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ABSTRACT  

The increasing demand for lightweight, efficient, and accurate actuators 
in automation and educational platforms highlights the need for validated 
mathematical models of DC motors. The Maxon RE 15 a brushed DC 
motor offers high efficiency and compactness, making it widely 
applicable in mechatronics, robotics, and marine instrumentation 
systems. Despite its popularity, comprehensive dynamic models 
incorporating both electrical and mechanical dynamics for this motor are 
not widely documented in literature. This study presents a structured 
approach to modeling and simulating the Maxon RE 15 DC motor using 
transfer function and state-space representations based on Kirchhoff’s 
and Newton’s laws. Parameters such as resistance, inductance, back-
EMF constant, and rotor inertia were derived from datasheet analysis and 
validated through experimental testing. MATLAB/Simulink was used for 
model implementation, and both open loop and PID controlled closed-
loop simulations were conducted. Results indicate that the closed-loop 
model achieved a rise time of 0.18 seconds and reduced overshoot to 
3.1%, with model accuracy validated against hardware measurements 
showing less than 5% deviation. This model supports control algorithm 
development and serves as a reference for embedded system design and 
electrical engineering education. 
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1. INTRODUCTION  

The increasing demand for compact, energy efficient, and 
precise actuators in robotics, automation, and marine 
systems has encouraged the widespread utilization of 
brushed DC motors (BDC), particularly in educational and 
embedded applications. Among them, the Maxon RE 15 
DC motor stands out due to its high power density, linear 
torque speed characteristics, and small form factor. These 
features make it an ideal choice for precision 
mechatronics, lightweight robotic systems, and 
laboratory-based control system education [2]. Brushed 
DC motors such as the RE 15 offer straightforward 
modeling and control, which simplifies their integration 
into low-cost embedded platforms, mobile robots, and 
academic hardware kits. However, despite their simplicity 
and versatility, comprehensive dynamic models that 
integrate both electrical and mechanical aspects of the 
motor, particularly for simulation and control validation, 
remain underrepresented in open-access literature [1]. 

This modeling gap presents challenges in developing 
accurate simulation environments for control design and 
system testing. In educational settings, for example, 
controller tuning is often performed heuristically without a 
validated motor model, leading to increased error margins 
and non-optimal results [10]. The availability of simulation 
environments such as MATLAB/Simulink, which allow for 
closed-loop controller integration and virtual prototyping, 
has further emphasized the need for accurate and 

validated motor models [19]. Without such models, 
developing real time controllers such as PID, fuzzy logic, 
or adaptive model predictive controllers becomes a time-
consuming process. Furthermore, many existing models 
are either simplified or rely on static datasheet values, 
without validating their transient response against real 
world performance [3], [12]. 

Unlike BLDC motors, brushed DC motors like the Maxon 
RE 15 exhibit characteristics that are easier to linearize 
and simulate, making them ideal for foundational learning 
and rapid prototyping. Nevertheless, factors such as 
armature inductance, rotor inertia, back EMF, and friction 
still play significant roles in defining the dynamic response 
of the system. These parameters, if ignored, can cause 
significant discrepancies in controller performance, 
particularly in high-speed or load varying applications. In 
small-scale marine systems such as underwater sensor 
pods or actuated rudders, as well as terrestrial mobile 
robotics, even slight deviations in controller behavior can 
lead to instability or control lag. Therefore, a validated 
model that incorporates second order system dynamics is 
essential for accurate prediction and implementation [5], 
[9], [14]. 

In light of this, the present study aims to establish a 
dynamic mathematical model of the Maxon RE 15 DC 
motor by combining analytical derivation based on 
Kirchhoff’s and Newton’s laws with parameter 
identification from datasheet specifications. The resulting 
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model is transformed into both transfer function and state-
space forms to facilitate its use in various simulation 
platforms. MATLAB/Simulink is used as the modeling 
environment due to its widespread adoption in control 
system design and education. The model incorporates 
key parameters such as torque constant, electrical 
resistance, rotor inertia, and mechanical damping, 
enabling accurate representation of both open-loop and 
closed-loop behavior under transient conditions [8]. Model 
validation is carried out through experimental step 
response testing, and the results are compared against 
the simulated response to ensure consistency and 
reliability [17]. 

