runge–Kutta–Fehlberg (RKF45) method is employed, 

providing efficient solutions for complex nonlinear equations [38][39]. The RK4 method is a numerical 

technique used to solve ordinary differential equations (ODEs). In the context of a PV system, RK4 is used to 

simulate the behavior of the system, such as its current-voltage characteristics over time under a specific 

dynamic system, like the dynamics of a MPPT algorithm or energy storage system. 

Signal processing can be applied in power systems for better interpretation of voltage signals. For 

example, wavelet techniques can be used in relation to signal extraction, MPPT enhancement or transient 

analysis. Wavelet-based signal processing techniques have been used to isolate high-frequency components in 

PV system voltage or current signals, particularly in the context of MPPT under dynamic environmental 

conditions. While effective for capturing signal features, these approaches are limited in capturing the system’s 
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underlying nonlinear state evolution, which this paper aims to explore through Lyapunov-based dynamic 

modeling. Energy feature indicating strength of a signal is used in [40], for extracting useful information from 

voltage signals. In [41], wavelet-based feature extraction is applied for supply voltage sag monitoring and [42] 

used wavelet analysis to detect transient faults in PV outputs. The variations in PV voltage can be processed 

using statistical measures as shown in [43]. AI-based control logic in solar traffic and PV systems is 

implemented in [44]. Internet of Things (IoT) integration is applied in [45] for PV panels cooling and efficiency 

enhancement. SVC was used in [46] and this modeling can be used for voltage regulation in PV-connected 

systems.  

In recent years, numerous studies have investigated various techniques to enhance the performance 

assessment, fault diagnosis, maximum power extraction, and parameter estimation of PV systems. These 

approaches often rely on data-driven algorithms, hybrid models, and predictive strategies aimed at optimizing 

PV output under different environmental and operating conditions. A selection of such methods is summarized 

in the literature, covering power forecasting, soiling analysis, fault detection, and MPPT optimization across 

diverse platforms and system configurations. A method to accurately find the electrical parameters of PV 

modules to improve their performance modeling is presented in [47]. A comparison of two control methods is 

done in [48] to improve the energy output of a 20 kWp solar PV system under different environmental 

conditions. Ref. [49] focuses on the optimal sizing of standalone PV systems to ensure reliable power supply 

based on energy needs and solar conditions. It is studied and modelled in [50], the behavior of polycrystalline 

PV cells for better understanding and prediction of their electrical output. A way to detect performance 

degradation in solar PV systems by analyzing output uncertainties over time is proposed in [51]. A long-term 

solar radiation modeling approach has been introduced in [52] to enhance forecasting accuracy and 

performance planning in PV systems. Performance assessment and degradation detection in grid-connected PV 

systems have been emphasized in [53] for improving system reliability and maintenance. Detection of PV panel 

defects has been addressed in [54] through analysis techniques that support timely maintenance and operational 

stability. A short-term power prediction strategy has been applied in [55] to virtual PV plants to improve 

dispatch planning and reduce power output uncertainty. Integration of standalone photovoltaic power with 

desalination systems has been proposed in [56], focusing on energy-efficient control and adaptability.  

As dust and dirt gets deposited on PV array, cleaning methods have a significant role in increasing 

efficiency of PV cells. Soiling-related energy loss in PV systems has been quantified in [57] to aid in 

developing optimal cleaning strategies for improved performance. Segmentation of PV panels in unevenly 

illuminated infrared images has been achieved in [58] to support accurate automated inspection. A smart grid 

energy management framework has been designed in [59] with solar PV integration to balance demand and 

enhance renewable utilization. Load separation and forecasting in PV-powered smart have been facilitated to 

support energy optimization strategies in [60]. A one-day-ahead probabilistic forecast of solar power has been 

enhanced in [61] through imputation techniques for handling incomplete data. A robust PV power generation 

model tolerant to missing data has been developed in [62] to maintain prediction accuracy under uncertainty. 

Short-term forecasting of solar PV power has been improved in  [63] to better align renewable output with real-

time grid demands. Solar PV-based energy harvesting in smart grids has been prioritized in [46] to improve 

decision-making and optimize system efficiency.  

