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Abstract — Control systems education often faces a dichotomy between costly physical laboratories and
accessible but numerically inaccurate simulation platforms, such as web-based simulators. Existing web-solutions
typically rely on low-order integration methods, failing to capture realistic non-linear behaviors crucial for
industrial applications. This study addresses these limitations by developing a high-fidelity, client-side Virtual
Laboratory for DC Motor control. The novelty of this work lies in the integration of the Runge-Kutta 4" Order
(RK4) algorithm within a lightweight HTML5/JavaScript architecture, eliminating server-side latency while
ensuring superior numerical precision over standard Euler-based applets. Furthermore, the system implements a
realistic discrete PID controller with a Conditional Integration (Clamping) Anti-Windup strategy, enabling precise
analysis of actuator saturation effects. Validation benchmarks against standard numerical computing software
like GNU Octave demonstrate rigorous accuracy. The proposed system achieves a steady-state relative error of
less than 0.001% and shows negligible deviation in transient response metrics (rise time, settling time, and
overshoot). Additionally, the virtual lab maintains identical closed-loop pole locations up to four decimal places.
By integrating real-time Bode Plot and Root Locus analysis, this platform provides a robust, open-access tool that

effectively bridges the gap between theoretical design and practical non-linear implementation challenges.
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1 Introduction

Engineering education in today's digital era faces dual
challenges: the demand to provide in-depth practical
experiences and the constraints of accessibility to
learning infrastructure [1]. In electrical and mechanical
engineering curricula, automatic control systems,
particularly an understanding of Proportional-Integral-
Derivative (PID), are fundamental competencies that
bridge mathematical theory with physical phenomena
[2,3]. However, teaching dynamic concepts such as
transient response, frequency stability, and non-linearity
effects often becomes abstract and difficult for students
to understand if they rely solely on a textual approach [4].

Conventional physics laboratories, while ideal, require
high initial investment costs, extensive space, and

ongoing maintenance costs [5]. In addition, limited
equipment often results in a sub-optimal student-to-
equipment ratio, reducing effective independent learning
time [6]. As an alternative, software-based simulation has
become the industry standard. Commercial software
such as MATLAB/Simulink offers high accuracy and
comprehensive features, but their expensive licensing
costs are often prohibitive for educational institutions in
developing countries or for students studying
independently outside the classroom [7,8].

Web-based Virtual Laboratories (V-Labs) have
emerged as a promising solution due to their flexibility in
supporting distance learning [9,10]. A literature review
shows that although many V-Labs have been developed,
most still have significant limitations. Early generations of
V-Labs were often built using plugin technologies (such as
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Flash or Java Applets) that are now obsolete and not
supported by modern browsers, or relied on server-side
architectures that are burdensome to the server and
susceptible to network latency [11,12]. Crucially, many
academic V-Labs simplify mathematical models by using
low-order numerical integration methods (such as Euler)
for computational efficiency, which results in low
simulation accuracy [13]. Aspects of industrial realism,
such as actuator saturation and integral windup
phenomena, are also often overlooked, despite their vital

understanding for engineers on the real case world [14].
This research aims to design and build a Virtual

Laboratory for DC Motor Control Systems based on a pure

web-based client-side system that is accurate, realistic,

and fully open-access. The novelty of the proposed
system lies in three main aspects:

1. High-Fidelity Simulation: Application of the Runge-

Kutta Order 4 (RK4) algorithm for solving differential

equation systems, guaranteeing much better

numerical stability and precision than the standard

Euler method [15].

Realistic Control Strategy: Implementation of a

discrete PID controller with an Anti-Windup

(Conditional Integration) strategy to realistically

simulate the physical limitations of the supply voltage

[16].

. Open-Source Validation: While commercial platforms
like MATLAB remain the de facto standard for
numerical validation in control systems literature
[2,3], this study explicitly utilizes GNU Octave as the
benchmarking tool [17]. GNU Octave was selected
because it offers high syntax compatibility and
numerical precision comparable to proprietary
software [26], but with the distinct advantage of being
open-source. This approach reinforces the open
science philosophy, demonstrating that high-quality,
validated educational tools can be built and verified
entirely within a free software ecosystem.

2 Method

This research uses a model-based software
development method adapted for the web environment.
The stages include mathematical modeling, numerical
algorithm implementation, controller design, and
validation framework.

