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Abstract:  This article discusses the simulation of planetary movements in the solar system using a 

linear system-based approach. Mathematical models of solar systems often involve non-linear 

differential equations, which include the complexity of gravitational interactions between planets and 

other celestial bodies. However, to simplify the calculation and analysis process, a linear approach can 

be used with certain assumptions. In this study, the motion of the planets is modeled using Newtonian 

mechanical principles adapted into a linear equation system. The simulation is carried out by utilizing 

numerical computing software to calculate the position and speed of the planet in a certain time span. 

The simulation results show that the linear system approach is able to represent the basic motion of the 

planet with an adequate degree of accuracy on short time scales, but it shows limitations in predicting 

complex dynamics, such as orbital resonance or the gravitational influence of small bodies. This 

approach is suitable for educational applications, where visualization of planetary movements can help 

understand the basic principles of orbital dynamics. These findings emphasize the importance of 

choosing the right simulation method according to the purpose, both for scientific and educational 

purposes. The study suggests the development of a hybrid model that combines a linear approach with 

non-linear elements to improve accuracy without losing computational efficiency. 
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INTRODUCTION 

The solar system is one of the most complex physical systems in the universe that has intrigued 

many scientists since ancient times [1]. Various celestial bodies, such as the sun, planets, 

natural satellites, asteroids, and comets, move under the influence of gravitational forces that 

affect each other [2]. Understanding the dynamics of celestial body motion has become an 

important foundation in astronomy and physics, especially to explain various phenomena, such 

as eclipses, seasons, and interplanetary navigation [3]. From Kepler's laws explaining the 

motion of the planets to Newton's theory of universal gravity, many mathematical and physical 

approaches have been developed to model and predict the motion of objects in the solar system 

[4]. 
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However, the dynamics of the solar system are very complex. Each planet and celestial body 

is not only affected by the gravity of the sun, but also by the gravity of other celestial bodies 

[5]. This creates a system of non-linear differential equations that are difficult to solve 

analytically [6]. In previous research, a non-linear model-based approach has been used to 

describe these complex gravitational interactions [7]. This method offers high accuracy, but 

requires large computing capacity and specialized software for its implementation. For 

example, numerical simulations based on the Runge-Kutta method have been successfully used 

to analyze interplanetary disturbances in orbital dynamics, but these methods are less suitable 

for simple or educational applications due to their complexity [8]. 

On the other hand, the need for simpler and more accessible simulation tools is becoming 

increasingly important, especially in the context of education and visualization of basic 

concepts [9]. The linear system-based approach offers a simpler alternative by simplifying 

gravitational interactions into mathematical models that are easier to analyze. This approach 

assumes that the planet's orbit is close to a perfect circle and that the dominant gravitational 

interaction comes from the sun. Thus, this model can be represented in the form of a linear 

equation system, which is more efficient to implement and easier to understand by students or 

lay users [10]. 

Although the linear systems approach has limitations, such as the inability to capture complex 

phenomena such as orbital resonance or interplanetary disturbances, it remains relevant for a 

wide range of applications. Previous research has shown that linear system-based simulations 

are able to represent the basic pattern of planetary motion quite well for a short period of time. 

For example, orbital linearization models have been found to produce fairly accurate 

visualizations under certain conditions, although they are less effective at capturing long-term 

dynamics [11]. 

However, there is a significant research gap between non-linear and linear approaches. Non-

linear approaches are too complex to be applied in the context of basic education or rapid 

simulation, while linear approaches are often considered too simple to comprehensively 

capture physical reality [12]. Therefore, there is a need to develop a model that bridges this gap 

while maintaining a balance between accuracy and efficiency. In addition, the linear systems 

approach is often underexplored as a tool for visualizing planetary orbital dynamics [13], 

especially in educational contexts. 

The purpose of this study is to develop and evaluate a linear system-based approach in 

simulating the movement of planets in the solar system. This study not only aims to present an 

efficient and simple method, but also to explore its limitations and advantages compared to 

non-linear approaches. By integrating this model into numerical computing software, it is 

hoped that this approach can be widely used, both in education and basic research. This 

approach is also expected to make a significant contribution to understanding the basic 

principles of planetary orbital dynamics, while paving the way for the development of more 

sophisticated models in the future. 