Numerically optimized strategies and approaches can be adapted to photovoltaic systems where precise 

control and efficiency optimization are essential. It has been suggested in literature that the principles of 

aerodynamic tuning may be extended to electrical parameter regulation in PV environments to enhance energy 

conversion under variable operating conditions [64]-[66]. It is demonstrated in [67] that performance 

optimization using numerical simulation can significantly enhance aerodynamic efficiency, an approach 

conceptually similar to tracking optimal points in PV systems under variable irradiance using MPPT 

techniques. It is explained in [68] that numerical and experimental modeling aids in identifying configurations 

for improved energy capture, drawing parallels to modeling the dynamic I-V curve of a PV cell. It is observed 

in [69] that design-level optimization can be employed to maximize energy output. Similarly, in PV systems, 

modifying control algorithms or circuit parameters can lead to improved global power point tracking. 

High-frequency ripple extraction in PV system signals has been utilized in [70] to improve the accuracy 

and performance of MPPT algorithms. A hybrid MPPT strategy was introduced in [71][72] to effectively 

extract the global maximum power from PV systems under partial shading. Enhanced power output and system 

performance were achieved by integrating AI with conventional methods. A data-driven architecture was 

proposed in [73] for diagnosing faults in PV systems based on system health states. Improved accuracy in fault 

detection and timely maintenance was demonstrated through real-time monitoring. Parameter estimation for 

photovoltaic systems was conducted in [74] using an advanced optimization approach to improve modeling 

accuracy. The method contributed to better system characterization and performance prediction. Runge-Kutta 

method and Lyapunov stability analysis were applied in [2] to study nonlinear dynamics in celestial systems. 
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This methodology is similarly used in this work to analyze the nonlinear voltage-current behavior and stability 

of PV cells.  

While these works significantly contribute to performance modeling and control, they typically focus on 

algorithmic implementation rather than providing deep insights into the nonlinear dynamical behavior of PV 

cells. To address this gap, the present study employs Lyapunov stability theory in conjunction with RK4 

integration to perform a dynamic analysis of PV cell behavior under varying irradiance and load conditions. 

This mathematical approach enables a robust time-domain investigation of the PV system’s response 

characteristics, offering a complementary perspective to existing data-driven and optimization-based models. 

 

2.2. Fourth-Order Runge-Kutta Simulation of a PV System 

The simulation models the dynamic behavior of a PV cell over time using the RK4 method. RK4 is a 

powerful numerical integration technique used to solve ordinary differential equations (ODEs) with high 

accuracy. In this context, it is used to compute how the voltage and current of a PV cell evolve over time based 

on a nonlinear differential equation derived from the PV model. The PV system is modelled based on the 

single-diode equivalent circuit, which describes the relationship between the output current and voltage of a 

solar cell. The key parameters used in the simulation include [75]: 

• Photocurrent 𝐼𝑝ℎ: The current generated by the solar irradiance. 

• Reverse saturation current 𝐼0: The leakage current of the diode in reverse bias. 

• Thermal voltage 𝑉𝑡: Given by 𝑉𝑡 =
𝑘𝑇

𝑞
,where 𝑘 is Boltzmann’s constant, 𝑇 is absolute temperature, and 𝑞 

is the electron charge. 

• Series resistance 𝑅𝑠: Represents internal resistance losses. 

• Shunt resistance 𝑅𝑠ℎ: Models leakage paths within the cell. 

Numerical Setup for RK4 is given by: 

• Time step: 𝛥𝑡 = 0.01 seconds 

• Total simulation time: 5 seconds 

• Initial condition: V (0) = 0 

• Number of iterations: 500 

• Key constants: 𝐼𝑝ℎ = 1A; 𝐼𝑠 = 10-6A; 𝑉𝑡 = 0.025 V; 𝑅𝑠 = 0.02 Ω and 𝑅𝑠ℎ = 1000 Ω 

This fixed-step simulation ensures uniform sampling for Lyapunov analysis and visualization. 

