


ENP Engineering Science Journal, Vol. 6, No. 1, June, 2026 1

Time Delay Estimation Based Integral Sliding
Mode and Super-Twisting Control for Robust

Robot Trajectory Tracking
Tinhinane Bacha, Adem Manseur, and Chems Eddine Boudjdir

Abstract—This paper improved trajectory tracking control strategy for robotic manipulators, combining Time Delay
Control (TDC), Integral Sliding Mode (ISM), and the Super-Twisting Algorithm (TDC-IS-STA). The Time Delay Control
framework provides a model-free aspect by estimation of unknown nonlinear dynamics and external disturbances using
previously measured system data, while the integral sliding surface eliminates the reaching phase and ensures robustness
from the initial instant of operation. To further mitigate the chattering phenomenon inherent in classical sliding mode
control, the Super-Twisting Algorithm is incorporated to generate a continuous control signal while preserving finite-time
convergence and robust performance. The proposed controller is validated through numerical simulations performed
in MATLAB/Simulink on a parallel Delta robot model under multiple operating scenarios .Comparative study against
control approaches demonstrate that the proposed TDC-IS-STA strategy achieves superior tracking accuracy, reduced
chattering in the actuator torque signals .

Keywords—Time Delay Control, Integral Sliding Mode, Super-Twisting Algorithm, Trajectory Tracking, Delta
robot.

NOMENCLATURE

PID Proportional Integral Derivative.
TDC Time Delay Control.
TDE Time Delay Estimation.
SMC Sliding Mode Control.
ISM Integral Sliding Mode.
STA Super-Twisting Algorithm.

I. INTRODUCTION

In modern industrial automation, achieving high precision, re-
peatability, and fast dynamic response has become an essential
requirement for many robotic applications. Parallel robotic
structures [1] have attracted considerable attention due to their
superior rigidity, high positioning accuracy, and enhanced load-
to-weight ratio compared to conventional serial manipulators.
Owing to these advantages, parallel robots are widely used in
many applications [2] such as high-speed pick-and-place oper-
ations, assembly processes, and trajectory tracking tasks that
require both accuracy and rapid motion.

The Delta robot is one of the most well-known parallel robotic
structures [3, 4]. Due to its lightweight moving platform and
parallel kinematic architecture, the Delta robot can achieve fast,
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accurate motions. Despite these advantages, controlling parallel
manipulators remains challenging due to their highly nonlinear
dynamics, strong coupling effects, parameter uncertainties, and
sensitivity to external disturbances.

Traditional control approaches have been widely used in robotic
systems because they are easy to implement and inexpensive.
Among these approaches, PID have been extensively used in
trajectory tracking applications [5, 6]. However, their perfor-
mance tends to degrade when the robotic system operates under
complex dynamics and uncertain conditions. In addition, these
controllers rely on fixed tuned gains, which can become inef-
fective when system dynamics vary, thereby limiting tracking
accuracy and robustness.

To improve trajectory tracking performance, several advanced
control strategies have been proposed in the literature, includ-
ing adaptive control [7], sliding mode control [8], and model-
based [9]. Among these techniques, Time Delay Control (TDC)
has received considerable attention due to its simple structure
and reduced dependence on an accurate dynamic model. Us-
ing previously measured system data, TDC estimates unknown
dynamics and disturbances, providing an efficient, model-free
framework capable of achieving satisfactory tracking perfor-
mance in nonlinear robotic systems.

Despite its effectiveness, the performance of TDC may deteri-
orate in the presence of Time Delay Estimation (TDE) errors,
particularly under rapid dynamic variations and external distur-
bances.To overcome this limitation and enhance system robust-
ness, TDC has been combined with various advanced control
techniques [10–13], such as Sliding Mode Control (SMC). The
Integral Sliding Mode (ISM) technique [14], in particular, has
attracted considerable attention due to its ability to eliminate the
reaching phase and ensure robustness from the initial instant of
operation. By introducing an integral sliding surface, the system
states are forced to evolve on the sliding manifold throughout
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the motion, resulting in improved disturbance rejection and
enhanced tracking accuracy.

However, classical SMC still suffers from the chattering phe-
nomenon caused by discontinuous switching control actions
[15, 16]. This phenomenon produces high-frequency oscilla-
tions in the control signal that may lead to mechanical wear,
actuator degradation, unwanted vibrations, and excitation of
unmodeled dynamics.

Several techniques have been proposed in the literature to re-
duce chattering, including boundary layer methods and sat-
uration functions [16, 17]. While these methods can reduce
high-frequency oscillations, they often decrease robustness and
tracking performance. To overcome this limitation , the Super-
Twisting Algorithm (STA), which belongs to the class of higher-
order sliding mode techniques has emerged as an effective so-
lution for chattering mitigation [18, 19]. Unlike classical SMC,
the STA generates a continuous control signal while maintain-
ing the robustness of sliding mode control. Furthermore, STA
guarantees finite-time convergence of the sliding variable and
its derivative, providing effective chattering mitigation. Con-
sequently, combining integral sliding surfaces with the STA
provides enhanced disturbance rejection, reduced chattering,
and higher trajectory tracking accuracy.

Motivated by these advantages, this work proposes a robust
model-free control strategy combining Time-Delay Control, In-
tegral Sliding Mode, and the Super-Twisting Algorithm (TDC-
IS-STA) for robotic manipulator trajectory tracking. The pro-
posed approach does not require an accurate dynamic model and
can be applied to robotic manipulators with arbitrary degrees
of freedom (n-DOF). The integral sliding surface is introduced
to improve disturbance rejection from the initial instant and en-
hance tracking precision, while the STA component is employed
to suppress chattering and maintain robust performance in the
presence of uncertainties and TDE errors. The proposed con-
troller aims to achieve accurate and smooth trajectory tracking
while ensuring robustness and stability under different operating
conditions. Furthermore, the asymptotic stability of the closed-
loop system is rigorously established using Lyapunov stability
theory. In addition, a comparative study using a similar con-
trol approach is conducted on a parallel Delta robot to further
demonstrate the effectiveness and applicability of the proposed
method.

The remainder of this paper is organized as follows. Section
II presents the fundamental concepts of TDC and ISM. Sec-
tion III describes the proposed TDC-IS-STA control strategy
and discusses its stability and convergence analysis. Section
IV presents the simulation results and performance evaluation.
Finally, Section V concludes the paper.

II. BRIEF REVIEW OF TIME-DELAY CONTROL BASED
SUPER-TWISTING SLIDING MODE CONTROLLER

A. Time-Delay Control

Time Delay Control is a robust nonlinear control technique used
to compensate unknown dynamics and external disturbances in
uncertain systems by using information from a previous sam-
pling instant. The main principle of TDC is that the nonlinear
dynamics of the system do not change significantly during a

very short time interval. Therefore, the unknown dynamics at
the current time can be approximated by their delayed values.
For an n-degree-of-freedom (n-DOF) robot manipulator, the
dynamic model is expressed as:

M(q)q̈ + C(q, q̇)q̇ +G(q) + d(t) = τ (1)

Where q ∈ Rn denotes the vector of joint positions, while M(q)
corresponds to the inertia matrix of the manipulator. The term
C(q, q̇)q̇ describes the Coriolis and centrifugal forces, and G(q)
represents the gravitational effects acting on the robot. In addi-
tion, d(t) includes external disturbances and model uncertainties,
and τ defines the vector of control torques applied to the joints.

The dynamic behavior of the n-DOF robotic manipulator can be
reformulated by introducing a nominal constant inertia matrix
M̄ . By separating the nominal and uncertain parts of the inertia
matrix, the system dynamics become

M̄ q̈ + (M(q)− M̄)q̈ + C(q, q̇)q̇ +G(q) + d(t) = τ (2)

in which M̄ is selected as a constant diagonal positive-definite
matrix.Based on this decomposition, the manipulator dynamics
can be rewritten in a compact representation as

q̈t = M̄−1τt +Nt (3)

with the nonlinear uncertain term Nt defined by

Nt = −M̄−1
[
(M(qt)− M̄)q̈t + C(qt, q̇t)q̇t +G(qt) + d(t)]

The index t refers to the current sampling instant. Since the
exact nonlinear dynamics are generally difficult to obtain, the
unknown term Nt is approximated using the (TDE) principle.
Assuming that the system dynamics vary slowly over a suffi-
ciently small delay interval L, the estimated nonlinear term can
be expressed as

N̂t ≈ Nt−L (4)

which yields
N̂t = q̈t−L − M̄−1τt−L (5)

The tracking objective is achieved by forcing the manipulator
joints to follow a desired reference trajectory qd. Accordingly,
the position and velocity tracking errors are introduced as

q̃t = qd,t − qt (6)

and
˙̃qt = q̇d,t − q̇t (7)

respectively,the estimation accuracy of the TDE approach is
characterized through the time-delay estimation error defined
by

Ñ = N̂t −Nt (8)

B. Integral sliding surface

The integral sliding surface is a sliding manifold that incorpo-
rates both the tracking error and its integral, ensuring improved
robustness against system uncertainties and disturbances while
eliminating the reaching phase. The integral sliding surface is
defined as

st = ˙̃qt +Kdq̃t +Kp

∫ t

0

q̃t dτ (9)
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in which Kp and Kd denote positive definite gain matrices asso-
ciated with the position and velocity tracking errors, respectively.
Since the manipulator is initialized at the desired position, i.e.,

q(0) = qd(0) (10)

the initial tracking error is zero, e(0) = 0. Consequently, the
sliding variable satisfies

s(0) = 0 (11)

which ensures that the reaching phase will be eliminated.

III. PROPOSED CONTROL LAW AND STABILITY ANALYSIS

A. Control Design

The proposed TDC-IS-STA is given by :

τt = τt−L − M̄ q̈t−L + M̄
(
q̈d,t +Kd

˙̃qt +Kpq̃t + ust

)
(12)

The terms τt−L and q̈t−L correspond to the delayed control
input and delayed joint acceleration used in the Time Delay
Control framework.

To enhance the robustness of the closed-loop system and attenu-
ate the chattering effect, a Super-Twisting term ust is incorpo-
rated into the control law.

The super-twisting algorithm is expressed as

ust = k1|st|1/2 sgn(st) + v (13)

with the auxiliary variable v governed by

v̇ = k2 sgn(st) (14)

B. proof of convergence

1— Proposition: For the n-DOF robotic manipulator described
by (1),the tracking error converges asymptotically to zero under
the proposed TDC-IS-STA control law defined in (12), thereby
ensuring asymptotic tracking stability of the closed-loop system.

2— Proof: Differentiating (9) with respect to time yields

ṡt = ¨̃qt +Kd
˙̃qt +Kpq̃t (15)

Since
¨̃qt = q̈d,t − q̈t (16)

then
ṡt = q̈d,t − q̈t +Kd

˙̃qt +Kpq̃t (17)

Substituting (3) gives

ṡt = q̈d,t +Kd
˙̃qt +Kpq̃t −Nt − M̄−1τt (18)

Multiplying the control law (12) by M̄−1 yields

M̄−1τt = M̄−1τt−L− q̈t−L+ q̈d,t+Kd
˙̃qt+Kpq̃t+ust (19)

Using (5), (19) becomes

M̄−1τt = −N̂t + q̈d,t +Kd
˙̃qt +Kpq̃t + ust (20)

Substituting (20) into (18) leads to

ṡt = N̂t −Nt − ust (21)

using the TDE estimation error given by (8), one obtains

ṡt = Ñ − ust (22)

Substituting (13) and (14) into (22) gives

ṡt = −k1|st|1/2 sgn(st)− v −
∫ t

0

k2 sgn(st) + Ñ (23)

By introducing the following state variables,

z1 = st, (24)

z2 = −K2

∫ t

0

sign(st) dτ + Ñ (25)

the system dynamics can be expressed as follows

ż1 = −k1|z1|1/2 sign(z1) + z2, (26)

ż2 = −k2 sign(z1) +
˙̃N (27)

Defining

ζ =

[
|z1|1/2 sign(z1)

z2

]
=

[
ζ1
ζ2

]
(28)

the subsequent expressions are derived as

ζ̇1 = |z1|−1/2

[
−1

2
k1|z1|1/2 sign(z1) +

1

2
z2

]
(29)

ζ̇2 = |z1|−1/2
[
−k2|z1|1/2 sign(z1)

]
+ ˙̃N (30)

The aggregated uncertainty term Ñ is assumed to be continu-
ously differentiable, and there exists a positive scalar δN satisfy-
ing

| ˙̃N | ≤ δN , (31)

which is globally bounded.

ζ̇ =

[
ζ̇1
ζ̇2

]
= −|z1|−1/2

[
1
2k1 − 1

2
k2 0

] [
ζ1
ζ2

]
+

[
0
˙̃N

] (32)

ζ̇ = −|z1|−1/2Aζ −

[
0
˙̃N

]
(33)

where

A =

[
1
2k1 − 1

2
k2 0

]
(34)

Consider the following Lyapunov function candidate

Vζ =
1

2
ζTPζ, (35)
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where P denotes a positive definite matrix given by

P =
1

2

[
4k2 + k21 −k1
−k1 2

]
(36)

It is positive definite if k2 > 0 Taking the time derivative of Vζ

yields

V̇ζ =
1

2
ζ̇TPζ +

1

2
ζTP ζ̇ (37)

Substituting ζ̇ into the previous equation gives

V̇ζ = −|z1|−1/2ζTPAζ + ζTP

[
0
˙̃N

]
(38)

Subtituting P

V̇ζ1 = −|z1|−1/2ζTQζ + ˙̃N

[
−k1

2
1

]
ζ (39)

V̇ζ ≤ −|z1|−1/2ζTQδζ (40)

where

Q = ATP + PA =
k1
2

[
2k2 + k21 −k1
−k1 1

]
(41)

and

Qδ =
k1
2

[
2k2 + k21 − δN −k1 − δN

k1

−k1 − δN
k1

1

]
(42)

if the gains satisfy

k1 > 0, k2 >
δN (δN + 3k21)

2k21
, (43)

Then, it follows that

z1 → 0, z2 → 0 as t → ∞,

which implies that

st → 0, q̃t → 0 asymptotically as t → ∞.

IV. SIMULATION RESULTS AND DISSCUSION

In this section, the effectiveness of the proposed control strat-
egy is investigated through numerical simulations carried out
in MATLAB/Simulink on a parallel Delta robot model shown
in Fig. 1. The Delta robot represents a suitable platform for
validating advanced trajectory tracking controllers due to its
highly nonlinear coupled dynamics and its capability to operate
at high speeds [3]. Detailed formulations of the inertia matrix
M , Coriolis and centrifugal matrix C, and gravity vector G are
available in [20].

A. Simulation Setup

The reference trajectory adopted for the simulations follows
a semi-elliptical path. The motion starts from the point
(0.25, 0, −0.43) and ends at (−0.25, 0, −0.43). To demon-
strate the performance of the proposed controller, referred to as
TDC+IS+STA, comparative analyses are performed with two
additional control approaches: the controller introduced in (3)
and the Time Delay Estimation based Integral Sliding controller
(TDE+IS) described by Equation (44). The comparison focuses
on the tracking capability and robustness of each control strategy
under identical operating conditions.

The control input associated with the TDE+IS approach can be
written as

τt = −M̄ q̈t−L + τt−L + M̄
(
q̈d +Kd

˙̃qt

+Kpq̃t +Ks sgn(st)) (44)

while Kp, Kd, and Ks represent positive control gains related to
the proportional, derivative, and switching actions, respectively.

The simulations are presented under three distinct scenarios.

B. Scenario 1: Nominal Trajectory Tracking

The first simulation case focuses on nominal operating condi-
tions in order to analyze the tracking capability of the different
controllers under moderate motion requirements. In this sce-
nario, the desired joint trajectory is executed within t = 0.8 s.
In the TDE+IS scheme, the saturation function is employed in
place of the signum function within the integral sliding surface
in order to smooth the control input and avoid the chattering
phenomenon. Several simulation tests were performed in order
to tune the controller parameters and achieve satisfactory track-
ing performance. Based on these numerical experiments, The
optimal set of control gains is shown in Table 1.

Table. I
CONTROLLER PARAMETERS

Controller Parameters Values

TDC+IS
Kp, Kd, Ks

M̄
1800, 1800, 1460
0.0003

TDC+IS+STA
Kp, Kd, k1, k2
M̄

1800, 1800, 700, 100
0.0003

Fig. 1: Delta robot structure
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Fig. 2: Trajectory tracking in the task space

Fig. 3: Tracking errors in scenario 1 for each joint using
TDC+IS and TDC+IS+STA.

The simulation results presented in Fig. 2, Fig. 3 and Fig. 4
indicate that all considered controllers are capable of achiev-
ing satisfactory trajectory tracking while maintaining relatively
smooth control torques.The relatively small performance im-
provement observed in Scenario 1 is expected because it involves
a low-cadence, slow trajectory, which imposes relatively mild
dynamic demands on the controllers. However, the proposed
control strategy provides superior tracking precision compared
with the other approaches. This improvement is confirmed by
the lower Root Mean Square (RMS) tracking errors reported in
Table II.

C. Scenario 2: High-Speed Motion Condition

The second simulation scenario investigates a more aggressive
operating condition intended to assess the robustness and dy-
namic response of the compared control methods under fast
trajectory execution. For this case, the desired joint motion is
completed within a shorter duration of t = 0.2 s. Such rapid
movements generate stronger transient effects and increase the
difficulty of the tracking task due to the highly nonlinear dy-
namics of the robotic system. As illustrated in Fig. 5, the track-
ing errors of the TDC+IS+STA controller remain bounded and
converge faster compared to the standard TDC+IS approach,
demonstrating improved robustness under high-cadence operat-
ing conditions. Furthermore, the control torque profiles shown
in Fig. 6 confirm that the TDC+IS+STA controller produces
smoother torque signals with reduced chattering, which is partic-
ularly advantageous for practical implementation on real robotic
systems.

D. Scenario 3: Composite Semi-Elliptical Three-Dimensional
Trajectory

In the third simulation study, the controllers are evaluated using
a more complex three-dimensional composite semi-elliptical
trajectory, as illustrated in Fig. 7. This scenario is designed
to examine the capability of the proposed approach to accu-
rately track spatial motions involving simultaneous variations
along multiple axes. The objective of this test is to validate the
effectiveness of the control strategy for realistic robotic opera-
tions requiring smooth and precise 3D trajectory tracking under
nonlinear coupled dynamics. As illustrated in Fig. 8, the track-
ing errors of the TDC+IS+STA controller remain bounded and
exhibit faster convergence compared to the standard TDC+IS
approach, particularly at the trajectory transition point, demon-

Fig. 4: Control torque in scenario 1 for each joint using TDC+IS
and TDC+IS+STA.

Fig. 5: Tracking errors in scenario 2 for each joint using
TDC+IS and TDC+IS+STA.

strating improved robustness under complex spatial motion con-
ditions. Furthermore, the control torque profiles shown in Fig. 9
confirm that the TDC+IS+STA controller produces smoother
torque signals with significantly reduced chattering across all
three joints, which is particularly advantageous for practical
implementation on real robotic systems.

RMS TRACKING ERRORS FOR THE COMPARED
CONTROLLERS

Table. II
RMS TRACKING ERRORS FOR SCENARIO 1 (rad)

Controller Joint 1 Joint 2 Joint 3
TDC+IS 3.463× 10−4 3.587× 10−4 3.587× 10−4

TDC+IS+STA 3.423× 10−4 3.583× 10−4 3.583× 10−4

Table. III
RMS TRACKING ERRORS FOR SCENARIO 2 (rad)

Controller Joint 1 Joint 2 Joint 3
TDC+IS 0.0056 0.0069 0.0069

TDC+IS+STA 0.0044 0.0047 0.0047

Table. IV
RMS TRACKING ERRORS FOR SCENARIO 3 (rad)

Controller Joint 1 Joint 2 Joint 3
TDC+IS 7.265× 10−4 1.622× 10−4 1.608× 10−4

TDC+IS+STA 5.592× 10−4 1.776× 10−4 1.752× 10−4

V. CONCLUSION

This paper presented a robust model-free trajectory tracking
control strategy based on the combination of Time Delay Con-
trol, Integral Sliding Mode, and the Super-Twisting Algorithm
for robotic manipulators. The proposed TDC-IS-STA approach
enhances tracking accuracy while reducing the chattering phe-
nomenon commonly associated with conventional sliding mode
methods. By integrating the integral sliding surface and the
super-twisting algorithm within the TDC framework, the con-
troller ensures improved robustness against parameter uncertain-
ties, external disturbances, and TDE errors. In addition, a Lya-
punov stability analysis was conducted to guarantee the stability
and convergence of the closed-loop system. The effectiveness
of the proposed method was investigated on a parallel Delta
robot under different operating conditions and complex three-
dimensional trajectories. Comparative results demonstrated
superior tracking performance, smoother control signals, and
enhanced robustness compared to existing approaches. These
results confirm the suitability of the proposed strategy for high-
performance robotic applications involving nonlinear and uncer-
tain dynamics.
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Fig. 6: Control torque in scenario 2 for each joint using TDC+IS
and TDC+IS+STA.