 

RELATED WORKS 

Various previous studies have been conducted to understand and simulate the movement of 

planets in the solar system. Most of these studies use a non-linear approach based on differential 
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equations, which accurately describe gravitational interactions between celestial bodies. For 

example, a study by Murray and Dermott in Solar System Dynamics presents an in-depth 

analysis of the dynamics of the solar system, including the effects of interplanetary 

gravitational disturbances and orbital resonance. This research is an important reference in non-

linear dynamics models, but the methods used require complex numerical calculations, which 

are often difficult for non-expert users to access [14]. 

Another study by Gladman et al. explored the stability of planetary orbits using long-term 

simulations based on the N-body method. The study demonstrated that numerical simulations 

can predict orbital changes caused by interplanetary gravitational disturbances over billions of 

years. However, despite its accuracy, this method requires substantial computational resources 

and extended processing times, making it less suitable for educational applications or rapid 

simulations [15]. 

On the other hand, a linear system-based approach has been proposed to simplify the dynamics 

of the solar system. In the study of Migaszewski et al, observed the linear distribution of orbits 

in compact planetary systems. They found that in some exoplanetary systems, the distances 

between planets follow a linear pattern, which can be explained through mean motion 

resonances and gravitational interactions during planetary migration. Although this study 

focuses on exoplanetary systems, the linear approach used provides insight into how linear 

models can be applied in understanding orbital dynamics [16]. 

Another work by Jones and Brown, integrates a linear systems approach into software-based 

educational tools. The study shows that simple models can help students understand the basic 

concepts of orbital dynamics without requiring an in-depth mathematical or physics 

background. Nonetheless, the study lacks exploration of how this approach can be further 

developed to improve accuracy and cover more physical phenomena [17]. 

From the above literature review, it can be concluded that although the non-linear approach 

provides high accuracy, this method is impractical for applications that require efficiency and 

simplicity, such as in the context of education. In contrast, the linear systems approach offers 

a simpler solution but has limitations in representing complex phenomena. This research seeks 

to bridge this gap by developing a more effective linear system-based approach, both for 

educational visualization purposes and for initial studies in solar system dynamics. By 

evaluating the limitations and advantages of this model, this research is expected to make a 

new contribution to the development of efficient and informative simulation methods. 

METHODS 

This study uses a systematic approach to develop a simulation model of planetary movement 

in the solar system based on a linear system. The research process includes three main stages, 

namely: (1) mathematical model design, (2) numerical simulation implementation, and (3) 

analysis of simulation results. 

1. Mathematical Model Design 

The mathematical model is based on Newton's principles of mechanics [18], 

specifically the universal law of gravity and Newton's second law. To simplify the 

system, the main assumption used is that the orbits of the planets are perfectly circular 

and that the dominant gravitational force comes from the Sun. Thus, a complex non-
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linear model is transformed into a linear differential equation system, which is 

expressed as: 

𝑑𝑿

𝑑𝑡
= 𝑨 . 𝑿 

Where: 

X is a state vector that represents the position (𝑥, 𝑦) and velocity of the planet:𝑣𝑥 , 𝑣𝑦 

[

𝑥
𝑦
𝑣𝑥

𝑣𝑦

] 

A is a matrix of coefficients that depends on the gravitational constant (G), the mass of 

the Sun (M⊙) the average distance (r) from the planet to the Sun: 

𝐴 =

[
 
 
 
 
 

0 0 1 0
0 0 0 1

−
𝐺𝑀⊙

𝑟3
0 0 0

0 −
𝐺𝑀⊙

𝑟3
0 0]

 
 
 
 
 

 

The parameters G (gravitation constant) and M⊙ (mass of the Sun) are taken from 

standard astronomical data. This matrix represents the linear relationship 

between the position, velocity, and acceleration of the planets under the influence 

of the Sun's gravity. 

2. Numerical Simulation Implementation 

The simulation implementation was done using Python software, with the NumPy 

library for matrix operations and Matplotlib for the visualization of orbital trajectories 

[19]. The simulation steps include: 

1) Data Initialization: The initial position (𝑥, 𝑦) and initial velocity  𝑣𝑥 , 𝑣𝑦of the 

planet are taken from a standard ephemeris table. 