The research process concluded with the preparation
of the final report. The overall research flow is illustrated
in the flowchart presented in Figure 1.
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Figure 1. Research flow diagram

2.1 Web-Based System Architecture (Client-Side)

The system is built using a Single Page Application
(SPA) architecture without a computing backend. The
entire numerical processing burden is shifted to the
client-side using JavaScript (ECMAScript 6+). User
Interface (GUI) built with HTML5 and CSS3, provides
interactive input parameters (sliders) for motor physical
constants (R,,L,,J,etc.) and PID controller parameters
(Kp,K;,Kq). The Plotly.js library is used for real-time
rendering of time and frequency response graphs, while
the HTML5 Canvas APl is used for motor rotation
animation to provide intuitive visual feedback [18]. The
GUI design can be seen on Figure 2.
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Figure 2. GUI design

2.2 Mathematical Model of DC Motor

The plant used is an armature-controlled DC motor
with inertial load and viscous friction. The system
dynamics are derived from Kirchhoff's Law for electrical
circuits and Newton's Second Law for mechanical systems
[19]. Kirchhoff's Law used for the armature voltage
equation with armature voltage (V), armature resistance
(Ry), current (i), armature inductance (L,), back emf
constant (K} ), and angular velocity (w). Newton's Second
Law used for the mechanical torque equation with
mechanical torque (T,,,), torque constant (K;), current (i),
inertia (J), angular velocity (w), viscous friction (b), and
external torque load (T ). The armature voltage equation
and mechanical torque equation can be seen on the
equation (1) and equation (2) consecutively.

V(t) = R,i(t) + L, d;—(tt) + Kpw(t) D
T (8) = K,i(£) = J ‘“;5“ +bw(t) + T, )

For the purposes of numerical simulation, these
second-order differential equation is converted into a
first-order State-Space form as shown on equation (3)
[20].

(—R)q (_K)b]
dri i il
E[V‘V]:[ lé % J[VIV]+[L0‘1 v(t)
] ]
0
+|21T, ®3)
]

2.3 Runge-Kutta 4th Order Algorithm

The State-Space equation on equation (3) will be
solved using the 4th Order Runge-Kutta method. This
method was chosen because it has a local truncation
error of 0(h®) and a global error of 0(h*), which is much
more accurate than the Euler method that has O(h?) at
the same time step size (h) [21]. The implementation of
the algorithm at each time from step (t,,) to (t,41) is

shown on equation (4).

h
Yne1 = Yn T g(k1 + 2ky + 2k3

+ky) (4)

Where y = [i,w]T and k;, is the slope vector
evaluated at the start, middle, and end points of the time
step interval. This approach ensures simulation stability
even when extreme physical parameters (such as a very
small inductance) are given by the user [22].

2.4 PID Controller Design with Anti-Windup and
Derivative Filter Algorithm

The PID controller is implemented in the discrete time
domain. The control signal (u(t)) is calculated based on
the error (e(t)) calculated from the different value of
setpoint (r(t)) and process variable (y(t)) as shown on
equation (5).

e(t) =r(t) —y(t)
5)

To overcome the problem of noise amplification on the
pure derivative component, a first-order Low-Pass filter is
used on the derivative action, a standard practice in
industrial control [23]. The derivative filter equation can
be seen on equation (6).

Kas
Trs+1 E(S)

D(s) =

(6)

Actuator saturation is modeled by limiting the output
voltage to tVmax. Without special handling, the integral
component will continue to sum the error during
saturation (windup), causing a large overshoot when the
system returns to linearity. A Conditional Integration
(Clamping) strategy is applied as Anti Windup Algorithm
where the error integration is stopped (the integrator
value is held) if the controller output saturates and the
sign of the error is the same as the sign of the controller
output [24, 25]. Formula for that algorithm can be seen
on equation (7).

if (Jul > Vpax) AND (ue > 0)then I,
(7

old

2.5 Frequency Analysis and System Validation

The system is equipped with a theoretical analysis
module that calculates the Bode Plot and Root Locus
analytically using custom complex number arithmetic. To
verify the accuracy of the JavaScript simulation, cross-
validation was performed using GNU Octave (version
7.3.0), an open-source numerical computing software
compatible with MATLAB environment [26]. The
Kollmorgen AKM 11F will be used as the validation object
for DC Motor parameters and for the validation scenarios
will include:
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1. Transient Response Test by comparing Rise Time,
Settling Time, and Overshoot between V-Lab
simulation results and the step() function from the
control package in GNU Octave.

Control Algorithm Test by comparing Steady State
Error and Control Signal between V-Lab simulation
results and GNU Octave.