Fig. 7: trajectory tracking in the task space for scenario 3
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Augmented Circular UWB Antenna for Dual-Band 
WLAN and C-Band Communication in Military 

Mini-Drones 

Abdelmaoula Bouaza and Rachida Touhami 

Abstract−This paper presents a novel UWB circular microstrip antenna (UWB-CMSA) designed for handheld devices 

with a partial ground plane, achieving resonance from 1.5 GHz to 11.2 GHz.  The antenna effectively covers various 

bands including GPS (1.575 GHz), DCS (1.71 - 1.88 GHz), PCS (1.85–1.99 GHz), UMTS (1.925 - 2.175 GHz), Bluetooth 

(2.4 GHz), LTE (2.5/2.69 GHz), WLAN (2.4/3.5/5 GHz), WiMAX (2.5/3.5/5.5 GHz), and X-band applications (8-12 GHz) 

encompassing satellite communication and military radar. The antenna exhibits good gain values (ranging from 2.45 dB 

to 5.5 dB) across these desired frequency bands and maintains high efficiency. The design was validated through 

fabrication and Vector Network Analyzer (VNA) measurements, demonstrating excellent agreement with simulated 

results. Uniquely, the antenna is shaped like the emblem of the Algerian Civil Protection Agency, allowing for seamless 

integration into their equipment (drones, communication devices, fire trucks, etc.). This integration enables diverse 

applications in the 1.5 - 11.2 GHz range, including identification, localization, and environmental monitoring in critical 

situations. Furthermore, the proposed design incorporates the Civil Protection emblem for potential performance 

enhancement when mounted on mini drones. CST software was employed for design and simulation purposes. 

Keywords− UWB, GPS, WiMAX, X-band, WLAN, VNA. 

 

I. INTRODUCTION 

Modern wireless communication systems utilize multiple 

frequency bands to achieve high data rates. This necessitates 

antennas with wide operating bandwidths. Multiband, 

wideband, and ultra-wideband (UWB) antennas accommodate 

diverse applications within a single antenna system. Cost-

effectiveness is crucial; ideally, the chosen antenna (multiband 

or UWB) can be seamlessly integrated with the communication 

system. [1]. The emergence of UWB technology has captivated 

academia and industry since the Federal Communications 

Commission (FCC) allocated the 3.1-10.6 GHz spectrum for 

UWB communication applications in 2002 [2]. This extensive 

spectrum allocation has spurred significant interest in 

developing UWB technology for short-range wireless 

communication, imaging radar, remote sensing, and location 

confirmation applications. 

 

UWB antenna design prioritizes three key objectives: high gain, 

wide operating bandwidth, and good radiation efficiency, all 

while maintaining efficient manufacturing processes.  UWB 

antennas offer a distinct advantage over traditional narrowband 

systems –compact size and low profile [3]. Additionally, planar 

UWB antennas are favored for their thin profile, lightweight 

construction, and ease of manufacturing, making them well-

suited for multimode communication systems [4].  

 

Research has explored various antenna shapes for achieving 

UWB characteristics, including rectangular, circular, elliptical, 

and curved monopoles, as reported in [5-8]. Microstrip patch 

antennas offer design flexibility and can be realized in various 

shapes such as dipoles, squares, rectangles, triangles, circles, 

circular rings, ring sectors, and disk sectors. Circular patches 

are particularly advantageous due to their design flexibility, 

offering the highest bandwidth in GHz, acceptable loss 

characteristics, enhanced gain, and desirable electric and 

magnetic field patterns [9]. 

 

The integration of well-known logos into the design of patch 

antennas has recently attracted significant attention from 

researchers. This approach enables the antenna to serve a dual 

function: acting as a radiating element for communication over 

multiple frequency bands, while simultaneously maintaining 

the appearance of a conventional logo. Such logo-based 

antennas are particularly advantageous in military applications, 

where the logo is often already present on uniforms or 

equipment, ensuring visual discretion and reducing the 

likelihood of the antenna being identified, thereby enhancing 

camouflage capabilities [10-12]. 

 

Augmented antennas, or multifunctional antennas, are antennas 

that, in addition to their traditional functions of transmitting and 

receiving electromagnetic waves, integrate one or more 

additional features designed to enhance their performance and 

meet specific requirements [10]. These antennas may be 

tailored to function as Rectennas [13], sensor antennas [14], or 

aesthetically integrated graphic antennas [10-12]. 

 

This work presents the design, fabrication, and characterization 

of a novel circular Ultra-Wideband (UWB) patch antenna 

operating from 1.5 GHz to 11.2 GHz. This bandwidth 

encompasses both Wireless Local Area Networks (WLAN) and 

C-band applications. The antenna's design is inspired by the 

Algerian Civil Protection Agency emblem, facilitating 

seamless integration with their equipment, such as drones, 

communication devices, and fire trucks. This integration 

enables a variety of functionalities within the 1.5 – 11.2 GHz 

range, including identification, localization, and environmental 

monitoring during critical situations. The proposed antenna 

demonstrates satisfactory return loss (S11), gain, and radiation 

Manuscript received December 3, 2025; Accepted June 28, 2026. 
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efficiency.  For potential use in military applications, the 

antenna can be mounted on a mini drone. 

II. ANTENNA DESIGN 

A. EVOLUTION OF THE SINGLE ELEMENT DESIGN    

The fundamental antenna structure, designed using equations 

from references [1-5], is illustrated in Figure 1. The antenna is 

fabricated on FR-4 substrate material with a dielectric constant 

of 4.3, a loss tangent of 0.025, and a thickness of 1.6 mm, as 

shown in Figure 2. This configuration, known as a Circular 

Monopole Slot Antenna (CMSA), exhibits UWB 

characteristics from 2.4 GHz to 12 GHz, encompassing the 

essential frequency bands for various handheld device 

applications. Notably, the CMSA geometry serves as a 

foundational structure for further design enhancements. 

 

  Fmn = (
cxmn

2π√εeff

)                    (1) 

 

where Fmn is the resonant frequency, c is the speed of light in 

free space, Xmn is the first-order Bessel function root, r is the 

radius of the patch, and ℇeff is the effective dielectric constant.  

 

In a circular antenna, the TM11 mode is dominant and is given 

refer to (4), for ℇeff refers to (2). Equation (3) gives the effective 

radius (re) considered due to fringing fields [15-16]. Equation 

(5) gives the width of the feed. 

 

      ε𝑒𝑓𝑓 = (
ε𝑟+1

2
) + (

ε𝑟−1

2
) (1 +

12h

w
)

−
1

2
             (2) 

 

 

      r𝑒 = r (1 +
2h

πrε𝑟
(𝑙𝑛

πr

2h̅̅̅̅ ) + 1.7726)             (3) 

 

    Fmn = (
1.8412c

2πr𝑒√εeff
)                                              (4) 

       wḟ =
7,48h

e
(

z0⋅√εr+1.41
87 )

− 1,25 T                            (5) 

 

where ℇr is relative permittivity, h is substrate height, w is the 

width, Z0 is the single-ended impedance, and T is the trace 

thickness. 

 

The evolution steps of the creation of the antenna are shown in 

Figure 1.  

 
 

Fig. 1: Evolution steps of the proposed antenna 
 

The structure of the proposed antenna is depicted in Figure 2, 

and all parameters of the proposed antenna are: Ls =65 mm, Ws 

= 56 mm, Lg = 11 mm, Lf = 11 mm, Wf = 3 mm, a = 28 mm, b 

= 15 mm, and c = 27.5 mm. 
  

 
 

Fig. 2: Structure of proposed antenna: (a) Front view (b) Back view.  

 

The initial design (Step 1) consisted of a simple circular 

monopole with a partial ground plane. This configuration 

produced a single two-wide band ranging from 1.7 GHz to 4 

GHz. To achieve the UWB, a triple semi-circular slot was 

incorporated on the patch in Step 2. This element increased the 

current path length, resulting in UWB from 1.7 GHz to 11.2 

GHz. Step 3 involved adding the shape of the Algerian Civil 

Protection Agency. This modification maintains the same 

frequency bandwidth.  

B. SIMULATION RESULTS  

The evolutionary stages of the proposed antenna design are 

presented in Figure 1. The simulated S₁₁ results, obtained 

throughout the design process, are displayed in Figure 3. The 

simulated gain and radiation efficiency are shown in Figure 4. 

 Fig. 3: Simulated S11 of the evolution steps of the proposed antenna 

 

 

 

 

 

    

 

 

 
 

       Fig. 4: Simulated Gain and efficiency plot of the proposed antenna  
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III FABRICATION, MEASUREMENTS, AND 

DISCUSSION RESULTS 

The fabricated prototype is shown in Figure 5. The measured 

reflection characteristics of the proposed antenna are observed 

with the help of the VNA NA222A Network Analyser. 

 

 

  

 

 

 

 
Fig. 5: Fabrication prototype of the proposed antenna. 

 

The measured results exhibit good agreement with the 

simulated results, as shown in Figure 6, demonstrating a similar 

bandwidth.  

 
Fig. 6: Simulated and Measured Reflection Characteristics of the proposed 

antenna in free space. 

 

The proposed prototype for integrating the antenna with the 

drone is illustrated in Figure 7.  
 

 
Fig. 7: Positioning of the proposed antenna on the drone. 

 

As depicted, there is excellent compatibility between the 

antenna and the drone, making our antenna an ideal candidate 

for this application. 

IV. CONCLUSION 

This work presented the design, simulation, fabrication, and 

measurement of an ultra-wideband (UWB) antenna fabricated 

on FR-4 substrate. The antenna operates effectively from 1.57 

GHz to 11.2 GHz, demonstrating good agreement between 

simulated and measured S11 results. It achieves good gain 

values (ranging from 2.45 dB to 5.5 dB) across the desired 

frequency bands while maintaining high efficiency. 

Furthermore, the antenna's design, inspired by the Algerian 

Civil Protection Agency emblem, facilitates seamless 

integration into their equipment such as drones, communication 

devices, and fire trucks. This integration enables diverse 

applications in the 1.5 – 11.2 GHz range, including 

identification, localization, and environmental monitoring in 

critical situations. Additionally, the antenna's high gain and 

broadband characteristics make it suitable for independent use 

in military applications requiring strong signal strength, such as 

radar and tracking systems, particularly within the C-band. This 

versatility underscores the antenna's potential as a valuable 

solution for various military applications. 
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An MPPT-Based ABC Algorithm Applied to PV 
Pumping Based BLDC Motor Drive               

under Partial Shading  

Saliha Aoufi, Cherif Larbes, and Aissa Chouder 

Abstract− In this paper, we propose a photovoltaic pumping system. Our system is composed of a photovoltaic generator, 

a boost converter (DC/DC) controlled by Maximum power point tracking (MPPT), an inverter (DC/AC), a motor-pump 

group (PMBLDC motor, centrifugal pump). The amount of energy produced by PV systems depends on environmental 

circumstances such as temperature and solar irradiance, the objective of our system is to ensure operation at a maximum 

power of the photovoltaic system, for this the Artificial Bee method Colony (ABC) was implemented.  to evaluate the best 

and most accurate controller for different weather conditions. The results show that the use of the ABC method is effective 

and has an excellent performance in terms of response time and can increase the stability of the photovoltaic pumping 

system. The simulations of the different parts of the system are developed in the MATLAB/Simulink environment. 

Keywords− Photovoltaic generator Maximum power point tracking. DC/DC chopper. DC-AC converter. PMBLDC 

motor. Centrifugal pump. 

 

NOMENCLATURE 

 

ABC Artificial Bee Colony 

DC/DC DC-DC converter 

DC/AC DC-AC converter 

PMBLDC Permanent magnet brushless direct current 

MPPT Maximum point tracking 

PWM Pulse Width Modulation 

EMF Electromotive force 

I.  INTRODUCTION 

The generation of energy represents a major challenge for the 

coming years. The energy demands of industrialized nations 

continue to grow steadily, while developing countries will also 

require increasing amounts of energy to support their progress 

and modernization. Currently, a significant portion of global 

energy production relies on fossil fuels. However, the use of 

these resources leads to greenhouse gas emissions contributing 

to, environmental pollution. Moreover, the overconsumption of 

these non-renewable resources threatens to deplete natural 

reserves, posing serious risks for future generations [1]. 

In contrast, renewable energy sources offer a promising 

alternative, as they are both inexhaustible and can be harnessed 

in a more environmentally friendly and sustainable manner. A 

photovoltaic (PV) generator can operate over a wide range of 

voltage and current values. However, it can only deliver its 

maximum power at specific voltage and current levels, known 

as the Maximum Power Point (MPP). The position of this point 

is highly dependent on environmental conditions such as solar 

irradiance and temperature, which fluctuate continuously 

throughout the day [2]. These variations cause the MPP to shift, 

making it necessary to implement control strategies that can 

adapt in real-time without prior knowledge of the MPP location 

or the cause of its change. This control approach is commonly 

referred to as Maximum Power Point Tracking (MPPT).  

Several MPPT techniques have been developed to optimize the 

performance of PV systems. Among the most widely used 

methods are the Perturb and Observe (P&O) algorithm, Fuzzy 

Logic Control, Artificial Neural Networks, and the Incremental 

Conductance Method [3]. The primary objective of these 

algorithms is to continuously track the MPP and ensure 

efficient energy transfer from the PV generator to the load, 

regardless of the external environmental changes. 

This work aims to ensure optimal performance of the 

photovoltaic (PV) system under different climatic 

conditions.[4] To achieve this, we propose an MPPT control 

technique based on the Artificial Bee Colony (ABC) algorithm 

for maximum power extraction. The main contributions of this 

paper are: (i) the design of a new PV water pumping system, 

and (ii) the direct control of the system using ABC-based MPPT 

to improve efficiency. 

The paper is structured as follows: first part presents the system 

architecture and modelling, second part describes the ABC 

algorithm, third part discusses simulation results, and concludes 

the study. 

II. MANUSCRIPT PREPARATION GUIDELINES 

Photovoltaic (PV) water pumping system is composed of 

several key components. It includes a PV generator formed by 

multiple interconnected solar modules that produce direct 

current (DC) power. A DC-DC converter is used to regulate the 

output voltage and frequency according to the available solar 

energy. Additionally, an inverter converts the DC power into 

alternating current (AC), while a Pulse Width Modulation 

(PWM) technique and an MPPT algorithm are implemented to 

optimize power extraction from the PV modules.  

The system also includes a motor-pump assembly consisting of 

a PMBLDC motor coupled with a centrifugal pump.  

Manuscript received April 9, 2026; accepted June 28, 2026. 
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Figure 1 illustrates the overall structure of the proposed system. 

 
Fig. 1:  Bloc Diagram of PV Pumping System 

 

A. Modelling of PV pumping system 

In existing literature, several circuit models have been proposed 

to represent the electrical characteristics of photovoltaic (PV) 

cells. However, in practical electrical engineering applications, 

only two models are predominantly used: the Single Diode 

Model (SDM) and the Double Diode Model (DDM) [5]. 

Among them, the SDM is most preferred in research due to its 

simpler structure and lower computational requirements 

compared to the DDM. The equivalent circuit of the SDM is 

shown in Figure 2. 

 
Fig. 2:  PV cell equivalent circuit. 

This model comprises a photo generated current source in 

parallel with a diode, a series resistor to denote the ohmic losses 

related to load current and a shunt resistor to present the leakage 

current [6]. Thus, in term of Kirchhoff’s current law, the PV 

cell terminal current, it can be expressed by: 

𝐼𝑡 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ      (1) 

where Iph denotes the photo generated current, Id denotes the 

diode current, and Ish denotes the shunt resistor current, 

respectively. 

Additionally, in term of Shockley equation, Id is computed by: 

𝐼𝑑 = 𝐼𝑠𝑑 [(exp (
𝑞(𝑉𝑡 + 𝐼𝑡𝑅𝑠)

𝑎𝑘𝑇
) − 1)] (2) 

where Isd is the reverse saturation current of diode, Vt is the 

cell terminal voltage, Rs is the series resistance, a is the diode 

factor, k is the Boltzmann constant (1.380 × 10−23 J/K), q is 

the electronic charge (1.602 × 10−19 C), and T is the PV cell 

absolute temperature in Kelvin, respectively.  

Moreover, using Kirchhoff’s voltage law, Ish is obtained as: 

𝐼𝑠ℎ =
(𝑉𝑡 + 𝐼𝑡𝑅𝑠)

𝑅𝑠ℎ

        (3) 

where Rsh is the shunt resistance. 

Therefore, by substituting from Equations (2) and (3) into 

Equation (1), the I-V relationship of the SDM can be rewritten 

as follows: 

𝐼𝑡 = 𝐼𝑝ℎ − 𝐼𝑠𝑑 [(exp (
𝑞(𝑉𝑡 + 𝐼𝑡𝑅𝑠)

𝑎𝑘𝑇
) − 1)] −

(𝑉𝑡 + 𝐼𝑡𝑅𝑠)

𝑅𝑠ℎ

  

The specifications of the PV module are given in Table 1 

 
Table 1: PV module parameters 

Pmax Vmp Imp Voc Isc 

280 37.01 7.57 43.9 8.14 

 

B. Design of Boost Converter 

An energy converter plays a critical role in photovoltaic (PV) 

systems by serving as an interface between the PV array and 

the load. Typically, a DC-DC converter is used for this purpose, 

functioning as a Maximum Power Point Tracker (MPPT). It 

dynamically adjusts the output voltage of the PV generator to 

ensure that the system operates at its maximum power point 

under varying levels of solar irradiance and ambient 

temperature [7]. This is achieved by controlling the duty cycle 

of the converter, which regulates the power flow. One of the 

most used types is the boost converter, also known as a step-up 

or parallel chopper, which increases the DC voltage from the 

PV source to a higher level suitable for the load or subsequent 

stages of the system. 

The variation in voltage across the capacitor (output voltage 

ripple of the Boost converter) is expressed by the following 

relationship: 

Δ𝑉𝑐2 = Δ𝑉𝑑𝑐 =
𝑉𝑝𝑣

𝑅𝑠𝐶2𝑓𝑝

𝐷

1 − 𝐷
 

The fictitious load resistance Rs relates the output voltage to the 

output current in a boost converter. Because this converter 

maintains power balance (input power equals output power), Rs 

also reflects the input voltage to input current ratio. To size the 

output capacitor C2 for the nominal maximum power point of 

a photovoltaic system (1000 W/m² at 25 °C), Rs is defined 

based on specific input voltage and current values. 

𝑅𝑠 =
𝑉𝑐2

𝐼2
=  

𝑉𝑑𝑐

𝐼2
= 

𝑉𝑝𝑣

𝐼2
= 

𝑉𝑚𝑝

𝐼2
 

The output voltage ripple of a Boost converter depends on 

system parameters and the duty cycle D. As D increases, the 

amplitude of the ripple also increases. To size the capacitor C, 

it is advisable to consider a worst-case scenario by using the 

maximum value of D, which may lead to over-sizing C if the 

operation occurs at a lower D. 

Additionally, selecting a high switching frequency f is 
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preferable to reduce the required capacitance of the capacitor. 

Assuming a linear variation of the current in the inductor, this 

variation or ripple of the current is given by: 

Δ𝐼𝑒 =
𝑈𝑒𝑖

𝐿𝑒𝑓
𝐷 

The current ripple is directly proportional to the duty cycle D.  

To size the inductance L, the maximum D should be considered 

to keep the ripple within limits. Choosing a high switching 

frequency fp also helps reduce the required inductance and limit 

the ripple. The variation in voltage across the input capacitor 

C1 is expressed by: 

ΔVc1 =
Δ𝐼1

8𝑓𝑝𝐶1

;     𝐶1 =
Δ𝐼1

8𝑓𝑝Δ𝑐1

  

The amplitude of the input voltage variation (ΔVin) is 

proportional to the current ripple in the input inductor (ΔIl) and 

inversely proportional to the capacitor value C1 and the 

switching frequency (fp). To limit (ΔVin), one can increase the 

input capacitor C1or the switching frequency (fp). 

C. Modelling of the BLDC Motor Drive System 

Theoretically, PMBLDC (Permanent Magnet Brushless DC) 

and AC machines share operational principles with 

conventional DC machines; however, they replace the 

mechanical collector with an electronic commutator. This 

transition enhances efficiency and reduces maintenance needs. 

In the context of conventional DC generators connected in 

parallel to a DC network, BLDC motors exhibit a superior 

torque-to-size ratio, making them particularly valuable in 

applications where space and weight constraints are critical, 

such as aerospace, robotics, and portable electronics [8].  

Moreover, BLDC motors are designed to generate trapezoidal 

waveform electromotive forces (EMFs) while being supplied 

with rectangular stator currents. This configuration not only 

helps achieve a consistent torque output but also improves 

overall efficiency and performance. Additionally, the precise 

control of these motors allows for rapid response times and 

smooth operation, making them suitable for high-performance 

applications. The electronic commutation also enables 

advanced control strategies, such as field-oriented control, 

which further optimize their performance under dynamic 

conditions [9]. 