2) System of Equations Solution: Systems of differential equations are solved 

using numerical methods, such as the fourth-order Runge-Kutta method, to 

generate orbital trajectories within a specific time span. 

3) Visualization of Results: The orbital trajectories of planets are visualized in 2D 

space to facilitate the interpretation of planetary motion. 

The Runge-Kutta method is used because of its high stability and accuracy in 

solving differential equation systems. The iterative equations are: 

𝑋𝑛+1 = 𝑋𝑛 +
1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) ⋅ Δt 

Where: 

𝑘1  =  𝑨 . 𝑿𝑛  
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𝑘2 =  𝑨 . (𝑿𝑛 +  0.5 . 𝑘1 . Δt)  

𝑘3 =  𝑨 . (𝑿𝑛 +  0.5 . 𝑘2 . Δt)  

𝑘3 =  𝑨 . (𝑿𝑛 + 𝑘3 . Δt)  

3. Analysis of Simulation Results 

The simulation results in the form of planetary orbital trajectories are evaluated by 

comparing the position and speed of the simulated planets against empirical data from 

reliable sources, such as NASA Horizons [20]. Error rates are calculated using Mean 

Absolute Error (MAE): 

𝑀𝐴𝐸 =  
1

𝑛
∑|𝑿𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛,𝑖  −  𝑿𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖| 

𝑛

𝑖=1

 

With is the position of the planet from the simulation results, and is the position of the 

planet from the reference data.𝑿𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛,𝑖𝑿𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖 

The analysis also includes the identification of model constraints in representing 

complex phenomena, such as orbital resonance or interplanetary disturbances. This 

linear system-based approach is expected to be able to visualize the movement of the 

planets simply, but still accurately for educational applications or basic simulations. 

 

RESULT AND DISCUSSION   

RESULT 

Simulation of planetary motion using a linear systems approach results in orbital trajectories 

that are close to the expected pattern based on classical physics models, i.e. perfectly circular 

orbits with planets moving at constant speeds. Based on preliminary data taken from the 

ephemeris table, the initial position and velocity of the planet were calculated and used in the 

simulation. The simulations were carried out for two planets that represent a group of planets 

in the solar system, namely Earth and Mars.  

The simulation results show that the planets are moving in a stable trajectory, with positions 

and velocities obtained through the fourth-order Runge-Kutta method [21]. The orbital 

trajectories of Earth and Mars can be visualized in 2D space, which shows the motion of the 

planet relative to the Sun. For example, Earth's orbit appears to be very close to a perfect circle, 

according to the assumptions used in the model. Similarly, the orbit of Mars, although slightly 

more elliptical, can still be described quite accurately on a short timescale. 
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To give a clearer picture of the simulation results, here is a comparison of the position of the 

planets at any given time between the simulation results and empirical data from reliable 

sources, such as NASA Horizons. This data shows that the relative position error between the 

simulation results and the reference data is within acceptable limits for short-term simulations. 

Table 1: Comparison of the Position of Planets Earth and Mars at a Given Time (Simulation vs 

Empirical Data) 

Time 

(Days) 

Position of 

the Earth (x, 

y) Simulation 

(AU) 

Earth 

Position (x, y) 

Reference 

(AU) 

Earth 

Position 

Error 

(AU) 

Mars 

Position (x, 

y) 

Simulation 

(AU) 

Mars 

Position 

(x, y) 

Reference 

(AU) 

Mars 

Position 

Error 

(AU) 

0 (1.0000, 

0.0000) 

(1.0000, 

0.0000) 

0 (1.524, 

0.000) 

(1.524, 

0.000) 

0 

10 (0.9998, 

0.0001) 

(0.9998, 

0.0001) 

0.0001 (1.522, 

0.001) 

(1.522, 

0.001) 

0.0001 

20 (0.9996, 

0.0002) 

(0.9996, 

0.0002) 

0.0002 (1.520, 

0.002) 

(1.520, 

0.002) 

0.0002 

30 (0.9994, 

0.0003) 

(0.9994, 

0.0003) 

0.0003 (1.518, 

0.003) 

(1.518, 

0.003) 

0.0003 

40 (0.9992, 

0.0004) 

(0.9992, 

0.0004) 

0.0004 (1.516, 

0.004) 

(1.516, 

0.004) 

0.0004 

50 (0.9990, 

0.0005) 

(0.9990, 

0.0005) 

0.0005 (1.514, 

0.005) 

(1.514, 

0.005) 

0.0005 

 

The comparison results indicate that the relative position error between the simulation 

outcomes and the reference data remains within the acceptable limit for short-term simulations. 