Stability Test by comparing the locations of Poles and
Zeros and Gain/Phase Margin calculated by V-Lab with
the results of the margin() and pole() functions in GNU
Octave [27].

The use of GNU Octave as a validator confirms the
independence of this research from paid software, in line
with the goal of providing a fully accessible educational
solution [28].

3 Result And Discussion

This section presents the results of the Virtual
Laboratory (V-Lab) system implementation and
simulation performance validation. The discussion
includes details of the web-based software design,
validation of the numerical accuracy of the physical
model of the DC motor, the performance of the PID
control algorithm with Anti-Windup feature, and system
stability analysis in the frequency domain. All validation
results are compared with standard numerical computing
software, GNU Octave, to ensure the scientific integrity
of the developed tool.

The system was developed as a Single Page Application
(SPA) that runs entirely client-side, minimizing network
latency and enabling accessibility without high server
load. The interface structure is defined in index.html,
integrating interactive slider elements for input
parameters and a graph container based on the Plotly.js
library. The core of this V-Lab is a Physics Engine written
in JavaScript (script.js).

To ensure high-fidelity dynamic behavior, this system
implements the 4" Order Runge-Kutta (RK4) numerical
method. This approach provides significantly higher
accuracy and stability compared to first-order methods
like Euler, which are typically favored in introductory
educational software for their implementation simplicity
but suffer from larger truncation errors [13].

Figure 3 show the code snippet demonstrates the
implementation of the integration step function in the
system.
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Figure 3. Code snippet of RK4 algorithm

The use of this algorithm ensures that local truncation
errors are minimized to the order of 0(h®), providing
high numerical stability even when the simulation is run
on a resource-constrained browser [15]. In addition, the
system implements adaptive time-stepping (dt_physics)
that automatically divides the simulation steps into sub-
microsteps (up to 10 microseconds) if it detects a very
fast system time constant, such as in the motor with small
inductance (L,=1.04 mH) used in this test. The V-Lab
development result can be accessed on
https://shakidc.github.io/simulator-sistem-kendali/ .

The first stage of validation aims to test the accuracy
of the mathematical model of an uncontrolled DC motor
(Open Loop). The motor parameters are set according to
The Kollmorgen AKM 11F data sheet. The parameters
setup for this test can be seen in Table 1.

Table 1. Parameters setup

Parameter (unit) Value
R, () 1.8
Ly (mH) 1.04
Nm 0.046
K; (7)
Vs 0.028
K -
b G
] (kgmz) 1.7 x 107°
Nms 48x10°°
b(—
(rad)

The simulation is run with a step voltage of 75 V for 3
seconds. The results of this simulation can be seen in
Table 2.

Table 2. Simulation results

Parameter V-Lab GNU Octave Error (%)
(unit)

Rise Time (s) 0.004 0.004 0
Settling Time 0.007 0.007 0
(s)
Overshoot (%) 0 0 0
Steady State 2,660.723 2,660.7231 <0.001
Velocity
(rad/s)
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The results show very high accuracy at steady state
velocity with negligible differences. A very fast rise time
(4 ms) is accurately detected by both platforms,
indicating that the motor has very low rotor inertia. This
validates V-Lab's ability to handle fast dynamics systems
that simple web-based learning tools often fail to
simulate [4].

The second test evaluates the closed loop system
response using a PID controller with parameters shown in
Table 3.

Table 3. Control system parameter

Parameter Value
K, 0.5
K; 5.0
K, 0.01

This control system goal is to achieve a angular velocity
setpoint of 2000 rad/s. The main focus of this test is on
the validation of the Clamping type Anti-Windup
algorithm (Conditional Integration) implemented in V-Lab
which included in the code as shown in Figure 4.

d = (Math.abs(rawVoltage) > Vmax);
g = (rawVoltage * error <

turated

f (!i

I Helpir
[l i pinc
integralTerm +=

Figure 4. Code snippet of anti-windup algorithm

The test results show a Steady State Error of 0.0162
rad/s on V-Lab, very close to the Octave reference result
of 0.01614 rad/s. This very small steady state error proves
that the Integral (K;) component functions effectively to
eliminate offset. Furthermore, the similarity of the
response trajectories in Figure 5 and Figure 6 confirms
that the Clamping logic above successfully prevents the
integrator windup phenomenon when transient voltage
saturation occurs, keeping the system response realistic
within the limits of industrial actuators [16].
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Figure 5. Results of close loop system using PID on V-Lab
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Figure 6. Results of close loop system using PID on GNU Octave

The final validation examined the system stability
aspects through Pole and Bode Plot locations. The
comparative results are presented in Table 4.

