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Abstract— This research mitigates the gap between theoretical 
control design and real-world implementation of Stewart 
platforms, where high system costs often limit experimental 
validation. The objective of this work is to develop a Stewart 
platform digital twin using Hardware-in-the-Loop simulation for 
control testing. To achieve this, a discretized model was 
implemented with a hardware controller for a closed-loop system. 
The digital twin was successfully tested with an embedded input 
using serial communication. This framework provides an 
accessible, low-risk environment for students and researchers to 
evaluate advanced control algorithms. Future developments could 
focus on the integration of middleware to expand the system’s 
monitoring and training capabilities. 

Keywords—Stewart platform, Hardware-in-the-Loop, digital 
twin, controller validation 

I. INTRODUCTION 

The Stewart platform, a high-level, precision manipulator 
with six degrees of freedom, has become an indispensable 
technology in industrial sectors. Since its introduction in 1965 
by Stewart [1], it has been widely adopted in fields ranging from 
aerospace flight simulators to robotic-assisted surgical systems 
due to its enhanced stiffness, accuracy, speed, and loading 
capacity compared to serial manipulators [2, 3]. In academia, it 
has also been studied extensively, leading to the development of 
numerous kinematic, dynamic, and control models. However, 
the leap from theoretical models to physical experimentation 
requires expensive hardware to guarantee performance 
reliability [4]. For instance, commercial platforms known as 
Hexapods, consisting of 6 telescoping legs cost over $20,000 
USD [5]. Furthermore, while developing a low-cost prototype is 
possible, it would entail an additional stage for manufacturing 
and hardware assembly. The complexity of a parallel, six-
degree-of-freedom system also poses a significant operational 
cost, as a minor error in control law implementation can lead to 
catastrophic hardware failure or safety hazards. 

Hardware-in-the-Loop (HIL) methodologies, supported by 
high-fidelity mathematical simulations, emerge as a 
transformative solution that mitigates the gap between theory 
and practice. HIL simulation is a beneficial tool for optimization 
and debugging, which was first developed for military testing 
and nuclear reactor controllers [6]. Its use case in education, 
particularly for testing and validation, addresses the 
disadvantage of relying on physical systems and their 
acquisition costs. Therefore, HIL offers a framework where 

students can validate control algorithms without the risk of 
physical degradation or hardware depletion [7]. 

This paper presents the dynamic model for a 6-DOF Stewart 
platform, which serves as the core component of a digital twin 
architecture by providing a high-fidelity real-time representation 
of the physical system [8]. The development introduces Model-
in-the-Loop performed in a simulation environment, where the 
plant is a mathematical model [9], while the controller is 
embedded in C.  

The article is organized as follows: Section II provides a 
detailed description of the methodology employed for the 
Stewart platform digital twin, describing the continuous-time 
and discrete-time models, and the embedded controller. Section 
III describes the hardware setup and architecture of the HIL 
framework. Section IV outlines the results. Finally, Section V 
presents concluding remarks and future work. 

II. STEWART PLATFORM DIGITAL TWIN 

There are various definitions of digital twin in the literature; 
however, the concept can be generalized as a digital model that 
can reflect the behavior of a physical object or process [10]. For 
the digital twin and HIL simulation to be an effective 
engineering tool and provide reliable results, it must integrate a 
full dynamic model of the Stewart Platform that operates under 
the timing constraints of the embedded controller. Therefore, 
the model is discretized in the time domain to ensure 
compatibility with the digital processors that drive modern 
control systems [11]. 