 
Table 2: Six step switching sequence for commutation 

Rotor 

position 
H1 H2 H3 

Switch 

Closed 

Phase current 

A B C 

0-60 1 0 0 S1 S4 + - 0 

60-120 1 1 0 S1 S6 + 0 - 

120-180 0 1 0 S3 S6 0 + - 

180-240 0 1 1 S3 S2 - + 0 

240-300 0 0 1 S5 S2 - 0 + 

300-360 1 0 1 S5 S4 0 - + 

The BLDC motor's uniqueness stems from its trapezoidal 

electromotive force, resulting in non-sinusoidal mutual 

inductance between the stator and rotor. The parameter, 𝜑0, is 

the magnitude of the magnetic flux created by the permanent 

magnet and the electrical angle. Thus, it yields 

𝑉⃗ = [𝑅]𝐼 +
𝑑

𝑑𝑡
{[𝐿]𝐼 } +

𝑑

𝑑𝑡
𝜑𝑀⃗⃗⃗⃗⃗⃗  

where V and I are vectors representing voltage, current 

respectively for each phase, 𝜑𝑀 is the vector of the magnetic 

flux created by the permanent magnet, [𝑅] et [𝐿] are the 

resistance and inductance matrices of the machine. 

For a symmetrical three-phase winding and a balanced system, 

the vector of the voltages at the terminals of the three phases is 

given by: 

(

𝑣𝑎

𝑣𝑏

𝑣𝑐

) = (
𝑅 0 0
0 𝑅 0
0 0 𝑅

)(

𝑖𝑎
𝑖𝑏
𝑖𝑐

) +
𝑑

𝑑𝑡
(

𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

)(

𝑖𝑎
𝑖𝑏
𝑖𝑐

)

+ (

𝑒𝑎

𝑒𝑏

𝑒𝑐

) 

with e represents the electromotive force. 

The mechanical model of the BLDC motor is given by: 

𝐽𝑑

𝑑𝑡
𝑤𝑟 = 𝐶𝑒 − 𝑓𝑤𝑟 − 𝐶𝑟 

where wr is the angular velocity, in rad/s, 𝐶𝑒 is the 

electromagnetic torque 𝑁/𝑚, 𝐶𝑟 is the load torque 𝑁/𝑚 and 𝑓 

is the coefficient of friction on 𝑁.(𝑚/ 𝑟𝑎𝑑).𝑠−1. 

To generate trapezoidal currents in the machine windings, a 

120° control strategy with a single hysteresis regulator is 

employed. This method uses a hysteresis band around the 

reference current to control transistor signals based on the 

measured current’s intersection with the band limits. It is cost-

effective, requiring a 6-sector position sensor and one or two 

current sensors. The operation is divided into six 60° sectors, 

activating only two machine phases at a time, except during 

switching [10]. The magnitude of the phase current (I*) is 

determined from the reference torque: I* = C* / K. Depending 

on the position of the rotor, the reference current generator 

block produces three phase currents (IA*, IB*, IC*) by 

assigning the reference current values (I*, −I*, and zero). 

D. Modelling of the Pump 

 

The Q-H curve represents the relationship between lift height 

and discharge, with manufacturers providing maximum and 

minimum curves based on wheel diameter. A centrifugal pump 

operates with three key parameters: height, flow, and speed. 

[28] Using the motor's rotational speed as a parameter, the 

"PELEIDER-PETERMAN" model is expressed as follows:  

𝐻𝑛 = 𝑎1𝑤
2 + 𝑎2𝑤𝑞 + 𝑎3𝑞

2 

 

in which, a1, a2 and a3 are geometric parameters characterizing 

the pump. It should be noted that the other expression to 

consider is that of the power in Watts absorbed by a pump, i.e. 

the power required for its mechanical drive, which is expressed 

by: 

𝑃 = 9.81
𝑄𝐻

𝑛𝑝
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The pump efficiency is defined as the ratio of the hydraulic 

power imparted by the pump to the fluid to the shaft mechanical 

power [11]. 

III. MPPT CONTROL TECHNIQUES FOR PV SYSTEM 

A. Artificial Bee Colony 

The ABC algorithm is a population-based, iterative 

optimization technique modelled after the intelligent foraging 

behaviour of honeybees. It consists of three main types of bees 

[12]: 

• Employed Bees: Search for food sources (possible 

solutions) and share the information with onlooker 

bees.  

• Onlooker Bees: Select food sources based on the 

quality (fitness) shared by employed bees and then 

further exploit the most promising ones.  

• Scout Bees: Explore the environment randomly to find 

new food sources (diversify the search to avoid local 

maxima).  

The flowchart of the ABC algorithm is given in Figure 3. 

 
Fig. 3:  Flowchart of ABC algorithm. 

As can be seen in this figure, the process is as follows: 

1. Initialization 

Parameters Setup: Define the number of solutions SN (duty 

cycles), maximum cycle number MCN, and sampling time Ts, 

ensuring Ts exceeds the power converter's settling time.  

Initial Population: Generate a randomly distributed initial 

population of solutions (duty cycles) within the range [0, 1].  

2.  Employed Bees Phase  

Solution Update: Each employed bee modifies its current 

solution by exploring a neighbouring solution, aiming to 

improve its fitness.  

Evaluation: Calculate the fitness of the new solution. •         

Greedy Selection: If the new solution is better, update the 

current solution; otherwise, retain the existing one. 

𝑑𝑖 = 𝑑𝑚𝑖𝑛 + rand[0, 1][𝑑𝑚𝑎𝑥 − 𝑑𝑚𝑖𝑛] 

3. Onlooker Bees Phase 

Probability Calculation: Determine the probability of selecting 

each solution based on its fitness.  

Solution Selection: Onlooker bees probabilistically select 

solutions and explore their neighbourhoods.  

Evaluation and Selection: Evaluate the new solutions and apply 

greedy selection as in the employed bee’s phase.  

4. Scout Bees Phase 

Exploration: Scout bees randomly generate new solutions to 

replace those that are stagnated or less fit. 

Evaluation: Assess the fitness of the new solutions.  

Update: Replace the old solutions with the new ones if they are 

better as below 

𝑛𝑒𝑤(𝑑𝑖) = 𝑑𝑖 + Φi(𝑑𝑖 − 𝑑𝑗) 

5. Repeat  

Repeat the above phases until the maximum cycle number 

MCN is reached or the power value remains unchanged within 

a specified number of cycles.  

B. Effect of Irregular Solar Radiation  

The PV generator, which consists of five modules connected in 

series, is subjected to various forms of solar irradiation, 

including uniform and non-uniform (partial shading), as shown 

in Table 4, in order to examine the behaviour of the chosen PV 

pumping system. Three modes of sunlight are in fact taken into 

consideration: two distinct non-uniform modes of sunlight and 

a uniform mode of sunlight (case 2). (Participatory appeal of 

Cases 1 and 3. 4). 

 
Table 3: Solar irradiation modes (W/m2) for each module of the PV system 

CASE 1 CASE 2 CASE 3 CASE 4 

1000 800 1000 800 

1000 800 1000 800 

1000 800 1000 600 

1000 700 1000 600 

900 800 1000 1000 

800 600 800 800 

800 600 1000 1000 

To evaluate the performance of the PV system under different 

irradiance conditions, the power-voltage (P–V) and current-

voltage (I–V) characteristics of the PV array were analysed. 

Figure 4 presents the obtained characteristics for both uniform 

irradiance and partial shading conditions, highlighting the 

location of the maximum power points (MPPs) under each 

operating scenario. The figure clearly shows the existence of a 

single MPP under uniform irradiance and multiple local MPPs 

under partial shading conditions.  
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Fig. 4:  P–V and I–V characteristics of the PV array under different irradiance 
conditions. 

The uniform irradiance condition of Case 1 is characterized by 

the presence of a single maximum power point (MPP), with a 

power output of 1682 W corresponding to a PV generator 

voltage of 251 V and a current of 6.7 A (Figure 4). 

The partial shading condition of Case 2 is characterized by the 

presence of three local maximum power points and one global 

maximum power point. The global maximum power achieved 

under this condition is 1265 W, corresponding to a PV 

generator voltage of 268 V and a current of 4.8 A (Figure 4).  

Based on these observations, controlling the output voltage of 

the PV generator is essential to ensure operation at the 

maximum power point under varying temperature and 

irradiance conditions. This improves both the power conversion 

efficiency of the PV generator and the overall system 

performance. To achieve this objective, the MPPT-ABC 

algorithm is employed, which has demonstrated fast 

convergence and reliable performance when applied to the PV 

generator–Boost converter system. 

To assess the effectiveness of the proposed ABC-MPPT 

algorithm, the dynamic responses of the PV power, PV current, 

and PV voltage were monitored under different irradiance 

conditions. The corresponding simulation results are presented 

in Figure 5.  

 

 
 

Fig. 5:  Dynamic response of the ABC-MPPT algorithm: (a) PV output power, 

(b) PV array current, and (c) PV array voltage. 
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Under the first irradiance condition (Case 1), the ABC-MPPT 

algorithm achieved a steady-state PV power of approximately 

1678 W after a response time of 0.02 s (Figure 5a). This 

corresponds to an efficiency of 99.71% relative to the 

theoretical maximum power of 1682 W shown in Figure 4.  

The voltage across the PV array was measured at 260 V, while 

the current reached 6.3 A (Figures 5b and 5c). These values are 

very close to the reference maximum power point values of 261 

V and 6.5 A, respectively (Figure 4). In this case, the duty cycle 

stabilized at 0.4033. The corresponding load voltage and 

current are illustrated in Figures 5c and 5b, respectively. 

Under the second irradiance condition (Case 2), the steady-state 

PV power reached approximately 1260 W after a response time 

of 0.01 s (Figure 5a). The ABC-MPPT algorithm maintained an 

efficiency of 99.6% relative to the theoretical maximum power 

of 1265 W (Figure 4). The PV array voltage was 261 V, while 

the current was 4.7 A (Figures 5c and 5b). 

Similar results were obtained for the partial shading conditions 

of Cases 3 and 4. The ABC-MPPT algorithm enabled the PV 

array to reach 99.83% of its actual global maximum power. The 

corresponding output powers were approximately 1721 W and 

1283 W for Cases 3 and 4, respectively (Figure 5a). The system 

response time was approximately 0.01 s. The PV array voltage 

was measured at 257 V, while the current reached 3.3 A 

(Figures 5c and 5b), which are very close to the reference 

maximum power point values of 251 V and 3.39 A. 

These results demonstrate that, under different irradiance 

conditions, the ABC-MPPT algorithm is capable of accurately 

tracking the global maximum power point with high efficiency, 

fast response, and excellent stability.  

C. Efficiency Estimation of BLDC Motor–Pump System 

A very good efficiency is obtained for the proposed water 

pumping system. Table 7 and Figure7. show the efficiency 

estimation of the BLDC motor-pump system and its graphical 

representation respectively, subjected to the variation in 

atmospheric condition, we present the variations in the water 

flow rate of the pump (Q) and power with irradiation variation. 

As the solar insolation level changes, various indices of the 

BLDC motor-pump system, such as back EMF (ea), stator 

current (isa), speed (W), electromagnetic torque, and load 

torque, also vary in response to the solar insolation, as 

illustrated in les Figures precedent. Two key observations can 

be drawn from the simulation results. First, the stator current 

(isa) is controlled during startup, allowing it to gradually reach 

its steady-state value, resulting in a soft start for the BLDC 

motor. Second, the electromagnetic torque generated by the 

BLDC motor consistently matches the torque required to drive 

the pump, demonstrating the system's stable operation under 

varying solar insolation conditions, regardless of whether 

fluctuations. 

In the solar pumping system without energy storage, all the 

electricity produced by the photovoltaic generator (Ppv) is 

directly used by the pump motor (Pm). It is essential to maintain 

a constant balance between Ppv and Pm to prevent any 

instability in the system. This requires controlling the rotational 

speed of the pump motor, which must correlate with the 

mechanical power (Pm) of the motor to align with the 

photovoltaic power (Ppv). Thus, the reference speed is 

calculated based on Ppv. In parallel, a regulation speed is 

introduced, with an opposite sign to Wpv, to obtain the total 

reference speed This regulation speed allows for the control of 

the charge and discharge power of the bus capacitor, ensuring 

that the voltage remains close to its reference value. 
 

Table 4: Parameters of BOOST and BLDC motor 

PARAMETER VALUE PARAMETER VALUE 

Boost  BLDC  

L (mH) 5.7 
Stator phase 

resistance (Ω) 
2.875 

C1 (µF) 1.728 

Stator phase 

inductance 

(mH) 

8.5 

C2 (µF) 57.51 
Flux linkage 

(V.s) 
0.175 

f (kHz) 50 Inertia (kg.m2) 8e-4 

  

Viscous 

damping (N. 

ms) 

e-3 

  Pole pair 4 

A. CONCLUSION 

This study focused on modelling and analysing the components 

of a photovoltaic (PV) water pumping system, which includes 

an BLDC motor pump powered by a PV generator through a 

BOOST converter and an inverter. An analysis was conducted 

on Maximum Power Point Tracking (MPPT) technique: the 

ABC (Artificial Bee Colony. Among these, the algorithm 

demonstrated superior performance, maintaining consistent 

operation at maximum power with rapid and accurate tracking 

even under changing weather conditions. Its robustness was 

verified under various solar radiation scenarios. The results 

revealed that the ABC method outperformed the other two in 

terms of response time, resistance to climate variation, and 

water flow efficiency. Moreover, it enabled effective operation 

even at very low solar irradiance levels. 

 

Overall, the proposed system significantly enhances the 

efficiency of PV-based water pumping. Future work will 

explore the integration of hybrid optimization algorithms for 

broader photovoltaic applications.  
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FPGA Implementation for Fast and Accurate 

Medical Image Segmentation 

 

Fatma Zohra Hamidatou-Hamadi, Mohamed Lamine Hamidatou and Latifa Hamami-Mitiche  

 

Abstract—This work presents a comprehensive study and hardware implementation of two advanced medical image 

segmentation methods: Gradient Vector Flow and Distance Regularized Level Set Evolution. Thesis approaches are 

widely used in image processing due to their ability to accurately extract complex contours, particularly in concave 

and noisy regions. However, their high algorithmic complexity leads to significance computational cost, limiting their 

use in real-time applications. To address these limitations, implementation on a Field-Programmable Gate Array 

FPGA is proposed, leveraging hardware parallelism to enhance performance. A simulation phase was conducted using 

MATLAB on real medical images (brain and breast MRI scans). The results demonstrate that the GVF method is 

effective in handling concave boundaries, while the DRLSE method exhibits greater robustness to topological changes 

and multiple objects. The hardware implementation was carried out using Vitis HLS and Vivado on a PYNQ-Z2 

platform. The results show strong agreement with MATLAB simulations, with negative discrepancies due to 

numerical precision, along with a significant improvement in processing time. 

Keywords—DRLSE, FPGA, GVF, Level Set. 

 

NOMENCLATURE 

I. INTRODUCTION 

Medical image segmentation is a fundamental step in many 

clinical applications, including diagnosis, tumor detection, 

and therapeutic monitoring [1]. It involves extracting 

structures of interest from medical images, such as MRIs or 

CT scans. Among the most widely used methods, active 

contours and Level Set methods hold an important place due 

to their ability to model complex shapes. However, these 

methods have certain limitations. Traditional active contours 

are highly dependent on initialization and have difficulty 

converging in concave areas [2]. To improve this 

performance, the GVF method was introduced, allowing 

better capture of concavities [3]. Level Set methods, while 

efficient at handling topological changes, require frequent 

resetting, which increases computation time. The DRLSE 

model has been proposed to eliminate this constraint by 

incorporating a regularization term [4]. 

 

Despite their performance, these methods remain 

computationally expensive. Therefore, FPGA implementation 

offers a promising solution for accelerating their execution. 

II. ACTIVE CONTOURS AND GVF 

1. ACTIVE CONTOURS 

Active contours are evolving curves defined by a parametric 

function (Figure 1). Their evolution is controlled by 

minimizing a total energy composed of an internal energy and 

an external energy [5].  

 
Fig. 1: Representation of the evolution of the active contour. 

 

The outline East defined by a representation parametric [5], the 

East assimilated has a curve C represented according to 

equation (1): 

 

    𝐶 = {
𝑉(𝑠, 𝑡) =

[𝑥(𝑠, 𝑡), 𝑦(𝑠, 𝑡)]
} , ∀(𝑠, 𝑡), [0,1]𝑥[0,∞]  (1)                                                                                                    

with : 

– s : abscissa curvilinear the long of outline. 

– t : evolution temporal of there curve In the image. 

– V (s, t) : position of a point of there curve C has 

A instant t. 

DRLSE Distance Regularized Level Set Evolution 

FPGA Field-Programmable Gate Array   

GVF Gradient Vector Flow 

LUT Look-Up Table 

MRI real medical images 
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The energy functional (equation 2) associated with the active 

contour consists of two terms: 

𝐸𝑠𝑛𝑎𝑐𝑘(𝑣) = 𝐸𝑖𝑛𝑡𝑒𝑟𝑛𝑒(𝑣) + 𝐸𝑒𝑥𝑡𝑒𝑟𝑛𝑒(𝑣)                                   (2) 

 

➢ Energy internal. 

The internal energy of an active contour regulates the shape 

of the curve by ensuring its continuity and controlling its 

curvature (equation 3).  

 

𝐸𝑖𝑛𝑡(𝑣) =  
1

2
∫ (𝛼(𝑠).  |𝑣′(𝑠)|2
1

0
+  𝛽(𝑠) |𝑣′′(𝑠)|2) 𝑑𝑠           (3) 

 

With : 

 |𝑣′(𝑠)|2 = (
𝑑𝑥(𝑠)

𝑑𝑠
)
2

+ (
𝑑𝑦(𝑠)

𝑑𝑠
)
2

                                                                

 

v ′ (s) : derivative first of v(s) by report has s. 

v ′′ : derivative second of v(s) by report has s. 

α : elasticity of outline. 

β : rigidity of outline. 

 

The internal energy of an active contour can be broken down 

into two fundamental components: the continuity term and the 

curvature term. 

➢ Energy external  

According to Kass , Witkin and Terzopoulos , the external 

energy of an active contour (equation 4) consists of two 

principal components [2] : 

 

𝐸𝑒𝑥𝑡  (𝑣) =  𝐸𝑖𝑚𝑎𝑔𝑒  (𝑣) + 𝐸𝑐𝑜𝑛𝑡𝑟𝑎𝑖𝑛𝑡𝑒  (𝑣)                              (4) 

 

Image energy, 

 Image energy guides the curve C toward object boundaries 

by relying on image features such as gradients and contours   

(equation 5): 

 

𝐸𝑖𝑚𝑎𝑔𝑒 (𝑣) =  − ∫ 𝜆(𝑠) ‖∇ (𝐼(𝑣(𝑠)))‖
2

𝑑𝑠
1

0
                          (5) 

where ∇I(v(s) is the image gradient and λ(s) is a weighting 

factor. 

 

High-gradient regions attract the curve toward relevant edges. 

Internal energy enforces smoothness, while external energy 

drives the contour to image boundaries. However, this 

approach has limitations, particularly in handling concave 

shapes. 

2. GRADIENT VECTOR FLOW. 

 

To improve the basic snake method, C. Xu and JL Prince 

developed the GVF snake method [3] introducing a new 

external force called Gradient Vector Flow (GVF) 

(equation 6): 

 

𝐹𝑒𝑥𝑡 = 𝑣 = [𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦)]                                          (6) 

 

The calculation of the GVF field takes place in two stages: 

 

A. A. Calculation of the Contour Map ( Edge) Map ) 

B.  

C. The contour map f(x, y) of image I(x, y) is determined by the 

derivative of the image. It is often expressed as follows 

(equation 7): 

D.  

𝑓(𝑥, 𝑦) = |∇(𝐺𝜎  (𝑥, 𝑦) ∗ 𝐼(𝑥, 𝑦))|
2                                      (7) 

 
 

where ∇ is the gradient and Gσ is a Gaussian filter with 

standard deviation σ. 

 

This contour map generates vectors perpendicular to the 

contours, with high amplitudes near the contours and low 

amplitudes in homogeneous areas. In these homogeneous 

areas, a diffusion process is applied to orient the vectors also 

towards concave areas. This approach improves the 

convergence of active contours in areas of high concavity and 

around acute angles. 

 

B. Calculation of flow of vector gradient:  

 

The flux of the gradient vector is defined as a vector field  

V (x,y) = (u(x,y), v(x,y)) that minimizes the following energy 

functional (equation 8): 

𝜀 =  ∬(𝜇1 (𝑢𝑥
2 + 𝑢𝑦

2 + 𝑣𝑥
2 + 𝑣𝑦

2 ) +  |∇𝑓|2. |𝑉 − ∇𝑓|2)𝑑𝑥𝑑𝑦 

                                                 (8) 

 

with : 

𝑢𝑥 = 
𝜕𝑢

𝜕𝑥
, 𝑢𝑦 = 

𝜕𝑢

𝜕𝑦
,𝑣𝑥 = 

𝜕𝑣

𝜕𝑥
𝑣𝑦 = 

𝜕𝑣

𝜕𝑦
 

 

in which, µ is a setting of regularization between the first 

and the second term of the integral. 

 

This energy functional allows the GVF vector field to be 

optimized to achieve better convergence of active contours in 

complex areas, particularly those with concavities and acute 

angles. 