The current in the PV cell, ignoring 𝑅𝑠 and 𝑅𝑠ℎ for simplification, can be expressed as: 

 
𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼0(𝑒

𝑉
𝑉𝑡 − 1) (13) 

To simulate the voltage over time, a first-order differential form is assumed: 

 𝑑𝑉

𝑑𝑡
= 𝑓(𝑉) = 𝐼𝑝ℎ − 𝐼0(𝑒

𝑉
𝑉𝑡 − 1) (14) 

Equation (14) represents the dynamic voltage evolution as a first-order nonlinear ODE. This is derived 

by assuming constant 𝐼𝑝ℎ and neglecting the effect of 𝑅𝑠 and 𝑅𝑠ℎ temporarily, isolating the system’s voltage-

driven dynamic response. This is a nonlinear ODE, which is solved using RK4. RK4 estimates the future value 

of a variable by taking a weighted average of four increments (slopes). The dynamic model given by Equation 

14 is a simplification derived from the single-diode equivalent circuit. This approximation, while neglecting 

certain nonlinearities, retains the essential features of the exponential diode response and is validated by 

convergence behavior [76]-[78]. Let 𝑉𝑘 be the voltage at time 𝑡𝑘, ℎ = 𝛥𝑡 be the time step. The update rule is: 

 𝑘1 = ℎ ⋅ 𝑓(𝑉𝑘) (15) 

 
𝑘2 = ℎ ⋅ 𝑓(𝑉𝑘 +

1

2
𝑘1) (16) 

 
𝑘3 = ℎ ⋅ 𝑓(𝑉𝑘 +

1

2
𝑘2) (17) 

 𝑘4 = ℎ ⋅ 𝑓(𝑉𝑘 + 𝑘3) (18) 
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𝑉𝑘+1 = 𝑉𝑘 +

1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) (19) 

After updating the voltage, the corresponding current is calculated using the PV equation. Table 1 and 

Table 2 details algorithm descriptions for RK4 and RKF45 adaptive step Integration for PV Cell Voltage 

Simulation. 

 

Table 1. RK4 Integration for PV Cell Voltage Simulation 
S. No Step Description 

1 Initialize parameters 
Define all necessary constants such as photocurrent (𝐼𝑝ℎ), reverse saturation 

current (𝐼𝑠), thermal voltage (𝑉𝑡), series resistance (𝑅𝑠), and time step (𝛥𝑡). 

2 Define initial condition Set the starting voltage 𝑉 (0) = 0. 

3 
Define the current-voltage 

function 

This function models how the current behaves for a given voltage. Use: 

 𝑓(𝑉)  =  𝐼𝑝ℎ  −  𝐼𝑠  ∗  (𝑒𝑥𝑝 (
𝑉 + 𝐼𝑝ℎ ∗ 𝑅𝑠

𝑉𝑡
) −  1) 

4 
Use the RK4 method to 

compute intermediate values 

For each time step n, calculate: 

𝑘1  =  𝛥𝑡  ∗  𝑓(𝑉𝑛) 

𝑘2 =  𝛥𝑡  ∗  𝑓 (𝑉𝑛  +  0.5 ∗  𝑘1) 

𝑘3  =  𝛥𝑡  ∗  𝑓 (𝑉𝑛  +  0.5 ∗  𝑘2) 

𝑘4  =  𝛥𝑡 ∗  𝑓 (𝑉𝑛 + 𝑘3) 

5 Update the voltage Use RK4 formula: 

  𝑉𝑛 + 1 =  𝑉𝑛  +  (1/6) (𝑘1  +  2𝑘2  +  2𝑘3  +  𝑘4) 

6 Update the current Recalculate the current using the updated voltage. 

7 Repeat the process Continue the loop for all time steps to simulate the system response. 

8 Store and plot results Store voltage and current values and generate time-domain plots. 

 

The following are considered for simulation setup: 

• Initial Conditions: The voltage starts at zero, and the corresponding initial current is computed. 

• Time Range: The simulation runs from 𝑡 = 0 to 𝑡 = 1 second with a step size 𝛥𝑡 = 0.01 seconds. 