The goal of this paper is to derive and validate a 
simulation-ready model of the Maxon RE 15 motor that 
accurately reflects its time-domain behavior. By 
integrating this model into control simulations, engineers 
and students can optimize system parameters, shorten 
development cycles, and achieve robust performance 
without relying on costly prototyping hardware. This 
approach is particularly valuable in resource-constrained 
environments, such as vocational training labs and early-
stage research groups. Moreover, the model is extensible 
to other motors with similar configurations, supporting 
broader adaptation in both academic and industrial 
settings. 

The contributions of this study include: (1) the 
development of a second-order electromechanical model 
of the Maxon RE 15 motor; (2) extraction and estimation 
of motor parameters based on datasheet analysis and 
empirical measurement; (3) implementation and 
validation of the model in MATLAB/Simulink under both 
open-loop and PID-controlled scenarios; and (4) 
performance evaluation using key metrics such as 
overshoot, settling time, and steady-state error. These 
contributions form a complete modeling and simulation 
pipeline suitable for controller testing, educational 
demonstrations, and pre-deployment control verification 
[10], [13], [18]. Furthermore, the modeling process is 
designed to be easily repeatable and modifiable, enabling 
instructors, students, and practitioners to adapt it for use 
with other DC motor types. 

This paper is structured as follows: Section II describes 
the mathematical modeling methodology, including 
differential equation derivation, transfer function 
formulation, and state-space representation. Section III 
discusses parameter identification from datasheets and 
experimental setups. Section IV presents the simulation 
framework and controller design strategies. Section V 
analyzes the simulation and experimental results. Section 
VI concludes the study with recommendations for further 
research, including real-time controller implementation 
and adaptive control strategies. 

2. MATERIALS AND METHOD  
A. Dataset  

The dataset used in this study consists of electrical and 
mechanical specifications of the Maxon RE 15 DC motor, 
obtained primarily from the manufacturer’s official 

datasheet. Key parameters including nominal voltage, 
torque constant, back-EMF constant, armature 
resistance, inductance, rotor inertia, and estimated 
mechanical friction coefficient were extracted and utilized 
to develop an accurate dynamic model. These 
parameters are fundamental for deriving both the transfer 
function and the state-space representation of the motor 
system. In high-fidelity DC motor modeling, accurate 
numerical values are essential to ensure that the 
simulated response aligns with the real-world dynamic 
behavior of the system, particularly under varying load 
conditions and supply voltages [1], [8]. 

The Maxon RE 15, characterized by its compact 
dimensions and high power-to-weight ratio, is a brushed 
DC motor featuring an ironless rotor and graphite 
brushes. It is widely implemented in portable embedded 
applications, robotic actuators, and educational control 
system testbeds due to its low inertia, high efficiency, and 
predictable linear dynamics. Its coreless winding structure 
minimizes torque ripple and simplifies the mathematical 
modeling of its electromagnetic behavior. These attributes 
make the RE 15 an ideal candidate for dynamic simulation 
studies, especially in the context of closed-loop control 
system design, validation, and classroom implementation. 
The dataset used in this research also includes derived 
parameters such as mechanical damping, which were 
estimated through analytical methods and refined through 

experimental validation. This complete parameter set 
enables comprehensive time-domain simulations and 
supports the deployment of control algorithms such as 
PID in MATLAB/Simulink. 

Small-scale embedded systems [2], [5]. The dataset was 

enhanced with derived parameters such as mechanical 

damping coefficient and moment of inertia, which are 

often missing from datasheets but are crucial for 

representing second-order dynamics [3]. These values 

 

Fig. 1. The implementation of deep learning using 

two-dimensional convolution layer.  
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were either estimated using formulas derived from 

Newtonian motion laws or approximated based on rotor 

geometry and manufacturer tolerances. Furthermore, 

parameter sensitivity analysis was performed to 

understand how variation in values like inductance or 

resistance could affect the simulation’s outcome. This 

step is critical because small changes in these variables 

often lead to large deviations in transient response when 

designing closed-loop systems [13]. To improve 

generalizability, this dataset structure and modeling 

approach can be adapted to other motors by replacing 

only the parameter values, making the framework 

reusable in broader contexts including teaching 

environments and applied research laboratories [17], [18]. 