 

3. DESCRIPTION OF THE GVF ALGORITHM  

 

To concisely illustrate the various steps involved in the GVF 

segmentation method, the flowchart presented in Figure 2 

provides an overview of the algorithm workflow, beginning 

with image preprocessing and concluding with the generation 

of the final segmented image. 
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Prior to applying the GVF method for image segmentation, an 

essential preprocessing stage is performed to enhance the 

quality of the extracted contours. Anisotropic filtering is 

particularly effective in this context, as it reduces image noise 

while preserving important structural features and edge 

information within the medical image. 

 

Following preprocessing, the contour map is obtained by 

applying a Laplacian-of-Gaussian (LoG) filter, which 

enhances edge detection and improves the identification of 

relevant object boundaries. The external force components, 

(u) and (v), are calculated from the image gradients derived 

using Sobel operators. These components are subsequently 

regularized through Laplacian smoothing to stabilize their 

values during the iterative GVF diffusion process. 

 

During each iteration, the contour evolution is updated by 

computing the total energy, (E), and comparing it against a 

predefined convergence tolerance. To ensure a uniform 

distribution of contour points along the snake, an 

interpolation procedure is incorporated to maintain an 

appropriate average spacing between consecutive points. This 

process requires defining a minimum distance, (dmin), and a 

maximum distance, (dmax), which establish the allowable 

range for the distance between neighboring contour points. 

The GVF method improves the convergence and robustness 

of active contours, particularly when segmenting objects with 

concave boundaries. This is achieved by extending the 

influence region of the image gradient forces, enabling the 

snake to effectively detect and adapt to complex object 

geometries. 

 
Fig 2: Flowchart of The GVF method 

III. Regularized Level-Set Evolution Distance 

Method DRLSE 

 

The DRLSE method is an evolution of Level Set methods. It 

introduces a regularization term that allows the distance 

function to be maintained without requiring resetting. This 

new approach uses an energy function composed of three 

terms, equation (9): 

 

𝐸(∅) =  𝜇 𝑃(∅) + λ 𝐿𝑔(∅) +  𝛼 𝐴𝑔(∅)                                (9) 

 

Regularization term that allows the function to 

maintain its distance function form throughout the evolution. 

𝑃(∅) =  ∫
1

2
(|∇∅| − 1)2 dx dy 

 

Length term: The energy function L g ( ∅) Allows 

the active contour to position itself close to the contour of the 

object of interest. 

𝐿𝑔(∅) = ∫𝑔𝛿𝜀|∇∅|𝑑𝑥𝑑𝑦  

δ ε : Dirac function, defined as follows equation (10): 

 

𝛿𝜖(𝑥) =  {
0                                |𝑥| > 𝜖
1

2𝜖
[1 + cos(

𝜋𝑥

𝜖
 )]   |𝑥| ≤ 𝜖   

                  (10) 

 

With ε: regularization parameter. 

 

Surface term : the energy function A g (∅)Allows 

the speed of evolution of the active contour to be accelerated 

when the latter is far from the object of interest for a faster 

convergence. 

 

𝐴𝑔 (∅) =  −∫𝑔 𝐻(−∅)𝑑𝑥𝑑𝑦. 

 

Where H( −ϕ) is the Heaviside function, 

 

The DRLSE model [4] incorporates a distance regularization 

term to stabilize the contour evolution function, thereby 

improving segmentation speed and eliminating the need to 

reset the function. The evolution equation then becomes   

(equation 11):  

 

𝜕∅

𝜕𝑡
=  𝜇𝑑𝑖𝑣(𝑑𝑝(|∇∅|)∇∅) + λ𝛿𝜖 (∅)𝑑𝑖𝑣 (𝑔

∇∅

|∇∅|
)

+  𝛼𝑔𝛿𝜖(∅)                                                  (11) 

 

µ: Distance regularization parameter. 

λ: Contour length regularization parameter. 

α: Surface repulsion parameter. 

dp is defined by equation 12: 
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𝑑𝑝 (𝑠) ≅
𝑝′(𝑠)

𝑠
                                                            (12) 

 

Where p is a potential function used for distance 

regularization. For better distance regularization, the double-

well potential function p2 is used, which is expressed as 

follows: 

 

𝑃2 = 

{
 

        
1

2𝜋

2

(1 − cos(2𝜋𝑠)), si  𝑠 ≤ 1

1

2
  (𝑠 − 1)2 ,          si               𝑠 > 1

 

 

1. DRLSE ALGORITHM. 

 

The organizational chart of the DRLSE method, describing its 

operation, is presented in Figure 3. 

 

 
Fig 3: Flowchart of the DRLSE Method. 

 

The proposed DRLSE algorithm starts with an image 

preparation stage, where the input image undergoes 

preprocessing to enhance its suitability for segmentation. 

During this stage, the user also specifies the parameters 

required for the segmentation process. Next, the level set 

function (LSF) is initialized as a binary function, with a 

rectangular region defining the initial contour that will evolve 

toward the object boundaries. If required, multiple contours 

can be initialized simultaneously by specifying several initial 

regions. 

 

The contour evolution process is then performed through a 

main iterative loop executed over a predefined number of 

outer iterations. During each iteration, the drlse_edge function 

updates the level set function (φ) according to the Distance 

Regularized Level Set Evolution (DRLSE) model. 

 

The DRLSE formulation combines several energy terms to 

guide the contour evolution. The weighted length encourages 

smooth and regular contours by minimizing the contour 

length. The distance regularization term maintains the 

stability and regularity of the level set function by preserving 

its signed-distance property. In addition, the weighted area 

term drives the contour toward the target object by promoting 

the segmentation of interior regions while suppressing 

irrelevant boundaries. Together, these energy terms enable 

accurate and stable object segmentation. 

 

The choice of the potential function is a key factor in the 

performance of level set–based segmentation methods. A 

single-well potential function is generally suitable for 

segmenting homogeneous regions, where object boundaries 

are relatively simple and a clear separation between regions is 

required. On the other hand, a double-well potential function 

is more effective for images containing complex structures, as 

it can simultaneously capture edge information and 

homogeneous interior regions. By providing a richer energy 

formulation, the double-well potential improves the stability 

of the evolving contour and enables it to accurately follow 

both sharp transitions and smooth image features. 

 

Level set–based image segmentation methods, particularly 

those based on Distance Regularized Level Set Evolution 

(DRLSE), offer effective control of contour regularization 

while maintaining numerical stability throughout the 

evolution process. In addition, they provide accurate 

boundary detection and robust edge localization, making them 

well suited for segmenting complex images with irregular 

shapes and varying intensity distributions. 

 

IV.  IMPLEMENTATION ON FPGA. 

 

Our implementation is based on the PYNQ-Z2 FPGA board, a 

development platform using the SoC Xilinx Zynq-7000. This 

board integrates both a Processing System ( PS) and 

Programmable Logic ( PL ), offering an integral solution for 

the development of embedded hardware and software [8]. 

1. IMPLEMENTATION STEPS 

Figure 4 shows a synoptic diagram of the steps we followed 

during the implementation. 
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Fig. 4: Simplified synoptic diagram of the HLS approach 

 

First, we write our program in C using Visual Studio Code 

(VS Code), then we run a simulation to ensure the program 

functions correctly by comparing the results with those 

generated in MATLAB. Before generating VHDL code, we 

perform exhaustive tests and simulations on our C code in 

Vitis HLS. This allows us to detect and correct potential 

errors earlier in the development process [6]. Vitis HLS also 

allows us to generate an IP Block . Using Vivado , we create 

a design block for the main system, which will be deployed 

on an FPGA and will include the previously generated IPs 

[7], [8]. Once the Block Design approved, we created A HDL 

Wrapper Who converts the plan of     architecture in program 

HDL (Hardware Description Language) . We synthesize the 

project, then we carry out the implementation and generate 

the binary file " Bitstream ". 

 

The FPGA card is programmed using the generated Bitstream 

file and the system's proper functioning is verified. 

 

2. GVF ALGORITHM ON FPGA 

 

In this section, we detail the implementation steps of the GVF 

algorithm on an FPGA circuit (Figure 5). After developing a 

complete version of the algorithm, we will explain each step 

of the process in detail, as illustrated in the block diagram 

above. 

 

We divided the first part of the GVF algorithm into two 

distinct blocks: one block for calculating the contour map f 

and another for the Sobel filter as well as the calculation of 

the variables bn, c1, and c2. The outputs of the first block are 

stored in DDR memory and then duplicated for retrieval by 

the second block. This process is also applied to the other 

intermediate variables for the two remaining blocks, which 

are dedicated to calculating the external force fields and the 

contour deformation.  

 
Fig. 5: Complete diagram of the GVF algorithm 

  

Each block corresponds to a top function that we develop in C 

language and simulate on VS Code, and therefore to an IP 

block that we create on Vitis HLS. 

 

The "contour map" function takes a filtered image as input to 

calculate the horizontal and vertical gradients (fx and fy), the 

gradient amplitude (bn), and the curvature characteristics (c1 

and c2) necessary for contour detection. The "external force 

fields" function uses these values to generate the external 

force fields u and v. Finally, the "contour deformation" 

function receives the external fields u and v, along with the 

coordinates of the initial contour (xi and yi), and calculates 

the coordinates of the final contour ( xf and yf ). 

 

Each block is designed to perform a specific function 

optimally, enabling robust and efficient implementation of the 

algorithm in an FPGA environment. Each step is rigorously 

tested, and the overall system operation is verified to achieve 

performance and accuracy targets. 

 

3. DRLSE ALGORITHM ON FPGA. 

 

The first stage of the implementation is divided into three 

distinct blocks (see Figure 6): convolution, calculation of (g), 

and gradient computation. This subdivision enables more 

efficient management of hardware resources by storing the 

output data from each block in DDR memory and 

subsequently duplicating it for use by the following 

processing stages. Each block consists of a top-level function 

developed in the C language and simulated using Visual 

Studio Code, as well as an IP block generated using Vitis 

HLS for hardware implementation. 

 
Fig. 6: Complete diagram of the DRLSE algorithm 
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The "LSF Evolution" function takes the initial distance 

function ϕi , g, gx , and gy and outputs ϕf . At each iteration, 

ϕf is calculated using an evolution equation that combines 

these data. The image contours (g) act as an external force 

that pulls the boundary of ϕ towards the detected contours in 

the image, allowing the LSF to accurately follow the 

contours. The gradients ( gx ) and (gy) are used to adjust the 

boundary to follow changes in image intensity and texture, 

ensuring precise and detailed segmentation. 

 

The resulting block design provides a modular structure for 

the efficient implementation of the DRLSE algorithm on 

FPGAs. Each block is designed to optimally execute a 

specific function, enabling a robust and high-performance 

implementation of the algorithm within an FPGA 

environment. Each step is rigorously tested, and the overall 

system operation is verified to achieve performance and 

accuracy targets. 

 

V. RESULTS AND INTERPRETATIONS. 

 

The segmentation results obtained using the two algorithms 

simulated in MATLAB for medical images are presented. 

Additionally, the FPGA implementation is described. The 

efficiency of the proposed method in segmenting these 

images is evaluated by adjusting the algorithm parameters and 

analyzing their impact on the segmentation performance. 

 

For the FPGA design, a block-based approach is adopted, in 

which predefined modules are utilized. Each block represents 

a specific function, such as processing units or memory 

controllers, and the blocks are interconnected through 

standardized interfaces to facilitate system integration and 

evaluate their influence on the segmentation results. 

 

1. MATLAB SIMULATION 

 

Before segmentation, preprocessing is applied to improve 

image quality. This includes: 

• anisotropic filtering 

• noise reduction 

 

The GVF and DRLSE methods were tested on medical 

images (brain MRI, breast ). 

 

A. Results of Segmentation by the GVF Method . 

 

➢ Results of MRI images of a brain. 

 

After optimizing the parameters and initialization of the 

active contour for the GVF method, we are now applying this 

segmentation technique to medical images, including brain 

and breast MRIs. 

 

Figure 7 illustrates the results obtained by applying the GVF 

method to MRI  images of a brain with the parameters, µ = 

0.15, α = 0.1, β = 0.06, tol = 0.004, itmax = 300. 

 

 

   

   
(a) Picture initial       (b) Outline initial          (c) Result 

Fig. 7:  S egmentation with GVF On MRI of a brain 

              

➢ Image results MRI of a breast. 

 

Breast MRI segmentation using the GVF method has 

encountered difficulties. Breast MRIs, characterized by 

intensity variations and complex textures, complicate the 

application of GVF. Noise and similar anatomical structures 

disrupt the external force field, leading to incorrect 

convergence of the active contours. Consequently, the 

segmented contours do not accurately correspond to the actual 

boundaries of the structures of interest. 

 

B. Results of segmentation using the DRLSE method. 

 

➢ Results of MRI images of a brain.      

To segment these images, we empirically adjusted the 

parameters α, λ and µ to find the optimal combination that 

allows efficient segmentation (figure 8). 

 

 
Fig. 8: Segmentation on brain MRIs α = 0.5, λ = 6 and µ =0.02. 
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➢ Results on MRI images of a breast 

After several parameter adjustments, applying the DRLSE 

algorithm to this new medical image yielded a less precise 

result in terms of segmenting the structures of interest. This 

observation led us to consider other approaches to improve 

the segmentation quality. Figure 9 shows the segmentation 

result with the parameters: α = 1.5, λ = 5, and µ = 0.02. 

 

  

(a) Outline initial                     (b) Picture segmented 

Fig. 9: Segmentation result with the DRLSE algorithm on breast MRI 

 

2. FPGA IMPLEMENTATION 

 

A.  Implementation using the GVF method on FPGA  

 

Each block represents a specific function, such as processing 

units or memory controllers, and the blocks are 

interconnected through standardized interfaces to enable 

communication between them. This modular approach 

facilitates efficient utilization of FPGA resources, thereby 

simplifying the overall FPGA design process. Figure 10 

presents the final block-based design of the proposed 

architecture for the complete implementation of the GVF 

algorithm [9]. 

 

 
Fig. 10: Block design for the complete implementation of the active 

contour algorithm using the GVF method 

 

Figure 11 presents the utilization and power ratios of 

complete architecture 
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Usage report 

 

Report on power 

Fig. 11: Implementation of The GVF algorithm on FPGA 

 

By maintaining identical parameter settings and the same 

initial contour, the results obtained from the MATLAB 

simulation and the FPGA implementation are visually 

equivalent. It can be observed that segmentation accuracy is 

preserved, with the FPGA-based results showing a similar 

visual appearance to those obtained in MATLAB (Figure 12). 

The execution time of the complete GVF architecture is 

measured at 12.786 s. 

 

 

Initial contour 

 

segmented image on FPGA 
Fig. 12: Result of the implementation of GVF on FPGA 

 

The slight differences observed stem primarily from 

numerical precision. MATLAB uses double-precision (64-

bit) floating-point numbers, while the FPGA implementation 

relies on single-precision (32-bit). This reduced precision 

leads to small deviations during calculations, particularly in 

repetitive operations such as gradient calculations (f, fx, fy), 

where rounding errors can accumulate. Furthermore, 

optimizations applied during synthesis with Vitis HLS can 

also introduce minor variations. 

 

B. Implementation of the DRLSE  

The final block-based design of the proposed architecture for 

the complete implementation of the DRLSE algorithm is 

illustrated in Figure 13 [10]. 

 

 
Fig. 13: Design by blocks for the implementation of the algorithm DRLSE 
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Each block represents a specific function, such as processing 

units or memory controllers, and the blocks are 

interconnected through standardized interfaces to enable 

communication between them. By maintaining the same 

parameter configuration and initial contour used in the 

MATLAB simulation, the segmentation results obtained from 

the FPGA implementation of the DRLSE method are visually 

equivalent to those obtained previously. The corresponding 

segmentation result is presented in Figure 14. 

  

Initial contour segmented image on FPGA 

Fig. 14:  Result of the implementation of their method DRLSE 

The FPGA implementation of the DRLSE algorithm 

demonstrated satisfactory segmentation accuracy, with a 

rigorous visual comparison performed against the results 

obtained from the MATLAB simulation. Figure 15 presents 

the resource utilization and power consumption analysis of 

the DRLSE algorithm implemented on the FPGA. It 

highlights the main hardware resources, including lookup 

tables (LUTs), block RAMs (BRAMs), and digital signal 

processing slices (DSPs), as well as the estimated power 

consumption. 

 

 
Usage report 

 

Power report 

Fig. 15: Implementation of the algorithm DRLSE on FPGA 

VI. COMPARISON OF SEGMENTATION RESULTS: GVF 

VS DRLSE ON FPGA. 

The two algorithms, GVF and DRLSE, were implemented on 

an FPGA and tested under similar conditions. The results 

show good visual accuracy for both approaches, with detected 

contours close to those obtained using MATLAB. GVF is 

efficient for concave and complex shapes, with moderate 

FPGA resource consumption. DRLSE provides sharper and 

more precise contours, in particular 

For geometric structures, but with greater use of hardware 

resources (DSP, BRAM). In terms of performance: 

• The execution time is slightly faster for GVF compared 

to DRLSE. 

• The numerical differences between the FPGA and 

MATLAB results are minimal and do not impact visual 

quality. 

GVF is lighter, while DRLSE offers finer segmentation, at the 

cost of higher hardware complexity. 

To achieve these results, we optimized our calculations by 

grouping them into a single execution. This required the use 

of buffers for matrix updates, thus increasing the use of 

computing resources and extending the overall execution 

time, measured at 105.8523 seconds. A distinctive feature of 

our approach was the frequent subdivision of a block into 

sub-blocks, favoring the use of DDR memory rather than the 

FPGA's BRAM. This strategy aimed to maximize the 

efficiency of available memory, even though data accesses 

memory is generally slower than the logic part of the FPGA. 

 

VII. CONCLUSION 

 

This work made it possible to compare two advanced 

methods of medical image segmentation and to demonstrate 

the value of their implementation on FPGA. 

 

The GVF is effective for concave contours, while the DRLSE 

is more robust for complex structures. 

 

The FPGA implementation demonstrates remarkable 

efficiency in utilizing hardware resources, fully leveraging the 

inherent parallelism of this architecture. It enables a 

significant reduction in execution time while maintaining 

high accuracy. FPGAs prove particularly well-suited to 

complex medical image segmentation algorithms, as they 

facilitate the optimization, reuse, and adaptation of modules 

according to processing needs. They thus offer an excellent 

balance between performance, accuracy, and flexibility, while 

paving the way for more scalable and high-performance 

hardware architectures for real-time image processing.  
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SCHO-Optimized Fractional-Order Control 
Strategy for Enhanced Alternator Voltage Stability 

Elouahab Bouguenna, Samir Ladaci, Bilal Taghezouit, Amine Berouaken, and Walid Merrouche 

 
Abstract− This paper proposes a novel metaheuristic optimization framework grounded in the mathematical properties 

of hyperbolic trigonometric functions, introducing the Sinh–Cosh Optimizer (SCHO) as a bio-inspired algorithm that 

leverages the inherent gradient-like dynamics of sinh and cosh operators to achieve a principled and adaptive equilibrium 

between global exploration and local exploitation across complex search landscapes. The proposed framework is applied 

to tune an incommensurate Fractional-Order PID (FOPID) controller for Automatic Voltage Regulator (AVR) systems, 

where nonlinear dynamics and parametric uncertainties pose critical control challenges. The incommensurate non-

integer differintegral structure extends the controller's degrees of freedom, enhancing its capacity to handle memory-

dependent system behavior. Comparative simulations against conventional PID and standard FOPID benchmarks 

demonstrate a 32.115% overshoot reduction and a 33.335% ITSE improvement, with sustained robustness under load 

disturbances and parametric perturbations. The SCHO–FOPID strategy offers a scalable and mathematically rigorous 

intelligent control solution for uncertain nonlinear power systems, with direct applicability to smart grid and renewable 

energy contexts. 

Keywords− sinh-cosh optimizer, fractional calculus, alternator voltage stability, robustness. 

 

 

I. INTRODUCTION 
 

In modern power generation infrastructures, synchronous 

generators constitute the backbone of energy conversion from 

renewable sources to regulated electrical output. 

Nevertheless, terminal voltage deviations — induced by 

abrupt load transitions, mechanical torque oscillations, and 

electromagnetic disturbances — pose severe threats to the 

integrity of voltage-sensitive loads, including 

microprocessor-based systems and communication networks, 

where even marginal excursions can trigger irreversible 

failures [1], [2]. Automatic voltage regulators (AVRs) are 

therefore integrated into synchronous generator units as 

closed-loop excitation control mechanisms, continuously 

adjusting field current to confine output voltage within 

prescribed operational bounds. 

Classical AVR implementations have long relied on 

proportional–integral–derivative (PID) controllers; however, 

the inherent rigidity of their integer-order structure renders 

them inadequate in the presence of system nonlinearities, 

unmodeled dynamics, and time-varying parametric 

uncertainties. Fractional calculus — which generalizes the 

order of differentiation and integration to the continuum of 

real numbers — has emerged as a mathematically rich and 

practically powerful paradigm for advanced control synthesis. 

Fractional-order PID (FOPID) controllers augment the 

classical three-parameter structure with two additional 

degrees of freedom, namely the integral order λ and the 

derivative order μ, yielding superior transient shaping, tighter 

reference tracking, and markedly improved disturbance 

rejection relative to their integer-order counterparts [3], [4]. 