A. Continuous Dynamic Model 

The continuous model of the Stewart platform is based on 
the formulations described by Bingul, et al. [12]. The Stewart 
platform considered in this project consists of six extendable 
legs that stem from a fixed base to an upper moving platform. 
The platform’s pose is defined by the vector 𝑋௉ିை =
[𝑥, 𝑦, 𝑧, 𝛼, 𝛽, 𝛾]் , which represents the Cartesian position and 
the Euler angles (roll, pitch, and yaw) of the moving platform 
relative to the fixed base. The platform dynamics are described 
as: 

𝐽்𝐹 = 𝑀௉ିை𝑋̈௉ିை + 𝑉௉ିை𝑋̇௉ିை + 𝐺௉ିை (1) 

where 𝑀௉ିை ∈ ℝ଺×଺  is the inertia matrix, 𝑉௉ିை𝑋̇௉ିை ∈ ℝ଺×଺ 
contains the Coriolis-Centrifugal terms, and 𝐺௉ିை ∈ ℝ଺×଺ 
represents the gravitational forces, all are nonlinear functions of 
the generalized coordinates and velocities of the moving 



platform. 𝐽 is the Jacobian matrix, and 𝐹 is the vector of actuator 
forces. Solving for the platform’s acceleration yields: 

𝑋̈௉ିை =  𝑀௉ିை
ିଵ൫𝐽்𝐹 − 𝑉௉ିை𝑋̇௉ିை − 𝐺௉ିை൯. (2) 

 The platform’s velocity and pose are obtained by integrating 
the acceleration vector 

𝑋̇௉ିை = න 𝑋̈௉ିை 𝑑𝑡 
(3) 

𝑋௉ିை = ∫ 𝑋̇௉ିை 𝑑𝑡.  (4) 

 The resulting position and velocity are used to calculate 
actuator coordinates determined by the following kinematic 
relationships 

𝐿̇ଵି଺ = 𝐽𝑋̇௉ିை (5) 

𝐿̈ଵି଺ = 𝐽𝑋̇̇௉ିை + 𝐽𝑋̈௉ିை (6) 

 𝐿̈ଵି଺, 𝐿̇ଵି଺  denote the actuators’ velocity and acceleration, 
while the position vector 𝐿ଵି଺ is obtained as: 

𝐿௜ = 𝑅௑௒௓𝐺𝑇௜ + 𝑃 − 𝐵௜  (7) 

where 𝑃ሬ⃗  represents the translation vector of the platform’s 
center and 𝑅௑௒௓ is the rotation matrix defining its orientation. 
The terms 𝐺𝑇ሬሬሬሬሬ⃗

௜ and 𝐵ሬ⃗ ௜ denote the constant coordinates of the 
attachment points on the moving platform and the fixed base, 
respectively. 

 The electrical dynamics of the actuators are modeled based 
on the DC motor and ball-screw drive formulations by the 
following equation: 

𝑉 = 𝐿𝐼̇ + 𝑅𝐼 + 𝐾௕𝜃̇௠ (8) 

where 𝑉  and 𝐼  are the applied motor voltage and current, 
𝐿, 𝑅, 𝐾௕ are the rotor inductance, terminal resistance, back-emf 
constant of the actuators. The angular velocity of the motor 𝜃̇௠ 
is coupled to the linear velocity of the leg through the gear ratio 
𝑛 and pitch 𝑝  

𝜃̇௠ =
ଶగ௡

௣
𝐿̇ଵି଺. (9) 

Substituting angular velocity into the voltage equation and for 
current gives: 

𝐼̇ =
𝑉

𝐿
−

𝑅

𝐿
𝐼 −

𝐾௕2𝜋𝑛

𝐿𝑝
𝐿̇ଵି଺. 

(10) 

 The mechanical interaction between motor torque 𝜏௠  and 
the platform is described by 

𝜏௠ = 𝐾௧𝐼 (11) 

𝑀௔𝐿̈ଵି଺ + 𝑁௔𝐿̇ଵି଺ + 𝐾௔𝐹 =  𝐾௧𝐼 (12) 

𝜏௠ = 𝑀௔𝐿̈ଵି଺ + 𝑁௔𝐿̇ଵି଺ + 𝐾௔𝐹 (13) 

where 𝐾௧ is the torque constant and 𝑀௔, 𝑁௔ and 𝐾௔are the inertia 
matrix, viscous damping coefficient and gain matrix of the 
actuator, respectively.  