Table 4. Comparison results for system stability and robustness

Parameter V-Lab GNU Octave Result
Pole 1 -12.3937 -12.3937 Identical
Pole 2 -40.0841 -40.0841 Identical
Pole 3 -261,862.1104 -261,862.1104 Identical
Gain Margin Infinite Infinite Identical
Phase Margin N/A 90.37° at Out of

260,178 rad/s Visual
Range
The polynomial root-finding algorithm in V-Lab

successfully identified all three closed-loop poles with
high precision. The negative values of the closed-loop
poles (s1,5,,53) indicate that the system is asymptotically
stable. Mathematically, these values represent the roots
of the system's characteristic equation 1+C(s)P(s)H(s)=0.
The presence of poles strictly in the left-half of the
complex plane confirms that the transient response will
decay over time. Specifically, the dominant poles at
-12.3937 and -40.0841 govern the primary transient
behavior (rise time and settling time), while the third pole
very far to the left of the s-plane (-261,862) is a result of
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the use of derivative action (K; = 0.01) in a low-
inductance system, which creates very fast high-order
dynamics. Regarding the disparity in Phase Margin (PM),
where V-Lab displays "N/A" while Octave displays the
value at a frequency of 260,178 rad/s, this is a
consequence of the visualization design. V-Lab is
designed to visualize frequency response over a
physically relevant range for electromechanical systems,
which is 107 to 103 rad/s. The crossover frequency of
260,178 rad/s (equivalent to =41.4 kHz) is well beyond
the mechanical bandwidth of a conventional DC motor.
At such high frequencies, inductive reactance and rotor
inertia naturally dampen the system response to near
zero. Therefore, V-Lab intentionally limits the analysis
range to focus users' attention on the dominant dynamics
of the system. The results of "N/A" and GM "Infinite" in
V-Lab practically indicate that the system has absolute
stability in its operational range, which is consistent with
control theory for low-order systems without time delay

[21.

4 Conclusion

This research successfully designed and validated a
Virtual Laboratory (V-Lab) of DC Motor Control System
that operates entirely in a web client-side environment.
In contrast to conventional approaches that often
sacrifice accuracy for the sake of web visualization
efficiency, this system proves that the integration of the
Runge-Kutta 4% Order (RK4) high-precision numerical
algorithm with adaptive time-stepping can be run in real-
time using modern JavaScript.

Based on the results of testing and cross-validation
against the industry standard software GNU Octave,
several crucial conclusions can be drawn:

First, Numerical Model Validity: The RK4-based physics
engine implementation demonstrates very high accuracy
in replicating second-order system dynamics, even for
motors with extreme parameters (very low inductance
and inertia). The transient response deviation (Rise Time
and Steady State Velocity) is recorded below 0.001%
compared to the theoretical reference. This confirms that
V-Lab is suitable for fast dynamics analysis that requires
microsecond time resolution.

Second, Effectiveness of Control Strategy: Discrete PID
algorithm with Clamping type Anti-Windup feature is
proven to be effective in handling the non-linearity of
actuator saturation. The agreement of Steady State Error
(0.0162 rad/s) and response trajectory between V-Lab
and GNU Octave simulations confirms that the integrator
desaturation logic has been implemented correctly. This
feature provides significant educational added value,
allowing students to understand the crucial differences
between ideal linear control theory and the physical
limitations of practical implementation in industry.

Third, Stability Analysis and Bandwidth Limitation: The
V-Lab frequency analysis tool is capable of identifying

closed-loop pole locations with identical precision to four
decimal places. Regarding the Phase Margin
phenomenon, this study highlights the importance of
limiting analysis bandwidth in educational simulations.
The decision to limit the Bode Plot visualization to 103
rad/s was justified as a sound design move. This filters out
mechanically irrelevant high-frequency dynamics,
focusing the user’s analysis on the motor’s effective
operating frequency range.

Overall, this research contributes to the provision of a
mathematically accurate, behaviorally realistic, and
open-access control system teaching tool. V-Lab offers a
cost-effective alternative solution to overcome the
limitations of physical laboratories and software licensing
in engineering education, particularly in supporting
distance learning models.

For further development, it is recommended to
integrate stochastic disturbance (noise) modules on
sensors and non-linear friction modeling (such as
Coulomb friction) to improve the fidelity of simulations
approaching more complex real-world conditions.
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