From an analytical perspective, optimal FOPID 

parameterization necessitates resolving ill-conditioned 

fractional differential systems — a class of problems 

intrinsically amenable to population-based stochastic search 

[5]. Accordingly, metaheuristic optimization has established 

itself as the dominant paradigm for non-integer controller 

tuning, with representative contributions spanning chaos-

augmented atom search strategies [6] and various hybrid 

swarm-based architectures [7]–[11] demonstrating consistent 

gains in closed-loop convergence and error minimization. 

Crucially, the No Free Lunch theorems (NFLTs) [12]–[15] 

formally establish that no optimizer holds universal 

dominance across arbitrary problem landscapes, thereby 

sustaining the imperative for algorithm diversity and 

continued methodological innovation. Preserving signal 

smoothness, solution correctness, and scalable performance 

under unmodeled dynamic conditions nonetheless remains an 

active and unresolved challenge. 

Motivated by these considerations, this work investigates the 

Sinh–Cosh Optimizer (SCHO) [16], a recently introduced 

metaheuristic whose search mechanics are governed by the 

complementary analytical properties of hyperbolic 

trigonometric functions: the cosh component drives broad 

global exploration across the feasible space, while the sinh 

component orchestrates fine-grained local exploitation, 

collectively yielding a self-regulating and well-balanced 

optimization dynamic. Within the AVR control problem, 

SCHO is leveraged to identify the optimal parameter set of an 

incommensurate FOPID controller, targeting stable closed-

loop behavior, accelerated convergence, and minimized 

steady-state tracking error under realistic disturbance and 

uncertainty scenarios. 

The principal contributions of this study are threefold: (i) 

establishing the aptitude of SCHO for high-dimensional 

fractional-order tuning problems; (ii) formulating a stability-

informed,  constraint-aware  optimization  framework  for 
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FOPID synthesis; and (iii) demonstrating quantifiable 

dynamic performance gains under structured AVR parametric 

variations. 

II. MATHEMATICAL MODEL OF AVR 

An AVR constitutes a closed-loop excitation control 

architecture whose fundamental objective is to maintain the 

generator terminal voltage at a prescribed setpoint, 

irrespective of load fluctuations and varying operating 

conditions. By continuously confining the output voltage 

within allowable bounds, the AVR safeguards the reliability, 

power quality, and dynamic stability of the electrical supply 

delivered to downstream loads [17]. A representative 

configuration of an AVR-integrated power generation unit is 

illustrated in Fig. 1. 

 

 
 
Fig. 2: Block diagram of a closed-loop AVR with feedback regulation. 

 

Within this feedback architecture, the control design 

objectives transcend simple steady-state regulation. They 

encompass closed-loop stability preservation, robustness 

against parametric uncertainties and unmodeled system 

dynamics, bounded and smooth control effort, and 

minimization of residual tracking error. For analytical 

tractability, the voltage dynamics of an AVR-equipped 

synchronous generator are commonly represented by a first-

order transfer function approximation [18]. Despite its 

simplicity, this reduced-order model adequately captures the 

dominant input–output voltage response characteristics and 

provides a practical and well-established foundation for 

controller synthesis and closed-loop stability assessment. 

For reference, Table I compiles the transfer function models 

most widely adopted in the AVR literature, along with their 

associated parameter ranges, serving as a unified modeling 

basis for the comparative analysis conducted throughout this 

study. 
Table. I 

 

OPERATING LIMITS OF AVR SYSTEM PARAMETERS 

 

 

 

 

 

 

 

 

Fig. 1: Block diagram representation of the AVR loop. 

 

In its basic operating principle, the AVR acquires a 

measurement of the terminal voltage, evaluates its deviation 

from a reference command, and processes the resulting error 

through an amplification stage to synthesize the appropriate 

control action. The generated signal is subsequently 

forwarded to the excitation subsystem, which modulates the 

generator field current and, consequently, the air-gap 

magnetic flux, steering the output voltage toward the target 

setpoint. 

The detailed closed-loop structure of the regulated AVR 

system is depicted in Fig. 2, in which the synchronous 

generator acts as the primary controlled plant. A dedicated 

voltage transducer continuously acquires the output voltage 

and feeds it back to the summation node, where it is contrasted 

against the reference command. The resulting error signal 

quantifies the instantaneous discrepancy between the 

measured terminal voltage and its desired value. The 

controller interprets this error to compute the corrective 

excitation input in accordance with the governing control law, 

which acts upon the field current to drive the terminal voltage 

into convergence with the reference trajectory. 

 

 

In whicha , e , g , and s represent the amplifier, exciter, 

generator, and sensor time constants, respectively, while 

Ga ,Ge ,Gg , and Gs 
represent their associated gains. The 

parameter values listed below, constituting the primary basis 

of this study, have been selected for AVR system evaluation 

[19]. 

Ga =10, Ge =1, Gg =1, Gs =1, 

a = 0.1 s, e = 0.4 s, g = 1 s, s = 0.01 s, 

 

It is worth noting that the generator gain Gg does not remain 

fixed but exhibits a load-dependent variability intrinsic to the 

operating regime of the synchronous machine. Specifically, 

Gg spans a range from approximately 0.7 under no-load 

conditions to unity at rated loading [20], a characteristic that 

directly reflects the nonlinear nature and parametric 

sensitivity of the generator subsystem. Grounding the analysis 

in the linearized transfer function representations of the 

individual AVR components, the aggregate closed-loop 

transfer function governing the overall AVR system dynamics 

is expressed as: 

H (s) = 
0.1s +10 

 
 

0.0004s4 + 0.0454s3 + 0.555s2 +1.51s +11 
(1) 

 

For Gg = 1 , the closed-loop feedback system exhibits the 

following pole locations: 

 Components  Transfer function  Gain  Time Constants (s)  

Amplifier H (s) = 
 Ga  

A 1+ s 
a 

10  Ga  400 0.02  a  0.1 

Exciter H (s) = 
 Ge  

E 1 + s 
e 

1  Ge  10 0.4  e  1 

Generator H (s) = 
 G

g  

G 
1 + s 

g 

0.7  Gg  1 1   g  2 

Sensor H (s) = 
 Gs  

S 1 + s 
s 

1  Gs  2 0.001  s  0.06 
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a t 

 

 =  
 

 

0 c 0 0 i 0 i 0 

p i d 

 

s1,2 = −0.5198 4.6642i, s3 = −12.4891, s4 = −99.9711 

For Gg = 0.7 , the closed-loop feedback system exhibits the 

following pole locations: 

s1,2 = −0.7959  4.017i, s3 = −11.9284, s4 = −99.9798 

A standard tool for assessing closed-loop stability is root locus 

analysis, which traces the migration of system poles across the 

complex plane as the feedback gain is varied. Consistent with 

classical control theory, a system is deemed asymptotically 

stable if and only if all characteristic poles are confined to the 

open left-half of the s-plane. The computed pole locations 

satisfy this condition, thereby validating the asymptotic 

stability of the AVR closed-loop system under the proposed 

Since an exact realization of such operators would, in 

principle, demand an unbounded cascade of poles and zeros, 

practical deployment — whether in numerical simulation 

environments or physical hardware implementations — 

necessitates the use of finite-order rational approximations. 

These reduced representations are constructed to faithfully 

replicate the essential frequency-domain behavior of the 

original fractional operator while maintaining computational 

tractability. A representative and widely referenced approach 

is the recursive pole-zero distribution scheme introduced by 

Charef [21], which achieves accurate rational approximation 

of fractional powers of ss s over a prescribed frequency band. 

This methodology underpins the construction of rational 

transfer function approximations of fractional operators, 

expressed in the general form: 

control architecture. G(s) = s ,   R+ (6) 

III. BASICS OF FRACTIONAL CALCULUS 

 

Fractional-order calculus extends the classical integer-order 

 

Into a rational function represented as a ratio of polynomials 

expressed in a factorized form: 

framework of differentiation and integration to the broader 

domain of arbitrary real — and even complex — orders. The 

conceptual origins of non-integer derivatives trace back to 

Ĝ(s) =  

n 

i =0 

 

(1+ s  pi ) 
(7) 

Leibniz in 1695, with subsequent rigorous mathematical 

foundations established through the independent 

contributions of Liouville, Grünwald, Letnikov, and 

Riemann. The unified differintegral operator    , where a 
and t denote the lower and upper bounds of the operation 

where the coefficients are determined such that the 
approximation yields a maximum error of y dB relative to the 
baseline frequency-domain magnitude response. 

By establishing: 

respectively, and   R governs the order of differentiation or a = 10y 10(1− ) , b = 10y 10 

integration, serves as the cornerstone of this generalized 

calculus. Beyond mere mathematical abstraction, this 

operator provides a versatile and physically meaningful tool 

for characterizing the memory effects and hereditary 

dynamics that pervade a wide class of real-world systems. Its 

formal definition is given by: 

The locations of zeros and poles inherent in the resulting 
rational approximation are determined using the following 
analytical expressions: 

z =  b, p = az , z = (ab)i z , p = (ab)i az 

 d dt for ( )  0 

a  t a 

The total number of zeros and poles is directly linked to the 
specified bandwidth and the admissible approximation error, 

  
1 for ( ) = 0 log( z )  

 N = integer 
 max 0  +1 

Among the several established definitions of fractional-order 

derivatives, the Caputo formulation stands as the most 

prevalent and practically favored in engineering applications, 

owing to its compatibility with classical integer-order initial 

conditions.  For  a  sufficiently  smooth  function 

f (t)  C
n+1 (0, +), R) is given by [2]: 

 log(ab)  

IV. FRACTIONAL-ORDER CONTROLLER 
 

The concept of employing fractional-order controllers for 

dynamic systems was pioneered by Oustaloup, who 

introduced the CRONE control strategy [22]. The non integer 

PID control represents an extended form of the conventional 
 

C 

t f (n) ( ) 
 −n+1 

d 
 

(3) PID architecture, extending its capability through non-integer 

differentiation  and  integration  orders.  This  enhanced 
0 (t −  ) 

where (x) denotes the Gamma function, defined as: 

(x) =  
 

yx−1e− ydy 
0 

 

 

 

(4) 

flexibility allows for finer tuning of closed-loop performance, 

improved robustness against uncertainties, and superior 

handling of complex system dynamics. The FOPID controller 

is mathematically represented by the following transfer 

function: 

Under the assumption of zero initial conditions — a standard 

premise in linear control analysis — the Laplace transform 

G (s) = 
U (s) 

= K 
c E(s)  

+ K s− + K s , ,   0 (8) 

provides an effective and tractable tool for characterizing 

fractional-order systems in the frequency domain. 
The time domain equation for such controller has the form: 

Accordingly, the Laplace-domain representation of the 
Caputo fractional derivative of order   reduces to: 

u(t) = Kpe(t) + Ki 
(9) 

  
f (t), s = s F (s) (5) 

where u(t) denotes the control input and e(t) represents the 

associated error signal. 

This formulation yields transfer functions parameterized by 

non-integer powers of the complex variable ss s, reflecting the 

infinite-dimensional nature of fractional-order operators. 

Specifically, the FOPID controller encompasses several 
classical structures as special cases. The parameter pairs 

(, ) = (1,1), (0,1), (1,0), and (0,0) corresponds respectively 

(2) as defined by the following relation: 

 f (t) = 
 

(n − ) 

 
 

i =0 
(1+ s z ) 

 

e(t) 
d 

−e(t) + K 

 

t 

 

(d )− for ( )  0 
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(i, j ) 

  1 

to the conventional PID, PD, PI, and proportional controllers. In this formulation, t represents the current iteration index, 
As illustrated in Fig.3. while X t+1 

t 

(i, j ) denote the jth element of the ith solution 

vector at the next and current iterations, respectively. 

W1 denotes the weight coefficient defined as: 

W1 = r3  a1 (cosh r4 + u sinh r4 −1) 

 

 

(13) 

where 
 

r1 – r4 are random numbers between 0 and 1. The 

parameter u is a sensitivity coefficient that regulates the 
exploration accuracy in the first phase and is fixed at 0.388. 

 

 Fig. 3: Visualization of the FOPID controller structure and operation. a = 3

−1.3 t 

 
 Max _ iteration + m

  
(14) 

 
The architecture of the FOPID control law is illustrated in Fig. 
4. 

  

Here m is a sensitivity coefficient that governs the exploration 
accuracy and is set to 0.45 based on experimental results in 
[16], and t is a coefficient that defines the switching point 
between the two phases and is fixed at 3.6, as reported in [16]. 

C. Exploration case 

In swarm intelligence (SI) optimization, the exploitation 
mechanism remains active during the entire evolutionary 
process. To reinforce search efficiency, this mechanism is 
structured into two complementary phases, both executed 
across all iterations. In the first phase, the search is 
concentrated in the local neighborhood of X, and the 
corresponding exploitation update is formulated as [16]: 

 X ( j) + r W  X t , r  0.5 
X t +1 =   

best 5 2 (i, j ) 6 (15) 
(i, j )  X ( j) − r W  X t , r  0.5 

Fig. 4: FOPID controller structure. 
best 5 2 (i, j ) 6 

V. SINH-COSH ALGORITHM 

 

A. Initialisation case 

where W2 is the weight coefficient given by [16]: 

W2 = r7  a1 (cosh r8 + u sinh r8 ) 
 

(16) 

As with most metaheuristic optimization methods, the and r5 to r8 are random numbers between 0 and 1. The 

SCHO algorithm initializes by generating a population of 
candidate solutions at random. This population, expressed in 
(10), is then iteratively updated through the search process, and 
the best-performing candidate at the end of the iterations is 
taken as an approximation of the global optimum [16]. 

parameter u retains the same value as in the first exploration 

phase, being fixed at 0.388. 

VI. OPTIMIZATION METHODOLOGY 

In the design of controllers, there are several performance 
criterions. The often-used criterions are the integral of absolute 
error (IAE) and the integral of squared error (ISE). In this 
paper, the IAE, expressed in (17), is applied as the objective 

X = (10) function due to its strong relevance in voltage regulation 
problems, particularly for minimizing steady-state tracking 
error and transient deviations. At each iteration, the voltage 
error signal given by (18) is utilized to compute the index, 
while the SCHO algorithm iteratively searches for the optimal 

In this context X denotes the population of candidate solutions 
generated by (11), where N specifies the population size, xi,j 

corresponds to the jth element of the ith solution vector, and dim 
represents the dimensionality of the search space. 

set of controller parameters. 
t 

J = IAE =  e(t) dt 
0 

e(t) = V (t) −V (t) 

 

(17) 

 
(18) 

X = rand (N, dim) (ub − lb) + lb (11) 

ref out 

 

The parameterization of the FOPID controller consists of 

where rand represents a random variable uniformly distributed 
across the interval [0,1], whereas ub and lb correspond to the 
upper and lower bounds of the decision variables, respectively. 

five degrees of freedom (5-DoF), specifically three gain terms 
and two fractional orders, each restricted to specific ranges and 
investigated within the defined optimization space. 

K min  K   K max , K min  K  K max , K min  K  K max 

B. Exploration case 

The exploration stage is governed by a position–updating 

mechanism, mathematically expressed through the following 

relation: 
 X ( j) + r W  X t , r  0.5 

p p p i i i d d d 

 min     max ,  min     max 

 

These limits represent the upper and lower bounds (ub and 
lb) defined in (11). Based on prior literature and practical 
design considerations, the feasible parameters ranges adopted 

X t +1 =  
best 1 1 (i, j ) 2 (12) in this study are: 

(i, j )  X ( j) − r W  X t , r  0.5 
best 1 1 (i, j ) 2 0  K  3, 0  K  3, 0  K  3, 0    2, 0    2 

p i d 
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It is worth highlighting that incorporating a FOPID 
controller into the feedback loop may, for certain parameter 
configurations, jeopardize closed-loop stability. To address 
this challenge, a constraint-aware optimization strategy is 
employed in this work. Each candidate solution—representing 
a unique combination of FOPID parameters—is thoroughly 
assessed to ensure stability guarantee of the system, with poles 
located strictly in the left-half s-plane and trajectories 
converging asymptotically. Any candidate leading to 
instability is systematically discarded, regardless of its fitness 
value. 

Fig. 5 illustrates the optimization framework employed for 

tuning the FOPID controller parameters. 
 

 
Fig. 5: SCHO-based FOPID optimization framework 

VII. SIMULATION RESULTS 
 

This section evaluates the effectiveness of the proposed 

SCHO-optimized FOPID controller for AVR regulation. The 

closed-loop performance achieved with the SCHO-based 

FOPID is systematically compared against conventional 

controllers, including the PI and standard FOPID schemes and 

other algorithms-based controllers. As an initial step, and 

based on the transfer function given in (1), the AVR system is 

examined in its basic feedback configuration without any 

external controller. The corresponding response, shown in 

Fig. 6, reveals oscillatory and weakly damped dynamics, with 

the feedback loop alone unable to suppress instability. 

Consequently, the control input u fails to provide adequate 

stabilization, leading to persistent oscillations and divergence 

from the reference signal. 

 

Fig. 6: SCHO-based FOPID optimization framework 

Based on the Ziegler–Nichols tuning method, the FOPID 
controller parameters are initially determined. The fractional 
orders are approximated using an 8th-order filter ( N = 8 ) with 

a maximum magnitude error of 1 dB ( y = 1 dB ) over the 

frequency range   10−3 ,103  rad/s. The SCHO algorithm 

is then employed to optimally refine the FOPID parameters. In 
SCHO, the population size is set to 30 and the number of 
iterations to 50, ensuring an effective balance between 
exploration and exploitation. The optimization process is 
repeated 20 times to ensure thorough evaluation, and the best 

solution among the 20 runs is selected as the controller 
parameters for the simulations. 

A comparative assessment of the AVR terminal voltage 
response under different control strategies is illustrated in Fig. 
7. The performance of the proposed SCHO-optimized FOPID 
controller is benchmarked against PI and standard FOPID 
controllers. 

 

Fig. 7: AVR step response: PI vs. FOPID vs. SCHO-FOPID. 

 

From the closed-loop responses, several critical observations 

can be drawn. First, the PI controller, while able to regulate 

the terminal voltage, exhibits a relatively sluggish transient 

response, marked by a slower rise time, larger overshoot, and 

extended settling period. These characteristics suggest limited 

effectiveness in applications requiring rapid stabilization of 

generator terminal voltage under sudden load disturbances. 

The standard FOPID controller provides a noticeable 

improvement by leveraging fractional calculus to enhance the 

system’s memory effect and flexibility in feedback shaping. 

This results in faster convergence compared to PI control and 

reduced oscillations. However, the transient performance still 

suffers from noticeable overshoot and longer settling time, 

indicating that stability margins remain suboptimal. By 

contrast, the SCHO-FOPID controller delivers a superior 

dynamic profile. The closed loop response exhibits: minimal 

overshoot, rapid rise time and significantly shorter settling 

time and negligible steady-state error. The SCHO-FOPID 

reduces overshoot by 86.22% compared with the FOPID 

controller and by 88.35% compared with the PI controller. 

Additionally, The SCHO-FOPID reduces settling time by 

77.38% compared with the PI controller and by 1.76% 

compared with the FOPID. The optimal parameter set of the 

SCHO-FOPID is reported in Table II, while Table III presents 

a comprehensive comparison of the transient response indices 

obtained for all controllers. 
Table. II 

 

SIMULATION PARAMETERS SETTING USING SCHO 

 
Kp Ki Kd α β 

0.9382 0.6371 0.3742 1.2115 0.9045 

 

 

Table. III 

 

 PERFORMANCE INDICES COMPARISON  
Parameters            Controller   

 SCHO-FOPID FOPID PI 

Kp 0.9382 0.8252 0.1877 
Ki 0.6371 1.6051 0.1388 
Kd 0.3742 2.1590 - 
α 1.2115 0.8541 - 
β 0.9045 0.9357 - 
Settling time ts (s) 1.1347 1.1550 5.0087 
Rise time tr (s) 0.3826 0.2436 1.3391 
Overshoot (%) 1.2400 9.0000 10. 6300 
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Another comparative analysis is carried out with respect to the 

state-of-the-art optimization methods, namely ABC and 

AHA, while uniform constraints were applied across all 

algorithms: a population size of 50 candidate solution set, a 

maximum of 100 iterations, and 5 search variables. Each 

algorithm was run independently 10 times to account for 

stochastic variability. As shown in Fig. 8, the SCHO-FOPID 

approach exhibits superior voltage stability within the AVR 

system, achieving the lowest overshoot and fastest settling 

time, while ABC-FOPID yields the shortest rise time. 

Furthermore, SCHO-FOPID provides a smoother transient 

response with minimal oscillations, demonstrating strong 

robustness against unmodeled dynamics and load 

disturbances. These results confirm its improved closed-loop 

stability and dynamic performance, ensuring higher reliability 

for AVR applications in renewable energy systems. The key 

reference-tracking results for all optimization-based FOPID 

control are listed in Table IV. 

 

 

Fig. 8: AVR step response comparison using different FOPID tuning 

algorithms. 