 

 The mechanical actuator dynamics can relate the motor 
torque, isolating for the applied force yields: 

𝐹 =
௄೟

௄ೌ
𝐼 −

ெೌ

௄ೌ
𝐿̈ଵି଺ −

ேೌ

௄ೌ
𝐿̇ଵି଺. (14) 

The resulting force is fed back into the platform dynamics, 
completing the continuous-time model used. 

B. Discrete Dynamic Model 

 To enable real-time execution within the HIL environment, 
the continuous-time equations are discretized using the Forward 
Euler method [13]. Assuming a constant sampling period 𝑇, the 
states derivative is approximated by 

𝑥̇(𝑡) ≈
𝑥௞ାଵ − 𝑥௞

𝑇
 (15) 

where 𝑇 denotes the sampling period. Hence, by means of (2)-
(6) and (10), the discrete dynamics of the system are defined by  

𝑋௉ିை,௞ାଵ = 𝑋௉ିை,௞ + 𝑇𝑋̇௉ିை,௞ (16) 

𝑋̇௉ିை,௞ାଵ = 𝑋̇௉ିை,௞ +  𝑇𝑋̈௉ିை,௞ (17) 

𝐼௞ାଵ =
𝑇

𝐿
𝑉௞ +

𝐿 − 𝑇𝑅

𝐿
𝐼௞ −

𝑇𝐾௕2𝜋𝑛

𝐿𝑝
𝐿̇ଵି଺,௞ 

(18) 

with  

𝑋̈௉ିை,௞ = Ψିଵ𝑀௉ିை,௞
ିଵ൫𝐽௞

்Φ − 𝑉௉ିை,௞𝑋̇௉ିை,௞

− 𝐺௉ିை,௞൯ 

(19) 

𝐿̇ଵି଺,௞ = 𝐽௞̇𝑋̇௉ିை,௞ (20) 

where Φ =
௄೟

௄ೌ
𝐼௞ −

ெೌ

௄ೌ
𝐽௞̇𝑋̇௉ିை,௞ −

ேೌ

௄ೌ
𝐿̇ଵି଺,௞  and Ψ = 𝕀଺ +

𝑀௉ିை,௞
ିଵ ெೌ

௄ೌ
𝐽௞

்𝐽௞ , which are solved considering the initial 

conditions 𝑋௉ିை,଴ and 𝑋̇௉ିை,଴. 

This recursive formulation is applied to each state variable of the 
Stewart platform model, resulting in a discrete-time 
representation suitable for integration with HIL architecture and 
the execution of digital control algorithms. 

C. Controller Design 

In controller design, two approaches are commonly adopted 
when a continuous-time plant model is available. The first 
involves designing a continuous-time controller based on plant 
dynamics and subsequently discretizing the controller for digital 
implementation. The second approach first discretizes the plant 
model and then designs a discrete controller [14]. Since both the 
plant and the controller are executed on digital hardware, the 
second approach is chosen to avoid discrepancies introduced by 
using a continuous-time model in the discrete-time domain. The 
Stewart platform plant is implemented using the discretized 
model described in the previous section, whereas the control 
algorithm is implemented in C as an independent software 
module. “Fig. 1” describes the controller side algorithm in 
pseudocode. 



 

Fig 1. Discrete-time controller pseudocode. 

Functional testing of this HIL simulation is performed with 
a basic PID controller [15], which satisfies trajectory following 
for the moving platform. It is designed as: 

𝑢௞ = 𝐾௉𝑒௞ + 𝑢ூ,௞ିଵ + 𝐾ூ𝑇𝑒௞ +
𝐾஽

𝑇
(𝑒௞ − 𝑒௞ିଵ). 