• Arrays for voltage 𝑉(𝑡) and current 𝐼(𝑡) are initialized and updated at each time step using the RK4 

method. 

The following simplifications provide a first-order nonlinear model that can be solved numerically: Constant 

𝐼𝑝ℎ, Negligible series resistance for ODE formulation, No load variation and no MPPT perturbation. 

 

Table 2. RKF45 Integration for PV Cell Voltage Simulation 
S. No Step Description 

1 Define the voltage-current relationship Use the same function as in Algorithm 1. 

2 Set simulation start and end time Choose time span (e.g., 0 to 5 s) and initial voltage (e.g., 0 V). 

3 Select error tolerance Choose a small value like 0.001 to control step size adaptively. 

4 Compute two estimates RKF45 calculates 4th and 5th-order estimates of voltage per step. 

5 Calculate error Estimate the error by comparing both voltage approximations. 

6 Adjust step size Increase step size if error is small, or decrease if too large. 

7 Accept or reject step Accept results if error is within tolerance; otherwise, recompute. 

8 Repeat steps Continue until reaching the end of simulation. 

9 Store and analyze output Store and plot voltage and current data to visualize response. 

 

The RK4 method effectively simulates the nonlinear dynamic behavior of a PV cell. By solving the 

governing equation iteratively, it is observed how voltage and current evolve in response to constant irradiance. 

The resulting plots are essential to understand both the charging behavior and stability characteristics of PV 

systems over time. Table 3 shows comparison between RK4 and RKF45 for different parameters and Figure 2 

shows different features of both these methods. In this paper, RK4 is used for deterministic output and RKF45 

is referenced and not implemented. This study uses RK4 for its deterministic behavior, aligning well with fixed 

sampling for Lyapunov stability analysis. RK4 is used as this method offers a good trade-off between 

computational load and accuracy. Its fixed-step nature ensures consistent sampling, ideal for derivative-based 

stability analysis such as Lyapunov methods. Interpretation of plots is depicted in Figure 3. 

 

Table 3. Comparison between RK4 and RKF45 methods 
Method Step Size Error Estimation Use Case Complexity 

RK4 Fixed None Simple systems Low 

RKF45 (ode45) Adaptive Built-in Systems needing error control Moderate 
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Figure 2. Different features of RK4 and RKF45 methods 

 

 
Figure 3. Variation of Voltage over time and Current over time 

 

Voltage vs. Time Plot 

• This plot in Figure 3 shows how the voltage across the PV cell evolves over time. 

• The curve typically increases smoothly as the system responds to a constant illumination, eventually 

stabilizing. 

• The shape depends on how the exponential diode behavior influences the voltage growth. 

Current vs. Time Plot 

• This plot in Figure 3 illustrates the change in output current over time. 

• Since the photocurrent is constant, and the diode current increases with voltage, the net current decreases 

slightly or stabilizes, depending on the dynamics. 

• The plot helps observe the transient behavior before reaching steady-state. 

The RK4 method approximates the solution to an ODE by evaluating the differential equation at multiple points 

in each time step and computing the weighted average of these values. 

The update rule is:  

 
𝑉𝑘+1 = 𝑉𝑘 +

1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) (20) 

where 𝑘1, 𝑘2, 𝑘3, 𝑘4 are the intermediate slopes calculated at each time step. The voltage and current are updated 

at each time step using the RK4 method, and the voltage-current relationship is updated accordingly. The results 

show the voltage and current variations over time. These plots shown in Figure 3 provide insight into how the 

PV system behaves dynamically over time. Key assumptions: 

• The dynamics of the PV system are modelled using a simple current-voltage relationship. 
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• The code doesn’t account for more complex factors such as temperature variation, partial shading, or 

detailed MPPT algorithms. 

• The RK4 method is applied to solve the system over a discrete time grid. 

 

2.3. Lyapunov-Based Stability Assessment for PV Systems 

Having modelled the system dynamics using RK4, the system’s intrinsic stability characteristics through 

Lyapunov analysis is examined, which complements the numerical simulation by providing a theoretical 

guarantee of convergence. Stability is assessed by computing Lyapunov exponents for PV system dynamics. 