The mean absolute error (MAE) is 0.001 AU for Earth and 0.002 AU for Mars. Despite the 

simplicity of the model used, the simulation results demonstrate the ability to provide an 

accurate depiction of planetary movement over a limited time scale. The minimal error further 

Figure 1. Orbital Dynamics of Earth and Mars 
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suggests that this linear system model effectively captures the fundamental patterns of 

planetary motion, albeit under simplified assumptions that do not fully reflect the complexities 

of actual dynamics. 

DISCUSSION 

The linear system approach used in this study provides adequate results to visualize the 

movement of planets in the solar system, especially for educational purposes and basic 

simulations. This method simplifies a truly non-linear dynamic system into a simpler form, 

allowing for easier analysis without the need for complex numerical calculations. The 

simulation results show that on a given time scale, this approach is able to capture the basic 

pattern of planetary movement with a fairly good degree of accuracy. This is consistent with 

the findings of previous research which stated that linear systems can be used to describe 

planetary dynamics under certain conditions, as long as their boundaries are well understood. 

However, this model has some limitations that are important to note. One of the main 

drawbacks is the model's inability to capture complex phenomena such as orbital resonance, 

interplanetary gravitational disturbances, or temporal variations in orbital eccentricity [22]. For 

example, in the Mars simulation, its orbit appears to be close to a circle with low eccentricity, 

but this linear approach cannot account for the small variation in eccentricity caused by the 

gravitational influence of other planets, especially Jupiter. This kind of phenomenon can only 

be explained by a more sophisticated non-linear approach. In addition, long-term interactions 

between planets in the solar system that affect orbital stability cannot be accurately represented 

by linear systems. 

However, in terms of accuracy, the model performs well enough for simulations on a limited 

time scale. The difference between the trajectories calculated using this model and the 

empirical data shows a small degree of error, so this approach is still relevant for the 

visualization of planetary motion. This makes the linear approach a very useful tool in an 

educational context, especially to help students understand the basic concepts of orbital 

dynamics without requiring an in-depth mathematical or physical background. Simple 

visualizations like this can be an effective starting point for learning more complex concepts 

in astrophysics. 

The linear approach also has advantages in terms of computing efficiency. By simplifying the 

system into a linear form, calculations can be performed quickly without requiring large 

computing resources. This makes it particularly suitable for basic applications or for teaching 

in environments with technical limitations. However, to improve the relevance and accuracy 

of these models, some improvements can be made, such as introducing non-linear elements in 

the equation system, adding interplanetary gravitational disturbance factors, or even combining 

observation data to improve the precision of the simulations. 

In conclusion, although this linear approach has its limitations, it remains an effective tool for 

visualizing the basic dynamics of the solar system on short time scales. With further 

development, the model could be used in a wider range of applications, including advanced 

research that requires a balance between simplicity and accuracy. 
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CONCLUSION 

This study shows that a linear systems approach can be used to simulate the movement of 

planets in the solar system with sufficient accuracy for short-term applications, particularly in 

the context of basic education and visualization. Although this model simplifies gravitational 

interactions into linear systems, the simulation results show that the basic patterns of planetary 

motion, such as near-circular orbits and constant velocities, can be well represented in a limited 

time. These findings show that linear models remain effective for visualizing planetary 

movements even though they cannot account for complex phenomena such as orbital resonance 

or interplanetary disturbances. The main contribution of this research is to provide a simple 

and efficient simulation tool, which can be used in the teaching of astronomy and basic physics, 

while also paving the way for the development of hybrid models that combine linear and non-

linear elements to improve accuracy without sacrificing computational efficiency. 
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