(21) 

Moreover, the embedded side controls the timing and 
synchronization during the HIL simulation, allowing the 
exchange of plant measurements and control commands at each 
sampling instant. During each sampling period, the embedded 
platform requests the current plant states, compares them with 
the reference input, and computes a corresponding control action 
described by: 

𝑢௞ = 𝑢௉௞ + 𝑢ூ௞ + 𝑢஽௞

The resulting output, represented as actuator voltage, is 
transmitted back to the plant for the next state update. 

III. HARDWARE-IN-THE-LOOP FRAMEWORK 

The proposed HIL framework employs an NXP FRDM-
MCXN947 development board as the embedded controller and 
a host computer executing the Stewart Platform model in 
MATLAB®. 

A. Hardware setup 

 The hardware used consists of a NXP FRDM-MCXN947, 
which features Dual Arm® Cortex®-M33 cores at 150MHz 
each, 2 MB of on-chip Flash memory, 512 KB of SRAM, and 
multiple communication peripherals, including Ethernet, USB, 
SPI/I²C/UART, Wi-Fi connector and CAN [16]. These 
characteristics make the platform suitable for real-time control 
applications and rapid prototyping. 

 System control is managed by the embedded processor 
running C-based software developed with the MCUXpresso 
SDK. To facilitate HIL testing, the Stewart Platform model runs 
on a host computer, establishing a continuous data exchange 
with the embedded controller through an asynchronous UART 
interface at 115200 baud rate. “Fig. 2” illustrates the overall 
setup of the proposed HIL system. 

 
Fig 2. Stewart Platform and Hardware controller setup. 

B. System Architecture 

The proposed architecture enables the evaluation of control 
algorithms under conditions that closely resemble physical 
experimentation with an embedded system and a digital twin. 
Both components are integrated through a serial interface to 
achieve a closed-loop system illustrated in “Fig. 3”. 

 Additionally, it maintains the flexibility of a simulation 
environment without modifying the plant model and provides a 
modular framework for performance comparison.  

 
Fig 3. Stewart Platform and Hardware controller closed-loop system. 



IV. RESULTS 

Regarding the Stewart Platform digital twin, the continuous-
time model was evaluated under several open-loop input signals. 
The resulting platform motion was analyzed to evaluate a 
physically consistent response with an initial pose condition of 
𝑋௉ିை = [0, 0, 0.25, 0, 0, 0] . “Fig. 4” shows the platform 
position increasing with a constant positive actuator voltage, 
which generates an upward displacement. 

 
Fig 4. Continuous-time model response to positive constant voltage. 

A constant zero voltage, where the generated actuator force 
is insufficient to support the platform weight, was then applied 
to validate both the continuous-time and discrete-time model. 
“Fig. 5” shows the position of the platform descending under 
gravitational forces while “Fig. 6” exhibits the same response 
for discrete-time. 

 
Fig 5. Continuous-time model response to zero constant voltage. 

 
Fig 6. Discrete-time model response to zero constant voltage. 

The HIL architecture was successfully validated by 
generating the actuator voltage commands on the embedded 
development board and transmitting them to the digital twin in 
real time. The platform response was consistent with the 
behavior obtained using equivalent constant voltage inputs 
applied directly in MATLAB, demonstrating the successful 
implementation of real-time communication between the digital 
twin and the development board.  

V. CONCLUSIONS 

This work presented the development of a Hardware-in-the-
Loop framework designed for real-time simulation and control 
of a Stewart platform digital twin. This approach enables 
systematic testing, tuning, and validation of control schemes 
without requiring access to a physical parallel manipulator, 
thereby reducing cost, risk, and development time. Furthermore, 
the modular nature of the digital twin and HIL simulation allows 
for its use with other complex robotic and mechanical systems. 
Consequently, this proposal provides an accessible solution for 
students and researchers to explore advanced control strategies. 

Future work could involve the integration of middleware like 
Robot Operating System (ROS) and Computer-Aided Design 
(CAD) models, which will enhance the digital twin’s accuracy, 
providing a more robust and intuitive tool for testing advanced 
control algorithms. 
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