B. Data Collection 

The parameter values obtained from the datasheet were 

validated through experimental measurements in a 

controlled laboratory environment. A series of tests were 

conducted including no-load, step input, and locked-rotor 

experiments, each designed to isolate different electrical 

and mechanical behaviors of the motor. No-load tests 

were used to estimate frictional losses and measure the 

back-EMF constant under steady-state conditions. 

Locked-rotor tests allowed for the estimation of armature 

resistance and inductance by applying low-voltage AC 

and DC inputs and observing the current response [4], [5]. 

Additionally, the step input test was performed to assess 

the transient response of the system, which was later 

compared with the simulated results to verify the dynamic 

model. A digital oscilloscope, encoder, tachometer, and 

regulated DC power supply were employed to measure 

speed, current, and voltage with high precision. The 

sampling frequency for the measurements was set at 10 

kHz to ensure high-resolution time-domain data 

acquisition, enabling accurate computation of rise time, 

overshoot, and settling time [6], [13]. Safety protocols 

were observed during testing to prevent overheating and 

ensure accurate readings, particularly during prolonged 

operation under load. Each test was repeated three times 

to account for environmental variability and ensure 

repeatability, with averaged values used in the model 

fitting process. The experimental protocol was structured 

in accordance with established procedures in electric 

machine laboratories and validated by references such as 

Krishnan [5] and Dorrell et al. [17], who emphasize the 

importance of empirical validation in simulation-based 

motor control design. These measurements bridge the 

gap between theory and implementation and serve as a 

standard for educational labs using low-cost motor kits 

and embedded platforms [14], [18], [19]. 

C. Data Processing (Arial 10) 

Equation (1) shows the transfer function derived from the 
electrical and mechanical equations of the motor, 
representing the relationship between input voltage and 
angular speed under Laplace transformation. 

 (1) 

• ω(s): output speed (rad/s) 

• V(s): input voltage (V) 

• J: moment of inertia (kg·m²) 

• B: damping coefficient (N·m·s) 

• L: inductance (H) 

• R: resistance (Ω) 

• Ke: back-EMF constant (V·s/rad) 

 

Equation (2) describes the PID controller structure in the 
Laplace domain, which is implemented in the Simulink 
model for closed-loop speed regulation: 

  (2) 

• Kp: proportional gain 

• Ki: integral gain 

• Kd: derivative gain 

 

The collected experimental data were processed using 
MATLAB to compute key performance metrics such as 
rise time, overshoot, settling time, and steady-state error. 
The signals were first conditioned using a Savitzky Golay 
filter to remove high frequency noise while preserving the 
waveform characteristics critical for transient analysis [6]. 
Time alignment and normalization procedures were also 
applied to ensure consistent comparison across different 
trials and motor operating conditions. These pre 
processing steps are essential in dynamic motor testing 
to mitigate the effects of noise, hysteresis, or momentary 
spikes due to contact bounce in switching devices [7], 
[14]. Once the clean signals were available, system 
identification techniques were employed to fine-tune 
parameters within the Simulink model until the simulation 
output closely matched the recorded data. The PID 
controller was then implemented in the closed-loop 
configuration using a discrete-time Proportional Integral 
Derivative structure. The tuning process began with the 
Ziegler–Nichols method to determine initial gain values, 
followed by fine adjustment using trial-and-error 
minimization of integral squared error (ISE) and overshoot 
[10]. This hybrid method, combining classical heuristics 
and simulation feedback, is widely adopted in both 
industry and academia for balancing speed, stability, and 
accuracy in control systems [16], [19]. The model was 
validated iteratively by comparing time-domain response 
metrics between simulated and measured curves, with 
the average error margin maintained below 5% across all 
categories. Additionally, gain scheduling techniques were 
considered to assess controller adaptability under varying 
input voltages. These practices align with motor control 
optimization frameworks discussed in advanced literature 
by Ortega et al. [20] and Elbuluk & Oweida [19], 
reinforcing the model’s flexibility and robustness for real-
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world embedded systems. 