 

 

 

 

 

 

 

 

 

 
     

 

 

(a) 

 

 

 

 

 

 

 

 

 

 
     

 

 

(b) 

. Table. IV 
 

     

COMPARISON OF DIFFERENT ALGORITHMS 

Time response 
spesifcations 

Controller 
SCHO-FOPID AHA-FOPID ABC-FOPID 

Settling time ts (sec) 1.4750 1.7680 1.8010 
Rise time tr (sec) 0.4376 0.4096 0.2647 

Overshoot (%) 6.0300 6.4400 27.3100 

 

A central requirement of the FOPID controller design is to 

guarantee closed-loop stability and deliver a well-shaped step 

response, particularly in the face of abrupt parametric 

excursions. To this end, a systematic robustness assessment 

of the SCHO-optimized FOPID-controlled AVR system has 

been carried out, wherein the plant time constants are 

individually perturbed across a symmetric range of ±50% 

around their nominal values in discrete increments of 25%. 

The resulting closed-loop responses under the proposed 

control strategy are depicted in Fig. 9. The SCHO-tuned 

FOPID architecture consistently demonstrates enhanced 

transient characteristics and sustained resilience against 

model uncertainty throughout the entire perturbation range. 

Inspection of the output trajectories reveals that the system 

response remains confined within a remarkably narrow 

deviation band, attesting to the exceptional parametric 

robustness conferred by the proposed controller. These 

findings collectively confirm the capacity of the SCHO–

FOPID scheme to preserve closed-loop stability and 

regulation quality across the full spectrum of examined 

parameter variations. 

 

 

(c) 
 

 
 

 

 

(d) 

 

Fig. 9: Robustness analysis of the SCHO-FOPID-controlled AVR under 
sudden variations in time constant parameters for (a) Ta, (b) Te, (c) Tg, (d) Ts. 

VIII. CONCLUSION 
 

This study presented a systematic and computationally 

intelligent framework for the optimal synthesis of a 

Fractional-Order PID (FOPID) controller applied to the 

Automatic Voltage Regulator (AVR) problem, a critical 

benchmark for nonlinear power system control under 

parametric uncertainty. The Sinh–Cosh Optimizer (SCHO), a 

novel metaheuristic grounded in the complementary 

analytical dynamics of hyperbolic trigonometric functions, 

was employed to simultaneously and optimally calibrate the 

five degrees of freedom (5-DoF) of the FOPID structure, 

encompassing the proportional, integral, and derivative gains 

alongside the non-integer integration and differentiation 

orders. 
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The synergistic integration of fractional calculus with 

computational intelligence endows the proposed SCHO–

FOPID scheme with a markedly expanded control authority 

relative to classical integer-order architectures. This expanded 

parameterization enables the controller to capture memory-

dependent and hereditary system dynamics, resulting in 

superior closed-loop accuracy, enhanced transient shaping, 

and robust steady-state regulation under diverse operating 

conditions. 

Simulation results unambiguously validated the effectiveness 

of the proposed strategy in compensating for system 

nonlinearities, unmodeled dynamics, and abrupt load 

disturbances. Rigorous comparative benchmarking against 

classical PID, standard FOPID, and state-of-the-art 

metaheuristic-tuned controllers (including those based on the 

Artificial Bee Colony (ABC) and Artificial Hummingbird 

Algorithm (AHA) optimizers) confirmed the quantitative 

superiority of the SCHO–FOPID scheme. Specifically, the 

proposed controller achieved a 19.86% reduction in settling 

time and a 6.80% decrease in overshoot relative to the AHA-

tuned FOPID benchmark, alongside a significant 

improvement in the ITSE performance index, collectively 

reflecting accelerated convergence and tighter reference 

tracking. 

Robustness evaluations conducted under structured 

parametric perturbations — spanning ±50% variations in the 

AVR plant time constants — further demonstrated the 

controller's capacity to maintain stable and well-regulated 

closed-loop behavior across a wide uncertainty envelope, 

without significant degradation in dynamic performance. 

These results underscore the resilience of the fractional-order 

control paradigm when coupled with a well-balanced 

optimization algorithm. 

From a broader perspective, this work reinforces the growing 

relevance of fractional-order intelligent control in addressing 

the increasingly complex demands of modern power systems, 

particularly in renewable energy integration and smart grid 

contexts, where nonlinearity, intermittency, and parameter 

variability are inherent operational realities. 

Future research directions may encompass the extension of 

the SCHO–FOPID framework to multi-machine power 

system configurations, its adaptation for real-time embedded 

implementation on hardware platforms, and the incorporation 

of adaptive or self-tuning mechanisms to address time-

varying and nonstationary operating environments. The 

investigation of incommensurate fractional structures and 

their interaction with advanced stability certification tools 

also represents a promising avenue for subsequent 

contributions. 
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Thermal Effects of Artificial Lamination Faults in 
a Three-Phase Transformer Core Using Infrared 

Thermography 

Ehsan Altayef, Sofiane Chiheb, Fateh Anayi, Michael Packianather and Eheda Hassan 

Abstract−Transformer core lamination faults can significantly affect transformer performance, reliability, and 

operational lifetime by increasing core losses and localized heating. This paper investigates the thermal effects of edge 

burr faults and inter-laminar insulation deterioration. An experimental test rig consisting of a 15 kVA three-phase 

transformer and a FLIR C2 thermal imaging camera was developed to capture temperature distributions under healthy 

and faulty operating conditions. Faults were introduced by creating controlled short circuits between laminations with 

varying affected areas and numbers of shorted laminations. Thermal images were acquired at different magnetic flux 

densities ranging from 0.5 T to 1.8 T under no-load conditions. The results demonstrate that both fault types produce 

noticeable temperature rises compared with healthy operation, with the severity of heating increasing as the flux density 

and fault size increase. Edge burr faults resulted in localized hot spots and temperature rises of up to 10% compared 

with healthy conditions, while insulation deterioration faults produced temperature increases exceeding 18% for severe 

fault scenarios at 1.8 T. The findings confirm that infrared thermography provides an effective non-invasive technique 

for detecting and assessing transformer core lamination faults and can support condition monitoring and early fault 

diagnosis in power transformers. 

Keywords−Power transformer, Transformer core faults, Edge burrs, Lamination insulation degradation, Infrared 

thermography, Thermal imaging, Condition monitoring. 

I. INTRODUCTION 

Power transformers are among the most critical and expensive 

assets in electrical power systems, serving as essential links 

between generation, transmission, and distribution networks. 

Their reliable operation is therefore vital for ensuring 

continuity of supply and maintaining the stability of modern 

power grids [1]–[6]. Although transformer failures can 

originate from several sources, defects associated with the 

magnetic core remain particularly important because they can 

develop gradually and remain undetected until significant 

damage has occurred [9], [18]. 

 The transformer core is manufactured from thin grain-

oriented electrical steel laminations insulated from one 

another to suppress eddy currents and minimize core 

losses [13]. The effectiveness of this design relies heavily 

on the integrity of the insulation coating between adjacent 

laminations. During manufacturing, transportation, 

installation, or long-term operation, the insulation layer 

may deteriorate or become damaged, leading to 

unintended electrical contact between laminations. 

Similarly, mechanical defects such as edge burrs can 

create localized short-circuit paths that increase 

circulating currents within the core [14], [15], [17]. These 

defects generate excessive heat, increase iron losses, 

accelerate insulation ageing, and may ultimately 

compromise transformer efficiency and reliability [18], 

[19]. 

Early detection of core lamination faults has attracted 

considerable attention in recent years. Various diagnostic 

techniques have been proposed, including no-load current 

analysis, vibration monitoring, acoustic emission methods, flux 

measurement, dissolved gas analysis, and frequency-response-

based approaches [10]–[12], [25], [26]. While these techniques 

can provide valuable information regarding transformer 

condition, they often require complex signal processing, 

specialised equipment, or indirect interpretation of fault 

signatures. Furthermore, some methods may have limited 

sensitivity to localized defects in their early stages [11], [25]. 

Infrared thermography has emerged as a promising non-contact 

diagnostic tool for condition monitoring of electrical equipment 

[7], [8]. Since thermal abnormalities are frequently associated 

with increased losses and fault development, thermal imaging 

can provide direct visual evidence of abnormal operating 

conditions. In transformer cores, localized short circuits 

between laminations generate hot spots that can be detected 

through temperature distribution analysis [20]–[24]. Despite 

the growing interest in thermographic inspection, relatively 

few experimental studies have systematically investigated the 

thermal behaviour of different types of artificial lamination 

faults under controlled operating conditions and varying 

magnetic flux densities [21]–[24]. 

This paper presents an experimental investigation into the 

thermal effects of two common transformer core defects: edge 

burr faults and inter-laminar insulation deterioration. A 

dedicated fault-test platform based on a 15 kVA three-phase 
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transformer was developed to simulate various fault severities 

by creating controlled short circuits between laminations. 

Thermal images were acquired using a FLIR infrared camera 

under healthy and faulty conditions for flux densities ranging 

from 0.5 T to 1.8 T. The objective is to quantify the relationship 

between fault severity, magnetic flux density, and temperature 

rise within the transformer core, thereby evaluating the 

effectiveness of thermal imaging as a diagnostic tool for 

detecting and assessing lamination-related faults. 

The contributions of this work are threefold. First, a 

comprehensive experimental dataset of thermal responses for 

multiple artificial lamination fault scenarios is established. 

Second, the influence of fault size and flux density on 

transformer core temperature is analysed quantitatively. Third, 

the study demonstrates the capability of infrared thermography 

to distinguish between healthy and faulty operating conditions, 

providing valuable insight for future transformer condition 

monitoring and fault diagnosis systems. The experimental 

framework and fault scenarios investigated in this study build 

upon previous investigations of transformer core lamination 

faults and their effects on transformer performance [27]–[29]. 

Recent advances in transformer fault diagnosis and electrical 

machine analysis have also provided additional motivation for 

the present work [30]–[33].  

II. EXPERIMENTAL SET-UP AND SAMPLE 

As complimentary studies for previous fault and estimation 

works (e.g., [30]-[33]), the paper treat transformer core faults. 

This section describes the data acquisition system and 

experimental procedure employed to investigate the effects of 

lamination faults in power transformers. The experimental 

fault-testing platform was developed by the Magnetics Group 

at the Cardiff School of Engineering to facilitate controlled 

fault simulation and thermal analysis. The system enables the 

identification of hotspot regions within the transformer core 

through thermal imaging. Figure 1 presents a photograph of the 

experimental setup together with a schematic representation of 

the measurement system.. 

 

 
(a) Experimental setup 

 
(b) Faulty operation diagram. 

Fig. 1: Experimental Set-up 

 

The experimental test rig comprises several key components, 

including a 15 kVA three-phase power transformer, specially 

designed clamping fixtures to secure the transformer during the 

introduction of edge burr faults, and a rotary tool used to 

remove approximately 400 mm² of insulation from the 

transformer core laminations to simulate the second fault 

condition investigated in this study. The magnetic flux density 

was determined from the measured voltage and current signals 

acquired using a power analyser connected to the transformer. 

A thermal imaging camera was employed throughout the 

experiments to capture the temperature distribution of both 

healthy and faulty transformer cores, enabling a comparative 

thermal analysis. 

The transformer core is constructed from a stack of 520 grain-

oriented electrical steel laminations. It features a dual-window 

core structure with window dimensions of 320 mm × 120 mm 

and overall core dimensions of 540 mm × 520 mm. 

Furthermore, both the primary and secondary windings are 

uniformly wound around the core limbs, each consisting of 50 

turns of insulated copper conductor with a cross-sectional area 

of 1.5 mm². 

 

III.   PROPOSED FAULTS DETAILS 

A. Artificial Lamination Faults 

In this study, two common transformer core faults were 

investigated: edge burrs and interlaminar insulation 

deterioration. These faults are among the most frequently 

occurring defects in transformer cores and can significantly 

affect transformer performance. To evaluate their impact, no-

load tests were conducted, as no-load current measurements 

provide an indication of the transformer's no-load (iron) losses. 

During these tests, the transformer primary winding was 

energised with its rated voltage of 220 V, while the secondary 

winding remained open-circuited. 

To assess the thermal effects of the investigated faults, the 

transformer was first examined under healthy operating 

conditions to establish a baseline for comparison. During this 

stage, the three-phase voltage and current were recorded at 

magnetic flux densities of 0.5, 0.8, 1.0, 1.5, 1.7, and 1.8 T. Each 

experiment was repeated three times to ensure the accuracy, 

repeatability, and reliability of the measured data. Furthermore, 

the data for each fault condition were collected on separate 

days, allowing sufficient time for the transformer core to return 

to ambient temperature before subsequent measurements. This 

procedure minimised the influence of residual heating on the 

experimental results. The following sections describe each fault 

condition in detail. 

B. Edge Burr Fault 

To simulate the edge burr fault, an artificial short circuit was 

introduced between adjacent laminations of the transformer 

core. Four fault scenarios were considered, each representing a 

different number of short-circuited laminations (i.e., different 

affected areas). Prior to fault implementation, baseline 

measurements were obtained under healthy operating 

conditions over a range of magnetic flux densities from 0.5 T 

to 1.8 T to establish a reference for comparison. 

Following the baseline measurements, edge burr faults were 

introduced at various locations on the transformer core 

according to the predefined fault scenarios. A custom-designed 

clamping device, shown in Figure 2, was developed to fit the 

experimental transformer core used in this study. The clamping 

mechanism ensured firm and consistent electrical contact 

 

Power sources 

Power analyser 

Artificial faults 

15 kVA three-phase 

transformer 

Thermal Camera 
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between the artificial burr material and the edges of the 

laminated core stack, thereby providing repeatable and reliable 

fault conditions throughout the experiments. 

 
Fig. 2: Clamping device used for the laminations fault fixation 

As illustrated in Figure 2, the clamping device consists of two 

wooden plates fastened using two plastic bolts, which apply 

uniform pressure to the copper foil placed on both sides of the 

laminated core stack. Since both wood and plastic are non-

conductive and exhibit negligible electromagnetic interference, 

their influence on the experimental measurements can be 

considered insignificant. This assumption is consistent with 

previous studies, which have similarly neglected the effect of 

the clamping device on the experimental results (e.g., [19], 

[27]). 

Four edge burr fault scenarios were implemented by varying 

the number of short-circuited laminations and the 

corresponding contact area, as illustrated in Figure 3. In the first 

scenario (Figure 3(a)), a thin metal strip was inserted to create 

a short circuit between two adjacent laminations within the 520-

lamination transformer core. The contact area measured 45 mm 

in length and 0.5 mm in width, corresponding to an affected 

area of 22.5 mm². 

 
Fig. 3:  Artificial edge burr lamination faults (a) scenario 1, (b) scenario 2, 

(c) scenario 3 and (d) scenario 4 

the second scenario (Figure 3(b)), a wider metal strip measuring 

45 mm × 10 mm was employed, producing a contact area of 

450 mm². This configuration increased the number of short-

circuited laminations from two to approximately 33, thereby 

representing a more severe edge burr fault. 

For the third scenario (Figure 3(c)), a copper wire with a 

diameter of 1.3 mm was used to establish a short circuit across 

four adjacent laminations. The resulting contact area measured 

approximately 45 mm × 1.3 mm (58.5 mm²). 

The fourth fault scenario, shown in Figure 3(d), consisted of a 

localized short circuit between two laminations with a contact 

area of 9 mm × 15 mm (135 mm²). This configuration was 

included to investigate the influence of contact geometry on the 

thermal behaviour of the transformer core. 

C. Lamination Insulation Fault 

Transformer cores are constructed from thin electrical steel 

laminations to minimise eddy current losses and improve 

operating efficiency. Each lamination is coated on both sides 

with a thin inorganic insulating layer, typically 1–3 µm thick, 

to prevent direct electrical contact between adjacent 

laminations. However, deterioration of the inter-laminar 

insulation may occur due to several factors, including ageing of 

the insulating coating, mechanical damage caused by external 

objects, and overheating resulting from winding failures or 

other abnormal operating conditions [29]. 

To investigate the thermal effects of inter-laminar insulation 

deterioration, artificial insulation faults were introduced into 

the transformer core, and thermal images were captured to 

assess the resulting temperature distribution. The fault was 

created by carefully removing the insulating coating from the 

selected laminations and inserting a copper strip between them 

to maintain electrical contact, thereby simulating insulation 

breakdown. The fault preparation procedure is illustrated in 

Figure 4. 

 
Fig. 4:  Experimental setup used for the laminations fault analysis 

To simulate inter-laminar insulation deterioration, artificial 

insulation damage was introduced on the opposing surfaces of 

selected transformer core laminations. Fault conditions 

involving short circuits between 2, 6, 8, and 12 laminations 

were investigated at magnetic flux densities of 0.5, 1.0, 1.5, 1.7, 

and 1.8 T. The insulation damage was created by removing 

approximately 40 mm² of the insulating coating using a rotary 

tool, thereby establishing electrical contact between adjacent 

laminations. To evaluate the influence of fault location on the 

transformer's thermal behaviour, the artificial faults were 

introduced at different positions within the transformer core. 

IV. HEALTHY OPERATION MODE 

This section presents the experimental results obtained from the 

thermal analysis of the transformer under healthy and faulty 

operating conditions. Thermal images were captured at various 
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magnetic flux density levels to evaluate the influence of the 

investigated lamination faults on the transformer core 

temperature distribution. A FLIR C2 thermal imaging camera 

was used to record all thermal images. For each fault scenario 

and flux density level, six thermal images with a resolution of 

80 × 60 pixels were captured at 15-minute intervals throughout 

the experimental period. This acquisition procedure ensured 

consistent monitoring of the temperature evolution under each 

operating condition. The specifications of the FLIR C2 thermal 

camera are summarised in Table 1. 

 
Fig. 5:Thermal camera 

The specifications of the camera are presented in table 1. 

 
TABLE 1 SPECIFICATIONS OF THE CAMERA 

 PARAMETER VALUE 

1 Focal length 1.54 mm 

2 Size (L*W*H) 124.46*78.74*12.44 

mm 

3 IR sensor 80*60 (4,800 

measurement pixel) 

4 Operating temperature range -10°C to +50°C 

5 Storage temperature range -40°C to +70°C 

6 Digital camera 640*480 pixel 

7 Image frequency 9 Hz 

8 Accuracy ±2°C 

9 Thermal sensitivity < 0.10°C 

 

The thermal analysis was performed by first capturing thermal 

images of the transformer core under healthy operating 

conditions to establish a reference for comparison with the 

faulty conditions. These reference images provided a baseline 

for evaluating the temperature variations caused by the 

introduced lamination faults. 

Although the FLIR C2 thermal camera has a relatively low 

image resolution compared with more recent thermal imaging 

systems, it was sufficient to identify the temperature 

distribution and hotspot locations associated with the 

investigated faults. Since the induced faults were located at the 

edges of the transformer core laminations, thermal images were 

captured from the side profiles of the transformer rather than 

the front surface. This viewing angle provided a clearer 

representation of the fault-affected regions and enabled more 

accurate observation of the corresponding thermal patterns, as 

illustrated in Figure 6. 

 

 
Fig. 6: The caught image on the profiles of the transformer  

 

For improved visualisation, Figure 7 presents the thermal 

images of the transformer core under healthy operating 

conditions prior to the introduction of any faults. These images 

serve as a reference for evaluating the thermal effects of the 

investigated lamination faults. The maximum and minimum 

temperatures obtained from each thermal image provide a clear 

representation of the transformer core temperature distribution 

at different magnetic flux density levels. These temperature 

values were subsequently extracted as input features for the 

fault detection and classification process described in the 

following section. 

   
(a) 0.5 T (b) 0.8 T (c) 1.0 T 

   
(d) 1.5 T (e) 1.7 T (f) 1.8 T 
Fig. 7:  Healthy operation mode results  

 For the healthy operating condition of the transformer core, it 

is observed that magnetic flux density has a significant 

influence on the temperature rise in the no-load transformer. At 

low flux density levels, as shown in Figure 7(a), the core 

temperature remains relatively low, with maximum and 

minimum values of approximately 25.3 °C and 19.1 °C, 

respectively. In contrast, at the highest flux density of 1.8 T 

(Figure 7(f)), a noticeable increase in temperature is observed, 

with maximum and minimum values rising to approximately 

29.8 °C and 23.3 °C, respectively. This trend clearly indicates 

that higher magnetic flux densities lead to increased core 

heating under no-load conditions. 

V. FAULTY OPERATION MODE 

A. Edge Burrs fault  

This section presents the thermal imaging results for the first 

type of fault considered in this study, namely the edge burr 

fault. This fault was implemented at different scenarios and 

locations within the transformer core to evaluate its thermal 

impact. Figures 8 and 9 illustrate representative thermal images 

obtained at magnetic flux densities of 0.5 T and 1.8 T for fault 

scenarios 1 and 4, respectively. These figures are provided to 

demonstrate the influence of magnetic flux density on the 

temperature distribution of the transformer core under edge 

burr fault conditions. 

  
Fig. 8: Scenario 1 faulty operation mode results 

  
Fig. 9: Scenario 4 faulty operation mode results 

The obtained thermal images indicate a clear difference 

between the temperature distribution under edge burr fault 
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conditions and that observed during healthy operation. This 

confirms that edge burr faults have a significant impact on the 

transformer core temperature and, consequently, on overall 

transformer performance. In general, an increase in temperature 

is observed across all fault scenarios. 

For example, at a magnetic flux density of 1.8 T, the 

temperature under healthy conditions is approximately 1 °C 

lower than that observed in fault scenario 1. A more 

pronounced increase is observed in scenario 4, where the 

temperature is approximately 5 °C higher than the healthy 

condition. Furthermore, scenario 4 exhibits an increase of 

around 4 °C compared with scenario 1 at the same flux density. 