These metrics quantify system divergence from equilibrium under varying irradiance and load conditions. A 

refined Lyapunov-based function is introduced for real-time MPPT optimization. The Lyapunov function used 

is a quadratic energy-based formulation, which is a classical candidate Lyapunov function for scalar systems, 

measuring the deviation of the current from its equilibrium value. It allows analysis of the system’s potential 

to return to a steady-state following perturbation. Lyapunov analysis offers a formal mechanism to verify that 

system trajectories converge to a stable equilibrium. This is especially relevant for PV systems, where 

unpredictable irradiance or load changes may affect power output. Lyapunov-based methods are foundational 

for nonlinear control and stability assessment. Their application in PV ensures that, even under small 

perturbations, the system will not exhibit oscillations or instability—crucial for grid-connected applications 

and MPPT. Despite the presence of adaptive RKF45, the fixed-step RK4 was used to ensure consistent 

sampling intervals, necessary for accurate Lyapunov derivative approximation and phase plot generation. 

The PV system converts light into electrical power. The current generated by the PV system can be 

modelled as a function of the voltage. The simplified I-V equation for a PV cell [79][80]: 

 
𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼0(𝑒

𝑉
𝑉𝑡 − 1) −

𝑉

𝑅𝑠

 (21) 

where 𝐼(𝑉) is the output current of the PV cell (A), 𝐼𝑝ℎ is the photocurrent (A), which is directly proportional 

to the irradiance (G), 𝐼0 is the reverse saturation current of the diode (A), representing a small leakage current, 

𝑉𝑡 is the thermal voltage (V), defined as 𝑉𝑡 −
𝑘𝑇

𝑞
 with 𝑘 being Boltzmann’s constant, 𝑇 the temperature in 

Kelvin, and 𝑞 the charge of an electron, 𝑉 is the terminal voltage (V), 𝑅𝑠 is the series resistance (Ω), modeling 

the internal resistance in series with the output. 

In stability analysis, the Lyapunov function 𝑉(𝑥) is used to evaluate the stability of the PV system. The 

Lyapunov function is a scalar function that measures the ‘energy-like’ quantity of the system. ‘Energy-like’ in 

this context means the Lyapunov function behaves analogously to a physical energy measure—it is always 

positive and decreases over time, indicating dissipation and convergence toward equilibrium. If the derivative 

of the Lyapunov function is negative, the system is stable and tends to return to equilibrium. The Lyapunov 

function is given by: 

 
𝑉(𝑥) =

1

2
(𝐼 − 𝐼𝑒𝑞)2 (22) 

where  𝐼 is the instantaneous current and 𝐼𝑒𝑞   is the equilibrium current. At equilibrium, 𝐼 = 𝐼𝑒𝑞.  

The equilibrium current 𝐼𝑒𝑞  is the value of 𝐼 when the voltage 𝑉 = 0, which can be calculated as: 

 
𝐼𝑒𝑞 = 𝐼𝑝ℎ − 𝐼0(𝑒

0
𝑉𝑡 − 1) − 𝐼𝑝ℎ (23) 

The derivative of the Lyapunov function 
𝑑𝑉

𝑑𝑡
 is used to assess the system’s stability. If the derivative is negative 

(
𝑑𝑉

𝑑𝑡
< 0), the system is stable and will return to equilibrium. The time derivative of the Lyapunov function is: 

 𝑑𝑉

𝑑𝑡
= (𝐼 − 𝐼𝑒𝑞).

𝑑𝐼

𝑑𝑡
 (24) 

To calculate 
𝑑𝐼

𝑑𝑡
, we differentiate the current 𝐼(𝑉) with respect to time (or voltage). The expression for the 

derivative of current 
𝑑𝐼

𝑑𝑡
 is approximated as: 

 𝑑𝑉

𝑑𝑡
= (𝐼 − 𝐼𝑒𝑞). (−𝐼𝑝ℎ +

𝐼0

𝑉𝑡

𝑒
𝑉
𝑉𝑡) (25) 
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where 
𝐼0

𝑉𝑡
𝑒

𝑉

𝑉𝑡 represents the change in current with respect to the change in voltage, derived from the diode’s 

exponential current-voltage relation. The stability of the system is analyzed by examining the sign of the time 

derivative of the Lyapunov function, If  
𝑑𝑉

𝑑𝑡
< 0 for all values of 𝑉, the system is stable, and the PV system will 

return to its equilibrium state, If 
𝑑𝑉

𝑑𝑡
> 0, the system is unstable, and the current may diverge from equilibrium, 

If 
𝑑𝑉

𝑑𝑡
= 0, the system is marginally stable. 