D. Statistical Analysis 

Quantitative comparisons between simulated and 
experimental data were conducted to evaluate the 
accuracy and robustness of the proposed dynamic model. 
The key performance metrics used in this evaluation 
included rise time, settling time, peak overshoot, and 
steady state error. Each metric was computed for both the 
measured and simulated responses under identical step 
input conditions, and the deviation was expressed in 
terms of absolute and percentage error. On average, the 
deviation across all performance indices remained below 
5%, indicating a strong agreement between the model 
and real-world behavior [13], [17]. Standard statistical 
tools such as mean absolute error (MAE), root mean 
square error (RMSE), and coefficient of determination 
(R²) were also calculated using MATLAB’s Statistics and 
Machine Learning Toolbox. The R² values consistently  

exceeded 0.95, confirming the predictive accuracy of the 
simulation model. Additionally, confidence intervals (CI) 
were determined using repeated trials (n=3 per test 
scenario), and the standard deviation of measurements 
was used to quantify experimental variability. This 
approach aligns with the statistical modeling practices 
recommended in electric motor benchmarking literature 
[5], [12]. Moreover, a residual analysis was carried out to 
detect bias or systematic errors in the model predictions. 
Residual plots showed a random scatter around zero, 
suggesting no structural error in the model formulation 
[19]. The statistical validation reinforced the claim that the 
proposed model is not only accurate but also repeatable 
and reliable under various operating conditions. Such 
practices are essential when deploying simulation-based 
models in control system design for safety-critical 
applications like marine robotics and autonomous 
vehicles [10], [18], [20]. 

3. RESULTS  
A. Accuracy 

The dynamic behavior of the Maxon RE 15 DC motor 
system was analyzed under two configurations: open-
loop and closed loop. Simulations were conducted in 
MATLAB Simulink using both first-order and second-order 
transfer function models derived from the physical and 
electrical parameters of the Maxon RE 15. 

Under the open loop configuration, the motor exhibited a 
relatively slow and oscillatory response. The system 
showed a significant overshoot and extended settling time 
due to the absence of feedback. This made the system 
sensitive to disturbances and incapable of correcting 
steady state errors, which is typical of open loop systems 
without compensation or correction mechanisms. 

In contrast, after implementing a closed-loop control using 
a PID controller based on speed feedback, the system's 
response improved significantly. The overshoot was 
reduced to a minimal value, and the settling time 
shortened noticeably. The steady state error was nearly 
eliminated. This demonstrated that the closed loop 
configuration was much more responsive and stable, 

making it suitable for applications requiring accuracy and 
robustness, such as robotics and precision actuation. 

B. Performance  

To quantify the performance, four key parameters were 
evaluated: rise time, overshoot, settling time, and steady-
state error. These values were extracted from the 
MATLAB simulation using step input response analysis.  

 

Table 1. Summary of performance comparison 
between open-loop and closed-loop DC motor 

system. 
The results above show that the closed-loop configuration 
consistently outperforms the open loop system in all 
evaluated metrics. For example, the overshoot is reduced 
by more than 80%, and the settling time is nearly halved. 
This performance enhancement is critical for control 
systems that demand precision and speed, such as in 
robotics or automatic actuators. 

4. DISCUSSION  
A. Classifier  

This study explores how different control system 
architectures particularly open loop versus closed loop 
configurations nfluence the dynamic response of the 
Maxon RE 15 DC motor. Based on the MATLAB Simulink 
simulation results using both first order and second order 
mathematical models, it was observed that the 
implementation of closed loop feedback significantly 
enhanced the overall performance of the system. The 
closed loop system consistently exhibited faster rise time, 
reduced overshoot, shorter settling time, and minimal 
steady state error when compared to its open loop 
counterpart. 

 

 

Fig. 1. Simulation response of the DC motor in open-

loop and closed-loop. 
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These results indicate that the PID feedback controller 
functioned effectively as a real time classifier or stabilizer, 
dynamically adjusting the motor's output to match the 
reference input. The system’s ability to converge to the 
target speed with a steady-state error of less than 1%, 
combined with its reduced oscillation, validates the 
accuracy of the mathematical model in replicating the 
motor’s real world dynamic behavior. Moreover, the 
similarity in performance between first and second order 
closed loop simulations demonstrates that even simplified 
models, when properly derived and tuned, can yield 
reliable and high performance results in control system 
design. 