These results demonstrate that the rate of temperature rise 

becomes more significant with increasing magnetic flux density 

and a higher number of affected laminations within the 

transformer core. 

Edge burr faults lead to increased core temperature, which in 

turn contributes to higher core losses and increased current 

losses. This temperature rise may also degrade the properties of 

the insulating materials, thereby reducing transformer 

efficiency and operational reliability. For this reason, further 

investigation of such faults in high-capacity transformers is 

strongly recommended. 

Overall, the thermal imaging results show that edge burr faults 

can increase transformer core temperature by approximately 

3.2% in scenario 1 compared with healthy conditions, and up to 

approximately 16.1% in scenario 4. In addition, scenario 4 

exhibits a temperature increase of about 12.5% relative to 

scenario 1, indicating a clear relationship between fault severity 

and thermal response. These findings confirm that both 

magnetic flux density and the extent of lamination short-

circuiting play a critical role in determining the thermal 

behaviour of the transformer core. 

Lamination Insulation Faults 

In this section, the thermal imaging results for the second type 

of fault, namely inter-laminar insulation degradation, are 

presented. This fault was introduced by selectively removing 

the insulating coating from the transformer core laminations, 

thereby creating electrical contact between adjacent layers. 

Figure 10 illustrates the corresponding thermal images of the 

transformer core under fault conditions. 

The results correspond to short-circuit conditions involving 2, 

6, 8, and 12 affected laminations, evaluated at magnetic flux 

densities of 0.5 T and 1.8 T. It should be noted that the influence 

of fault location on the position of the inter-laminar short circuit 

has been previously investigated using current signal analysis 

in [27]. In this study, the same fault placement strategy and 

positioning methodology were adopted to ensure consistency 

and comparability of results. 

 
Fig. 10:  Faulty operation mode results at 0.5 and 1.8 T 

From the results presented in this figure, it is evident that the 

size of the fault, defined by the number of short-circuited 

laminations, has a significant influence on the transformer core 

temperature. The thermal measurements indicate that the 

temperature increases as the number of affected laminations 

increases, as illustrated in the figure. Specifically, the figure 

presents the maximum and minimum temperature values as a 

function of the number of affected laminations at magnetic flux 

densities of 0.5 T and 1.8 T. 

The results demonstrate that the temperature rise associated 

with inter-laminar insulation faults is strongly dependent on 

both the number of shorted laminations and the applied flux 

density. For fault cases involving 2, 6, 8, and 12 short-circuited 

laminations, the highest temperatures are observed at a flux 

density of 1.8 T, with increases exceeding 9 °C compared with 

the corresponding values at 0.5 T for the 12-lamination fault 

scenario. For the case of two shorted laminations, the 

temperature increases by more than 4 °C across the flux density 

range from 0.5 T to 1.8 T. In addition, temperature rises of 

approximately 6 °C are observed for the six- and eight-

lamination fault cases over the same flux density range. 

Overall, the transformer core temperature under insulation 

degradation faults increases with both the severity of the fault 

(number of short-circuited laminations) and the magnetic flux 

density. This pronounced temperature rise may lead to 

increased core losses, particularly eddy current losses, which 

can reduce transformer efficiency and, in severe cases, 

contribute to operational failure. 

Finally, the thermal data acquired using the FLIR C2 camera 

were stored in the device’s internal memory and subsequently 

transferred to a personal computer for post-processing and 

feature extraction. 

VI. CONCLUSION 

This paper has presented an experimental investigation into the 

thermal behaviour of a three-phase transformer core under 

healthy and faulty lamination conditions using infrared 

thermography. Two common transformer core defects, namely 

edge burr faults and lamination insulation deterioration, were 

artificially introduced into a 15 kVA transformer core and 

analysed at different magnetic flux densities ranging from 0.5 

T to 1.8 T.  

 

The thermal imaging results demonstrated that both fault types 

cause significant temperature increases compared with healthy 

operating conditions. For edge burr faults, the transformer core 

temperature increased with both the flux density and the extent 

of the short-circuited lamination area. The largest edge burr 

scenario produced temperature rises of approximately 5 °C 

above healthy conditions at 1.8 T. Similarly, insulation 

deterioration faults generated progressively higher 

temperatures as the number of short-circuited laminations 

increased. The most severe insulation fault scenario, involving 

twelve affected laminations, produced temperature increases 

exceeding 9 °C at high flux density. 

 

The experimental findings indicate that lamination faults create 

additional eddy-current paths, leading to increased core losses 

and localized hot spots that may accelerate insulation ageing 

and reduce transformer efficiency and reliability. Furthermore, 

the results confirm that thermal imaging is a practical, non-

invasive, and effective diagnostic technique for identifying 

transformer core lamination defects and evaluating their 

severity. 

    
0.5 T, 2 Laminations 0.5 T, 6 Laminations 0.5 T, 8 Laminations 0.5 T, 12 Laminations 

    
1.8 T, 2 Laminations 1.8 T, 6 Laminations 1.8 T, 8 Laminations 1.8 T, 12 Laminations 

Figure 10: Faulty operation mode results at 0.5 T, 1.8 T 
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Future work will focus on advanced thermal image processing 

and machine learning techniques for automatic fault detection, 

classification, and severity assessment, as well as extending the 

investigation to larger power transformers operating under 

practical loading conditions.  
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Review of ISO 15118-20 with TLS1.3 for Secure 
and Trustworthy EV Charging Infrastructure 

Akram Salem, Mian Hammad Nazir, Leshan Uggalla, Abdulla Rahil and Khayri Abu Sayf 

Abstract−Electric Vehicle Supply Equipment (EVSE) and the communication protocols that support it are essential to 

modern electric mobility, yet they remain vulnerable to significant cyber-physical risks. These risks largely arise from 

fragmented security adoption and the inconsistent use of Transport Layer Security (TLS). This paper reviews and 

analyses the security enhancements introduced by ISO 15118-20, with particular emphasis on the requirement for 

mandatory, mutually authenticated TLS 1.3 to secure end-to-end electric vehicle charging communication. Through an 

examination of protocol message flows and a synthesis of documented vulnerabilities, the study shows how stronger 

cryptographic enforcement, certificate-based authentication, and encrypted control signalling reduce the risks of replay, 

impersonation, man-in-the-middle, and backend exploitation attacks. The analysis also highlights the cyber-physical 

consequences of communication failures, demonstrating how protocol-level disruptions can result in wider operational 

risks. As a promoting solution, the paper concludes that the consistent implementation of ISO 15118-20, supported by 

effective certificate lifecycle management, is essential for developing resilient and trustworthy EV charging 

infrastructure. While additional advanced security approaches may further strengthen system robustness, future 

research is required to address additional technical, operational, and environmental factors not covered in this study. 

Keywords− EV Charging, Cybersecurity, ISO 15118, TLS, and Cyber-attack. 

 

NOMENCLATURE 

CSMS Charging Station Management System 

EV Electric Vehicle 

EVCS Electric Vehicle Charging System 

EVSE Electric Vehicle Supply Equipment 

HSM Hardware Security Modules 

OCPP Open Charge Point Protocol 

PnC Plug and Charge 

PKI Public Key Infrastructure 

SCADA Supervisory Control and Data Acquisition 

SoC State of Charge 

TLS Transport Layer Security 

V2G Vehicle-to-Grid 

 

I. INTRODUCTION 

EVSE and EVs are fundamental components of sustainable 

transportation systems. Their widespread deployment 

introduces significant security challenges that must be 

addressed to ensure safe operation, reliable grid integration, and 

protection of sensitive data [1]. These challenges encompass 

personal and corporate privacy, secure financial transactions, 

and the stability of the electric grid. This may make 

cybersecurity a critical requirement for modern EV charging 

infrastructures [2]. 

Recent studies (e.g., [2]-[4]) reveal alarming security gaps in 

existing EV charging infrastructure. In [2], for instance, it was 

found that approximately 84% of surveyed charging stations do 

not implement TLS. This resulted, among others, in preventing 

compatibility with newer versions of the ISO 15118 standard 

and exposing systems to severe cyber vulnerabilities. For 

instance, the ISO 15118 protocol, which defines 

communication between EVs and EVSE, has evolved 

considerably to address these issues. Authors in [5] showed that 

earlier versions, such as ISO 15118-2, treated TLS as optional, 

limiting their effectiveness against advanced cyber threats. 

Different versions of the protocol ISO 151180-2 have been 

flown where some of them have become mandatory with TLS 

and more authentication during charging session [6], [7]. 

The latest standard, ISO 15118-20, represents a major 

advancement by mandating mutually authenticated TLS, 

significantly enhancing the security posture of EV charging 

communications. TLS ensures authentication, confidentiality, 

and data integrity through PKI, as demonstrated in prior 

research (e.g., [1], [5], [8]). This evolution enables secure 

services such as PnC where all V2G communications occur 

within a TLS-encrypted channel [6]. Such improvement 

thereby helps with reducing vulnerabilities and improving 

overall system reliability. 

Despite these progresses, the rapid growth of EV adoption 

increases exposure to advanced cyber-attacks, highlighting the 

need for stronger cybersecurity mechanisms. In response to this 

challenge, upgrading protocols has been considered (e.g., 

[5],[8], [9]). In [9], for instance, some versions of OCPP have 

demonstrated improvements in authentication, confidentiality, 

and integrity. Additionally, the use of TLS 1.3 in conjunction 

with ISO 15118-20 has been studied in [1], [9]. However, 

increasing performance demands, reduced latency 

requirements, and heightened resilience against emerging 

threats necessitate further enhancements to existing security 

frameworks as explained in [10].  

To overcome the listed issues, this paper focuses on the 

security enhancements introduced in ISO 15118-20, with 

particular emphasis on mandatory mutual TLS authentication 

and strengthened encryption mechanisms. A review of 

existing vulnerabilities in EV charging infrastructure has been 

conducted. The results have been structured to examine the 
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role of TLS and PKI in securing V2G communications as well 

as evaluate and investigate the impact of the latest standard on 

addressing current and future cybersecurity challenges. 

Discussion and analyses have been included to summarise 

vulnerabilities and associated impacts with the aim of 

explaining the effectiveness of protocols in safeguarding EVSE 

and focusing secure, scalable, and reliable electric mobility 

solutions.  

After an introductory part on cybersecurity research in EVSE 

charging systems, the remainder of this paper is organized into 

four main sections that together provide a comprehensive 

review of the literature. The first section presents a brief 

overview of vulnerabilities in EVSE. The second and third 

sections examine, respectively, the impacts of cyberattacks on 

EVSE cybersecurity and emerging cyber threats targeting 

EVSE infrastructure. The fourth section focuses on the 

classification of EVSE cyberattacks and corresponding defence 

mechanisms. An additional section is devoted to the discussion 

and critical analysis of related work. Finally, the paper 

concludes with a summary of findings and outlines directions 

for future research. 

II.   CYBERSECURITY IN EVSE CHARGING SYSTEMS 

The EVSE communication structure can be grouped into three 

main components: EV, EVSE, and CSMS. To assess and 

understand cybersecurity weaknesses and vulnerabilities in 

EVSE systems, the interactions between EV, EVSE, and CSMS 

must be considered. Figure 1 presents a high-level 

representation of the EVSE communication architecture, 

distinguishing between frontend communication governed by 

ISO 15118 and other communication paths. 

 
Fig. 1 Representation of EVSE Communication Structure    

As shown in the figure, communication between the EV and 

EVSE is bidirectional. One direction includes authentication, 

billing, and related procedures, while the other covers session 

management, power delivery control, and other operational 

functions. The EVSE communicates with the CSMS to enable 

centralized management, payment processing, and additional 

functionalities such as grid integration and firmware updates. 

Security risks may occur at any communication layer and can 

affect one or multiple functionalities. The severity of the impact 

depends on factors such as the type of attack and the success of 

the attack. 

Studies reported in [6] and [11] indicate that, at the EV layer, 

PnC mechanisms, certificate management processes, and real-

time data exchange can be compromised through HomePlug 

Green PHY eavesdropping, broken-wire PLC disruption, and 

certificate or session manipulation arising from weaknesses in 

ISO 15118 implementations. In addition, the authors in [12] 

explain that attackers can falsify SoC values and induce denial-

of-charging or unsafe charging conditions by manipulating EV-

EVSE messages.  

Existing research on EV charging cybersecurity provides 

valuable but fragmented contributions, as summarized in [1]. 

Early work in [2] and [5] investigates authentication and 

certificate-handling mechanisms within ISO 15118, identifying 

weaknesses in TLS configuration and certificate validation; 

however, these studies stop short of implementing a complete 

TLS 1.3 security stack. Complementary analyses in [4] 

examine vulnerabilities in certificate-based communication, 

highlighting risks associated with improper key storage and 

insufficient cryptographic enforcement. Broader threat-

modelling efforts (e.g., [5], [6], [7], and [8]) map attack vectors 

across EV-EVSE communication channels, revealing threats 

such as spoofing, replay attacks, and supply-chain exploitation. 

Nevertheless, these works primarily characterize attack 

surfaces without proposing deployable countermeasures 

aligned with ISO 15118-20 [9], [24].  

Further analyses in [10] and [13] clarify the operational and PKI 

requirements for PnC but remain largely conceptual, lacking 

experimentally validated protocol implementations. Research 

addressing backend security, including [11], [12], and [13], 

demonstrates that OCPP channels introduce significant risks 

due to weak authentication flows, insufficient message integrity 

verification, and vulnerable firmware-update mechanisms. 

However, these studies consider backend communication 

largely in isolation from frontend security protocols.  

Hardware-based security approaches, such as those presented 

in [6], propose Trust EV and HSM-based key protection 

mechanisms, yet their effectiveness is not evaluated under the 

mandatory mutual TLS requirements introduced in ISO 15118-

20. Finally, intelligent security approaches explored in [15] 

investigate machine-learning-based intrusion detection for 

vehicular networks, offering promise for EVCS anomaly 

detection, but without direct consideration of ISO 15118 

message sequencing or TLS handshake behaviour.  

Table 1 consolidates and synthesizes key contributions from the 

existing literature on EVCS cybersecurity while highlighting 

persistent gaps that motivate this research. Rather than 

providing a detailed comparison of individual studies, the table 

groups prior work according to core security themes, including 

transport-layer protection, authentication mechanisms, protocol 

vulnerabilities, PnC architectures, backend communication 

security, and data-driven detection approaches. This thematic 

aggregation enables clearer identification of structural 

limitations across the field. 

Table 1. Selected Literature on TLS with Protocols 

REF. KEY ACHIEVEMENTS IDENTIFIED GAPS / 

IMPROVEMENT AREAS 

[2], [4], 

[6], [19], 

[20] 

Definition of TLS-based security 

requirements; validation of 

certificates; analysis of TLS 

handshake, authentication, and 

encryption mechanisms; recognition 

of mutually authenticated TLS as a 

critical security enhancement 

Limited analysis of certificate 

lifecycle management, 

deployment challenges, and 

cyber-physical impact of TLS 

failures on charging outcomes 

[5], [3] Implementation and validation of 

authentication mechanisms, 

including user and process 

authentication; exploration of 

behavioural biometrics as a second 

authentication factor 

Lack of integration between 

authentication events and 

physical charging 

performance metrics 

[6], [18], 

[24] 

Identification of protocol-centric 

vulnerabilities in ISO 15118-2 

communication between EV and 

Absence of analysis for ISO 

15118-20 upgrades and 

limited evaluation of 
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EVSE due to weak or absent 

encryption 

mitigation effectiveness using 

modern TLS configurations 

[10], 

[14], 

[17], 

[21] 

Analysis of Plug-and-Charge (PnC) 

ecosystem requirements; PKI 

architectures; trusted platform 

modules for secure storage of 

cryptographic material; V2G 

functional and security requirements 

Insufficient evaluation of PnC 

security under active 

cyberattack scenarios and 

limited linkage to operational 

charging reliability 

[8], [13], 

[12], 

[15], [7] 

Comprehensive threat and 

vulnerability analyses of EV 

charging communication protocols; 

identification of cyberattack vectors 

affecting EV, EVSE, and charging 

infrastructure 

Predominantly qualitative 

assessments without causal or 

quantitative linkage to energy 

delivery or battery State of 

Charge degradation 

[11], 

[25] 

System-of-systems and layered 

security approaches for isolating 

threats across communication layers; 

distributed infrastructure protection 

strategies 

Limited integration of layered 

threat isolation with protocol-

level security state transitions 

and charging dynamics 

[12], 

[19], 

[28], 

[27] 

Security analysis of OCPP-based 

communication between EVSE and 

CPOs; identification of 

vulnerabilities in OCPP profiles; 

compatibility and security profile 

verification 

Backend security weaknesses 

insufficiently linked to 

frontend charging impacts; 

lack of end-to-end EV–

EVSE–CSMS evaluation 

[22], 

[23] 

Machine learning applications to 

improve communication quality and 

enable intelligent, adaptive secure 

communication 

Limited validation in safety-

critical EV charging contexts 

and weak coupling to protocol 

standards and physical 

charging effects 

Overall, the literature summarized in Table 1 demonstrates 

substantial progress in defining cryptographic requirements, 

analysing protocol vulnerabilities, and proposing layered 

security architectures for EV charging systems. However, most 

existing studies remain protocol-centric or largely qualitative, 

with limited investigation into how cybersecurity failures 

propagate into physical charging behaviour. Persistent gaps 

remain in certificate lifecycle management, systematic 

evaluation of the security enhancements introduced by ISO 

15118-20, analysis of backend-to-frontend attack propagation, 

and understanding the causal relationship between 

communication-layer disruptions and charging outcomes.  

From a cybersecurity perspective, as discussed in [14], the 

frontend layer involves the EV performing critical functions 

such as PnC authentication, EVSE discovery, billing data 

exchange, real-time session authorization, and V2G 

communication. These functions have been shown to be 

vulnerable to spoofing, session hijacking, and data 

manipulation when TLS is absent, optional, or misconfigured 

(e.g., [1], [18], [5], [19], [20]). Furthermore, work in [5] 

demonstrates that the EVSE acts as a central orchestration 

point, responsible for power delivery control, certificate 

validation, monitoring, and other security-critical operations, 

often supported by hardware anchors such as HSMs. These 

hardware-based mechanisms play a key role in protecting 

cryptographic material and enforcing PKI trust chains, as 

emphasized in recent studies on secure PnC and EV charging 

security architectures.  

On the backend, the CSMS performs high-value operations 

including payment processing, user authentication, analytics, 

grid integration, and firmware updates. Studies such as [16] and 

[21] identify the CSMS as a prominent attack surface, where 

successful compromises can result in financial fraud, privacy 

violations, remote shutdown of charging fleets, and 

manipulation of grid-connected charging loads [22], [8].  

The bidirectional communication flows illustrated in the figure 

reflect the continuous exchange of operational and billing data 

across EV, EVSE, and CSMS components. Consistent with 

prior findings, these communication paths can be exploited by 

adversaries to induce functional disruptions, financial and 

privacy compromises, safety hazards, and even large-scale 

power system instability [17], [23].  

By situating these communication flows within a unified 

architectural view, the figure emphasizes that EV charging 

cybersecurity cannot be addressed at a single layer. Instead, 

effective protection requires coordinated, end-to-end security 

controls, including mandatory TLS, robust certificate lifecycle 

governance, secure firmware update mechanisms, and anomaly 

detection across EV, EVSE, and CSMS components. This 

perspective aligns with recent studies on cyber-physical risks in 

EV charging infrastructure and ongoing standards evolution 

discussed in [5], [24], [25], and [19]. 

III.   VULNERABILITIES IN EVSE 

More recent studies (e.g., [9], [28], [26]) extend earlier findings 

by examining EVSE security from a system-level perspective, 

demonstrating that vulnerabilities span hardware components, 

communication protocols, and cloud-connected services. In 

particular, [29] reinforces concerns regarding the persistence of 

insecure ISO 15118 deployments and the slow adoption of 

comprehensive TLS protections.  

Building on this, [21] presents a detailed empirical assessment 

of EVSE attack surfaces, identifying exploitable weaknesses 

across multiple interfaces, including EV connectors, user 

authentication terminals, OCPP-based backend services, and 

maintenance ports. Rather than introducing new attack classes, 

these results highlight how existing weaknesses manifest 

simultaneously across interconnected EVSE subsystems.  

Experimental evidence reported in [11] [13], [15] and [16] 

demonstrates how such weaknesses can be exploited in practice 

through communication-layer interception, PLC disruption, 

insecure web interfaces, and backend compromise, while [20] 

further documents firmware-level attacks that enable persistent 

adversarial control. Collectively, these studies indicate that 

EVSE security failures are rarely isolated and instead propagate 

across functional boundaries due to insufficient isolation and 

inconsistent security enforcement.  

Importantly, recent analyses such as [27] and [28] move beyond 

vulnerability identification to emphasize operational 

consequences, showing that EVSE compromises can escalate 

into denial-of-charging events, falsified metering, malware 

dissemination, and coordinated manipulation of charging loads. 

These observations reinforce the need for standardized, end-to-

end security controls rather than incremental or component-

specific defences.  