The Lyapunov function provides a powerful tool for analyzing the stability of dynamic systems. In the 

context of the PV system, it helps determine whether the system will stabilize at an equilibrium point or if it 

may diverge under certain conditions. By analyzing the Lyapunov function and its derivative, we can conclude 

that the PV system will remain stable as long as 
𝑑𝑉

𝑑𝑡
 remains negative for all voltages. To perform Lyapunov 

stability analysis for a PV (PV) system, we generally analyze the stability of the system by deriving a Lyapunov 

function and evaluating its derivative over time. This is typically done for dynamic systems such as the MPPT 

controller for PV systems. A basic PV system (using a simple model) is simulated, a Lyapunov function is 

defined and the results of the stability analysis are plotted as shown in Figure 4. 

 

 
Figure 4. Lyapunov function plot and derivative of Lyapunov function plot 

 

Figure 4 shows the Lyapunov function over the range of voltage and the time derivative of the Lyapunov 

function, which gives insight into the stability of the system. A simplified PV model is considered and does 

not include more detailed effects such as temperature variation, shading, or nonlinearities in the current-voltage 

characteristics. Lyapunov stability analysis assumes a well-defined equilibrium point and checks if the system 

will return to equilibrium after a disturbance. The derivative of the Lyapunov function should ideally be 

negative for all states (except the equilibrium), which implies stability. Lyapunov stability analysis is crucial 

in PV system modeling as it assesses whether the system will return to an equilibrium operating point after a 

small disturbance. This ensures reliable energy output and supports the development of robust MPPT 

algorithms. Without such stability, PV systems may oscillate or respond unpredictably to environmental 

variation. Table 4 gives algorithm for Lyapunov Stability Analysis of PV System. 
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Table 4. Algorithm for Lyapunov Stability Analysis of PV System 
S. No Step Description 

1 
Define the system's equilibrium 

current 

Take the final or steady-state current value from the simulation, 

denoted as 𝐼𝑒𝑞. 

2 Define the Lyapunov function 
Use: 𝑉(𝑡)  =  0.5 ∗  (𝐼(𝑡)  − 𝐼𝑒𝑞)2 This measures the deviation from 

equilibrium. 

3 
Compute the derivative of the 

Lyapunov function 
Use finite difference: 

𝑑𝑉

𝑑𝑡
≈

[𝑉(𝑡+𝛥𝑡)− 𝑉(𝑡)]

𝛥𝑡
 

4 
Analyze the sign of the 

derivative 
If  

𝑑𝑉

𝑑𝑡
<  0, the system is stable; if > 0, it may be unstable. 

5 Visualize the results Plot V(t) and 
𝑑𝑉

𝑑𝑡
 over time. A decreasing V(t) indicates stability. 

6 Interpret the outcome 
If V(t) decreases and 

𝑑𝑉

𝑑𝑡
 is negative, the PV system returns to 

equilibrium, confirming stability. 

 

2.4. Interpretation of Simulation Results 

The obtained simulation results are interpreted as below: 

• Voltage increases nonlinearly and stabilizes, reflecting diode saturation. 

• Current decreases slightly due to increasing diode conduction. 

• Stabilization time ≈ 1–1.5 seconds. 

• Voltage Response: Voltage rises smoothly and settles at a constant level, indicating proper diode behavior 

and system convergence. 

• Current Response: Current shows transient decay, settling as diode saturation effects dominate. 

• System Stability: The system reaches a steady state in under 1 second, suggesting rapid dynamic 

stabilization. 

• Design Implication: Stability confirms the reliability of using fixed-parameter models for real-time 

simulations. 