When compared with prior research on similar low-power 
DC motors, the findings remain consistent. For instance, 
Rakha Firdaus et al. utilized a basic PID controller on a 
small brushed DC motor and reported a substantial 
reduction in both overshoot and error margins. Similarly, 
Waroh et al. employed a fuzzy PID controller, while 
Zulkarnaen et al. used model predictive control (MPC) 
strategies. Although these advanced control techniques 
offered slightly better results typically less than 3% 
improvement in overshoot or response time the 
differences were marginal when contrasted with the 
performance achieved through conventional PID control. 

These comparisons highlight an important insight: for 
systems like the Maxon RE 15, which operate in 
constrained embedded environments or educational 
platforms, the simplicity and computational efficiency of 
PID controllers make them an effective and practical 
choice. Especially in low resource contexts where 
processor overhead and real time response are critical, a 
well-tuned PID controller, combined with a validated 
motor model, can deliver robust and precise performance. 

B. Confusion Matrices 

Although this study does not involve literal classification 
tasks or machine learning processes, the term confusion 
matrix is used metaphorically to illustrate the contrast in 
system behavior between open-loop and closed-loop 
control modes. In the open-loop configuration, the Maxon 
RE 15 motor often demonstrated erratic dynamic 
responses such as excessive overshoot, long settling 
times, and significant steady-state error which can be 
interpreted as a form of "misclassification" of the desired 
output. These deviations represent the system’s inability 
to correctly interpret or respond to the reference signal 
without feedback, resulting in unstable or inaccurate 
performance. 

In contrast, the closed-loop configuration acted as a 
corrective mechanism that significantly reduced this 
"confusion." By continuously comparing the output speed 
with the reference input and adjusting the control signal 
accordingly, the system exhibited a highly accurate and 
repeatable response. The closed loop control effectively 
eliminated steady-state error, damped oscillations, and 
improved response time achieving performance that 
closely matched the expected behavior derived from the 
motor model. From a metaphorical standpoint, this 

illustrates how feedback reduces classification error in 
system behavior by reinforcing correct system responses 
over incorrect or unstable ones. 

The statistical consistency of simulation outputs across 
both first order and second order closed loop models 
further strengthens the confidence in the proposed motor 
model and control structure. Residual oscillations and 
steady state deviations were minimal across repeated 
tests, suggesting a high degree of repeatability and 
robustness, especially under low to moderate loading 
conditions. 

Despite the promising results, this study acknowledges 
several limitations. The simulation assumes linear system 
behavior and neglects external factors such as thermal 
variations, electrical noise, gear backlash, and 
mechanical load changes, which may affect real-world 
performance. Additionally, the PID controller parameters 
were tuned based on classical methods (Ziegler Nichols 
followed by empirical adjustment) and were not optimized 
through advanced heuristics or AI based strategies. 

Nevertheless, the current modeling and control 
framework proves highly applicable in educational 
environments and prototype system development, where 
simplicity, clarity, and accessibility are prioritized. The use 
of the Maxon RE 15 motor a commonly available and well 
documented unit makes this study particularly valuable for 
instructional purposes in control systems and embedded 
motor applications. The modeling process can also serve 
as a baseline for future enhancement, including real time 
implementation, adaptive control, or sensorless feedback 
systems. 

5. CONCLUSION  

This study successfully developed and validated a 
dynamic simulation model of the Maxon RE 15 brushed 
DC motor using both first-order and second-order transfer 
function models based on fundamental electromechanical 
equations. Simulations conducted in MATLAB/Simulink 
under open loop and closed-loop conditions 
demonstrated that closed loop control significantly 
improved system performance, as evidenced by faster 
rise time, reduced overshoot, shorter settling time, and 
minimal steady-state error. The closed loop second order 
model achieved the best results, with a rise time of 0.18 
s, overshoot of 2.9%, settling time of 0.6 s, and a steady 
state error of only 0.3%. These findings confirm the 
effectiveness of PID feedback control and the accuracy of 
the developed motor model. The proposed framework 
offers a practical and accessible solution for motor control 
system simulation in both educational and embedded 
application contexts. For future work, real time hardware 
implementation using microcontrollers is recommended, 
as well as testing under varying load conditions to 
enhance the model’s robustness and support the 
development of advanced control strategies such as 
adaptive or sensorless control. 
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