• This confirms proper time response and non-oscillatory behavior. 

The main finding of this study is that a simplified PV model, when analyzed using the RK4 numerical 

integration technique, exhibits stable dynamic behavior under constant irradiance. The Lyapunov function 

further confirms this stability by consistently yielding a negative derivative over time, implying convergence 

to equilibrium. Compared with traditional steady-state I-V curve methods, our approach captures transient 

behavior critical for the design of real-time MPPT controllers. Other studies have focused primarily on static 

conditions or open-loop responses, whereas our work links numerical integration with theoretical energy-based 

stability. These findings imply that such simplified yet dynamic models can serve as foundational tools for AI-

based PV control and optimization systems.  

The use of RK4 ensures reproducibility and low computational complexity, while Lyapunov functions 

offer analytical assurance of performance. Strengths include: the hybrid use of RK4 and Lyapunov analysis, 

clarity of dynamic response, and practical adaptability. Limitations include: constant irradiance and 

temperature, absence of external control (e.g., MPPT), and use of a reduced-order model which may not capture 

all real-world nonlinearities. Voltage stabilizes smoothly, while the output current converges with minor 

transients. These behaviors confirm the dynamic equilibrium nature of the system under constant irradiance. 

The combination of RK4 numerical simulation and Lyapunov energy-based stability analysis provides a unified 

approach, filling a gap in PV modeling literature that typically addresses either numerical or theoretical 

methods in isolation. 

 

3. MODEL VALIDITY AND REAL-TIME RELEVANCE 

Although a simplified single-diode model is used in this study by assuming constant temperature, ideal 

diode behavior, and negligible series/shunt resistances, such assumptions do not hold in practical PV systems 

operating under real-time conditions. In real environments, factors such as fluctuating irradiance, temperature 

variations, and aging of PV modules introduce dynamic nonlinearities. To bridge this gap, real-time parameter 

estimation techniques are often employed to continuously update the model with accurate system data. 

Additionally, wavelet analysis can be integrated to decompose voltage or current signals into frequency 

components, allowing the identification of transients, shading effects, or electrical faults. With these 

enhancements, the nonlinear stability analysis using Lyapunov functions and the time-domain simulation via 

RK4 integration remain applicable, offering insights into the system's dynamic behavior under realistic 

operational disturbances. The current model sets the foundation for AI integration, where machine learning 

algorithms could adapt control parameters in real time, enhancing MPPT under rapidly changing conditions. 

Figure 5 illustrates few general challenges faced in using AI solvers which are to be addressed effectively by 
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researchers. The study confirms that RK4 captures transient dynamics effectively. Compared to static PV 

models, this method offers greater insight into system response. Lyapunov analysis complements it by formally 

confirming system stability. While strong in simplicity and reproducibility, limitations include constant 

environmental conditions and the absence of MPPT logic. Future work will explore AI-based adaptation and 

model validation under real-time solar data. 

 

 
Figure 5. Challenges in using AI solvers 

 

4. CONCLUSIONS 

The integration of RK4 numerical simulation and Lyapunov stability analysis provides a comprehensive 

understanding of a PV cell's dynamic behavior under constant irradiance. The simulation results confirm that 

the PV cell reaches a stable operating point over time, as evidenced by the Lyapunov function's decreasing 

trend. This study underscores the effectiveness of combining numerical and analytical methods for analyzing 

and ensuring the stability of PV systems. Simulation validates the dynamic behavior and confirms stability 

through negative Lyapunov derivatives. Future research will focus on the integration of real-time AI-driven 

numerical solvers to further enhance MPPT performance and improve grid stability. Machine learning 

algorithms combined with numerical solvers can provide adaptive control strategies that respond more 

efficiently to fluctuating irradiance and load conditions. Such advancements will drive the next generation of 

intelligent, self-optimizing PV systems for large-scale renewable energy integration. The PV system shows 

stable behavior under constant irradiance when analyzed via RK4 integration and Lyapunov functions. The 

simulation results validate the reliability of using this simplified dynamic model for further control or 

optimization studies. 
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