Consequently, the literature increasingly converges on the 

necessity of enforceable security baselines particularly 

mandatory TLS, coherent certificate lifecycle governance, and 

secure update mechanisms providing clear motivation for 

evaluating the security guarantees introduced by ISO 15118-20 

and their effectiveness against emerging cyber–physical threats 

in EV charging ecosystems. 
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IV.   IMPACTS OF ATTACK ON EVSE CYBERSECURITY 

Cybersecurity vulnerabilities in EVSE can give rise to 

significant functional, financial, safety, and grid-level impacts, 

underscoring the critical importance of robust protection 

mechanisms across the EV charging ecosystem. At the 

functional level, successful cyberattacks may disrupt the 

availability of individual charging units, entire EVSE fleets, or 

vendor-managed infrastructures, thereby threatening service 

continuity as electric mobility expands into safety-critical 

domains such as emergency response, healthcare, agriculture, 

and industrial operations. For example, work in [32] 

demonstrates that malicious remote firmware updates can be 

leveraged to render charging networks inoperable. 

Manipulation of communication between the EV and EVSE 

further exacerbates these operational risks.  

Multiple studies [33], [34] report that falsification of SoC 

information can result in denial-of-charging events, vehicle 

stranding, and broader disruptions to transportation systems. 

Moreover, inaccurate SoC reporting may impose excessive 

stress on battery management systems and increase the 

likelihood of unsafe charging behaviour in the absence of 

effective fail-safe controls [34]. Beyond operational impacts, 

unauthorized access to EVSE and backend systems introduces 

substantial financial and privacy risks. Prior work in [35] 

identifies threats including the exfiltration of personally 

identifiable information, manipulation of billing processes, and 

compromise of payment credentials. Independent security 

assessments in [36],[37] further indicate that inadequately 

secured EVSE deployments can serve as entry points into 

corporate networks, enabling espionage activities and large-

scale data breaches.  

Safety-related consequences arise when protective mechanisms 

within the EV or EVSE are degraded or circumvented. While 

experiments reported in [34] indicate that internal vehicle 

protection systems successfully prevented overcharging during 

a DC fast charger exploitation scenario, compromised 

communication channels or disabled safety interlocks could 

undermine these safeguards. Additionally, [38] highlights that 

CHAdeMO-based charging systems may permit adversarial 

manipulation of battery operating parameters if IEC 61851 

CAN-bus messages are insufficiently validated or filtered.  

Emerging charging technologies introduce further safety 

considerations. High-power liquid-cooled charging cables and 

wireless power transfer systems, for instance, raise concerns 

related to electromagnetic interference, including potential 

impacts on nearby medical devices, as documented in [38]. At 

the grid level, malicious manipulation of EVSE loads poses 

systemic risks to power system stability. Experimental 

investigations in [33] show that attacks targeting EVSE power 

electronics can induce total harmonic distortion exceeding 

20%, reduce power factor below 0.8, and cause abrupt power 

reductions from 50 kW to 0.3 kW within 0.020 seconds.  

Coordinated charging attacks further amplify these risks. 

Studies in [40] and [41] demonstrate that synchronized 

malicious charging behaviour can violate voltage constraints, 

overload network assets, and disrupt economic dispatch 

processes. At scale, such attacks may trigger under-frequency 

load shedding events, while [42] suggests that increasing EV 

penetration could enable adversary-controlled bulk frequency 

modulation.  

EVSE cybersecurity vulnerabilities have the potential to 

escalate from localized disruptions to widespread functional, 

safety, financial, and grid-level consequences. These findings 

emphasize the necessity of comprehensive, end-to-end 

cybersecurity strategies to mitigate cascading failures and 

protect both transportation and power system infrastructures. 

V.   EMERGING CYBER THREAT IN EVSE INFRASTRUCTURE 

Recent literature (e.g., [17], [28], [30],[31]) highlights a rapid 

increase in cyberattacks targeting critical infrastructure, 

emphasizing the growing need for coordinated cybersecurity 

strategies and incident-response frameworks at a global level. 

Within the EV ecosystem, these threats increasingly affect 

charging infrastructure and its control backbones, where 

disruption of communication flows can interfere with OCPP 

sessions and ISO 15118 authentication processes. Advanced 

persistent threats have been identified as a major concern, as 

attackers may infiltrate CSMS environments to compromise 

authentication credentials, extract sensitive operational data, or 

manipulate coordinated charging behaviour [43].  

Comparable ransomware incidents in other critical sectors, 

such as healthcare systems [44], illustrate how similar attack 

strategies could be applied to EV charging networks. In such 

scenarios, adversaries could encrypt charging management 

servers, rendering billing systems, session records, and 

operational dashboards unavailable to EVSE operators. In 

parallel, the increasing use of distributed denial-of-service (also 

known as DDoS) attacks based on IoT botnets [45] 

demonstrates the feasibility of large-scale traffic flooding 

against EV charging infrastructures. These attacks could 

overwhelm OCPP communication channels, disrupt 

authorization services, and cause widespread service outages.  

Insights from cybersecurity research on SCADA systems [46] 

provide further relevant parallels, particularly for EVSE–grid 

coordination. Manipulation of telemetry data or control signals 

in these environments has been shown to destabilize load 

management functions, raising concerns that similar attack 

techniques could affect EV charging systems governed by 

power-system security standards such as IEC 62351-7:2017.  

Beyond technical attack vectors, broader cybercrime trends 

introduce additional governance and policy challenges for EV 

charging ecosystems. Studies on financial cybercrime [47], 

persistent social-engineering campaigns [48], and inconsistent 

regulatory enforcement across jurisdictions [49] reveal 

structural weaknesses in consumer protection, payment 

security, and identity management within charging services. 

Research on the behavioural drivers of cybercriminal activity 

[50], together with documented denial-of-service attacks on 

public and financial institutions [51]-[53], further illustrates the 

growing use of service disruption as a strategic objective.  

In the context of EV charging networks, such large-scale and 

coordinated attacks could degrade authentication services, 

disrupt CSMS operations, and impair backend billing 

platforms, ultimately undermining service reliability and public 

trust. These developments reinforce the need for harmonized 

cybersecurity standards, mandatory resilience requirements, 

and coordinated incident-response mechanisms to support the 

secure and dependable deployment of electric mobility 

infrastructure. 

VI.   EVSE CYBERATTACKS AND DEFENCES 

This work is further extended to address both cyberattacks and 

corresponding defence mechanisms in EVCS. To provide a 

general overview, Table 2 summarizes common cyberattack 

types relevant to EVCS, including denial-of-service, replay 

attacks, phishing, jamming, GPS spoofing, SQL injection, man-

in-the-middle attacks, and electromagnetic interference.  



45 45 ENP Engineering Science Journal, Vol. 6, No. 1, June, 2026 

 

Table 2. Expanded EVCS Cyberattack Types 

Attack Type Brief Description 
Potential Impact on 

EV/EVCS 
Ref 

Denial-of-

Service 

(DoS) 

Overloads the charging 

system or backend servers 

with excessive requests, 

causing service outages. 

Blocks access to charging 

stations, prevents 

charging, disrupts fleet 

operations. 

 [12, 

20, 

29]   

Replay 

Attack 

Captures legitimate 

communication messages 

and replays them to trick 

EV or EVSE. 

EV may accept 

unauthorized commands 

or false authentication 

messages. 

 [11, 

30] 

Side-Channel 

Attack 
Uses power consumption, 

EM emissions, or timing 

leaks to infer private keys. 

Extraction of 

cryptographic keys used 

in ISO 15118 or OCPP 

security. 

 [30, 

31] 

Phishing 

Attack 

Tricks users into revealing 

sensitive data or installing 

malware. 

EV owners download 

malicious apps, firmware, 

or login credentials are 

stolen. 

 [20, 

32] 

Jamming 

Attack 

Introduces radio 

interference to disrupt 

wireless communication 

channels. 

Loss of connectivity in 

Wi-Fi, Bluetooth, PLC or 

wireless charging 

communication. 

 [16, 

33] 

GPS 

Spoofing 

Sends falsified GPS 

signals to mislead 

navigation or location-

dependent charging 

functions. 

Misroutes EVs, affects 

smart-charging schedules, 

causes safety risks. 

 [31, 

34] 

Man-in-the-

Middle 

(MitM) 

Intercepts and manipulates 

communication between 

EV and EVSE. 

Data theft, session 

hijacking, injection of 

harmful commands. 

 [11, 

12, 

35] 

Buffer 

Overflow 

Sends more data than a 

system can handle, 

triggering crashes or 

malicious code execution. 

EVSE shutdown, 

firmware compromise, 

remote code execution. 

 [12, 

35] 

SQL 

Injection 

Inserts malicious 

commands into backend 

database queries. 

Tampering with billing 

data, authentication logs, 

or firmware configuration. 

 [12, 

19] 

As summarized in Table 2, cyberattacks on EVCS can affect 

confidentiality, integrity, availability, and safety across both 

EV and EVSE environments. The classification highlights a 

wide range of attack vectors, including protocol-level 

manipulation, backend exploitation, and human-focused 

attacks. This diversity of threats demonstrates that isolated or 

single-layer defences are insufficient and reinforces the need 

for comprehensive security strategies, as noted in [28] and [54].  

Recent studies (e.g., [17], [10], [36], [56]) show that 

cyberattacks targeting EVCS are becoming increasingly 

sophisticated and have broader system-level consequences. 

Security analyses of CSMS platforms and OCPP-based 

backend systems reveal that attackers commonly exploit 

protocol weaknesses, inadequate authentication mechanisms, 

and insecure application programming interfaces. These 

vulnerabilities enable attacks such as data theft, billing 

manipulation, remote disabling of chargers, and large-scale 

service disruption.  

Beyond backend systems, research in cyber-physical power 

systems indicates that compromised charging behaviour can 

propagate beyond individual charging stations. Studies in [37], 

[37], [39], and [41] demonstrate that coordinated load-altering 

attacks such as botnet-driven manipulation of charging 

behaviour and false data injection in EV-grid communication 

can destabilize distribution networks, disrupt voltage and 

frequency regulation, and reduce overall system reliability. 

These effects are further amplified under conditions of high 

vehicle-to-grid penetration.  

One may conclude that cybersecurity risks in EVCS are 

inherently multi-layered, spanning physical infrastructure, 

communication protocols, and cloud-connected backend 

services. This leads to the consideration and the implementation 

of effective protection that may require coordinated and 

systematically applied security controls across all architectural 

layers, mainly to prevent cascading failures and mitigate 

operational, safety, and grid-level impacts. 

In response to these challenges, several mitigation approaches 

are currently under investigation. Among them, the 

implementation of TLS is widely considered an effective means 

of reducing the risk of cyberattacks on EVCS communications. 

Figure 2 illustrates the role of TLS within the overall EVSE 

communication architecture. Specifically, the figure presents 

the end-to-end communication workflow of an EVCS, 

highlighting the interactions between the EV, the CS, and the 

CSMS under the ISO 15118 and OCPP standards. 

 
Fig. 2:  End-to-End TLS-Secured Message Exchange Between EV, EVSE, and 

CSMS. 

As can be seen in this figure, the end-to-end communication 

workflow among the EV, EVSE, and CSMS, depicting the 

structured exchange of messages throughout a charging 

session. The figure outlines key operational phases, including 

certificate-based authentication, secure session establishment, 

real-time control signalling, metering, billing, status reporting, 

and firmware updates, thereby contextualizing previously 

identified threat surfaces within a unified system architecture. 

It further demonstrates how the combined use of TLS 1.3 with 

ISO 15118 and OCPP provides security coverage across both 

frontend and backend communication paths. The mandatory 

mutual authentication and enhanced certificate management 

mechanisms introduced in ISO 15118-20 strengthen early 

authentication and session establishment stages that have been 

shown to be vulnerable to replay, impersonation, and man-in-

the-middle attacks, while the encrypted and structured message 

exchanges defined in OCPP 2.0.1 mitigate backend threats such 

as unauthorized control commands, manipulation of metering 

data, and unauthorized access to billing or operational 

information. By presenting TLS as a common security layer 

spanning both protocol domains, the figure provides a 

systematic basis for evaluating how recent standard 

developments reduce attack surfaces and improve end-to-end 

security in EV charging infrastructures. 

VII.   ANALYSES AND DISCUSSION 

The findings presented in this study confirm that cybersecurity 

in EVCS remains a critical and largely unresolved challenge, 

driven by fragmented protocol adoption, inconsistent 

enforcement of security controls, and the increasing 

sophistication of adversarial capabilities. As noted in the 

Introduction, the persistent lack of TLS deployment reported in 

more than 80% of operational charging stations continues to 

expose ISO 15118-2 and OCPP-based communication channels 

to attacks that compromise the confidentiality, integrity, and 

availability of charging services. This concern is consistently 

reinforced across the literature (e.g., [1]-[28]), which 

documents vulnerabilities in ISO 15118 message flows, 

misconfigured PKI infrastructures, optional or outdated 

encryption mechanisms, and weak backend authentication 

practices that collectively undermine the security posture of 

contemporary EVCS deployments.  
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A recurring limitation identified in prior work (e.g., [2], [9]-[6]) 

is the architectural fragmentation between frontend and 

backend security analyses. Frontend-focused studies primarily 

investigate vulnerabilities in EV–EVSE communication, such 

as spoofing, replay attacks, session manipulation, and PLC 

interception within ISO 15118, but often neglect dependencies 

on backend systems. Conversely, backend-oriented research 

(e.g., [8], [12], [10]) emphasizes exploitable APIs, weak 

authentication flows, insecure firmware update mechanisms, 

and SQL injection vulnerabilities within CSMS platforms, 

typically without integrating frontend protocol security 

considerations. This separation reveals a significant research 

gap, as limited work evaluates how ISO 15118-20’s mandatory 

TLS 1.3 interacts with OCPP 2.0.1 security mechanisms within 

a complete, end-to-end charging workflow.  

This gap is particularly consequential given that adversaries 

frequently exploit cross-layer dependencies. As shown in [19] 

and [20], compromised EVSE firmware or man-in-the-middle 

positioning can facilitate escalation into backend systems, 

while backend breaches can enable manipulation of 

authorization, billing, or power-delivery parameters across 

entire charging fleets. Beyond technical vulnerabilities, the 

literature clearly demonstrates the cyber-physical consequences 

of EVCS attacks. Studies in [24]-[29] show that EVSE 

compromise can disable individual chargers or entire fleets, 

falsify SoC values, propagate malware through firmware 

updates, and disrupt critical services reliant on EV mobility. 

These findings substantiate earlier concerns that insecure ISO 

15118-2 and OCPP deployments may enable denial-of-

charging events, unsafe charging conditions, inaccurate billing, 

and widespread service outages, alongside substantial financial 

and privacy risks.  

Real-world assessments, including those reported in [37], 

further demonstrate that insecure EVSE deployments can act as 

entry points into corporate networks, enabling advanced 

intrusions and large-scale data breaches. At the grid level, 

studies in [29]-[34] indicate that cyberattacks targeting 

charging infrastructure can propagate beyond individual 

devices, threatening both distribution and transmission system 

stability. Compromised EVSE behaviour (e.g., coordinated 

load drops, rapid power transitions, falsified metering, and 

manipulated V2G dispatch) has been shown to induce voltage 

instability, overload network assets, disrupt generator 

scheduling, and trigger under-frequency load shedding events. 

These observations, reinforced by [51] and [52], highlight that 

EVCS cybersecurity risks are intrinsically linked to broader 

power system resilience, particularly under conditions of 

increasing EV penetration and expanded V2G participation.  

The diversity of attack vectors summarized in Table 2 (e.g., [1], 

[18], [22], [43] [53][54][55]), ranging from conventional IT 

threats such as SQL injection and buffer overflows to cyber-

physical attacks including GPS spoofing, PLC jamming, and 

electromagnetic interference, further illustrates the hybrid 

threat landscape facing EV charging systems. As emphasized 

in [28] and [44], the coexistence of these threat classes 

necessitates defence strategies capable of providing 

simultaneous protection across hardware, software, 

communication layers, and human–machine interfaces. Recent 

studies also indicate that these attacks are becoming 

increasingly automated, scalable, and adaptive, underscoring 

the importance of proactive detection mechanisms, secure 

firmware governance, rigorous PKI lifecycle management, and 

enhanced operational awareness among EVSE operators.  

Finally, the layered architecture illustrated in Figure 1 

reinforces these insights by highlighting the tight 

interdependencies among EVs, EVSE, and CSMS components. 

Vulnerabilities at any layer—such as misconfigured TLS at the 

EV, inadequate certificate validation at the EVSE, or insecure 

APIs within the CSMS—can be leveraged to compromise the 

integrity of the entire charging workflow. In this context, the 

role of hardware security modules at charging stations, as 

discussed in [19] and [37], is increasingly critical for protecting 

cryptographic keys and enforcing secure Plug-and-Charge trust 

chains. Similarly, the backend remains a high-value target due 

to its responsibility for authentication, billing, grid integration, 

analytics, and firmware management, as highlighted in [37] and 

[39]. Taken together, the findings of this work indicate that the 

security of electric vehicle charging ecosystems depends on the 

coherent and systematic enforcement of end-to-end safeguards. 

These safeguards include mandatory TLS 1.3, comprehensive 

certificate lifecycle governance, tightly controlled firmware 

management practices, and continuous anomaly monitoring, 

applied consistently across EV, EVSE, and CSMS components 

in alignment with evolving cybersecurity standards [39]–[42]. 

VIII. CONCLUSION 

The work has shown that electric vehicle charging systems 

remain exposed to cyber-physical risks due to fragmented 

protocol adoption and inconsistent security implementation in 

legacy ISO 15118-2 among other factors such as OCPP 

deployments. The review demonstrates that ISO 15118-20 can 

provide substantial security improvements through mandatory 

mutually authenticated TLS 1.3 and strengthened public key 

infrastructure requirements, enabling effective mitigation of 

replay, impersonation, and man-in-the-middle exploitation 

attacks when deployed end-to-end. The findings further 

confirm that electric vehicle charging systems security is 

inherently cyber-physical, with communication failures 

capable of escalating from local charging disruption to wider 

system impacts. Secure electric mobility therefore requires 

more advanced techniques such as coordinated, system-wide 

protection across communication protocols, cryptographic key 

management, firmware integrity, and backend services.  

 

Among many other work, incorporating quantitative cyber-risk 

assessment approaches, such as probabilistic attack modelling, 

can help with evaluating the likelihood and impact of attacks 

on EV charging infrastructure and support more effective 

mitigation planning. 
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Abstract−This paper discusses the problem of addressing critical technologies through tech diplomacy. The latter has 

recently emerged as a strategic response to manage the geopolitical consequences that are induced by rivalry over the 

control of critical technologies. Despite the growing importance of these technologies in global politics, the relationship 

between technological competition and diplomatic governance remains insufficiently conceptualized. The existing 

research often lacks an integrated framework connecting critical technologies to geopolitical competition, diplomatic 

mechanisms, and global governance. Moreover, most analyses focus on state competition while the influence of private 

technology multinationals remains underexplored despite their major global role. To address this gap, we propose a 

comprehensive Tech Diplomacy Framework (TDF) which addresses the diplomatic dynamics in international relations 

that these technologies generate. The framework is subsequently applied to Low Earth Orbit satellite internet as an 

illustrative critical technology to validate the proposed framework and its applicability to the whole range of critical 

technologies. 

Keywords−tech diplomacy, critical technology, tech diplomacy framework, private tech firms, satellite internet. 

 

I. INTRODUCTION 

 Technology has long been an important source of power, and a 

country’s technological capabilities are widely understood to 

influence its economic competitiveness, political influence, and 

military strength. Historically, technological development was 

in many cases closely associated with the state. Major 

technological advances, including nuclear energy, aerospace 

systems, telecommunications, navigation technologies, and 

early computing, were often directly developed or substantially 

supported through public funding. These technologies supported 

a range of objectives including territorial governance, defence 

capabilities, administrative capacity, and economic 

development. While private firms also contributed, the state 

generally played a central role in setting technological priorities 

and providing strategic direction. Over time, particularly toward 

the end of the 20th century, globalization and the emergence of 

the internet contributed to a gradual transformation of the 

innovation system in many countries. Governments increasingly 

shifted away from direct technology development and moved 

toward supporting market-driven innovation and public–private 

partnerships [1], [2]. 

In the 21st century, technologies such as artificial intelligence 

(AI), semiconductors, cloud and quantum computing, 

biotechnology, nanotechnology, satellite communications, and 

robotics are reshaping every domain of human life and affecting 

economic structures, geopolitical dynamics, and social systems. 

Advanced technologies now underpin military readiness, 

intelligence capabilities, and economic resilience. Yet, unlike 

earlier strategic technologies, they are overwhelmingly 

developed and owned by private multinational firms operating 

in global markets [3]. While states continue to define national 

priorities, they increasingly depend on privately controlled 

technologies to implement them.  Consequently, private tech 

firms have become influential non-state actors in global affairs; 

and states face a reconfiguration of authority and must negotiate 

and partner with private firms that control critical capabilities. 

This reality creates new dependencies, redistributes power, and 

compels states to develop new governance strategies [4]. 

In this context, diplomacy becomes a tool not only for 

managing interstate relations but also for engaging the private 

technology industry in the interest of national security. This 

situation induces a shift from traditional diplomacy, focused on 

treaties and state-to-state negotiations, to a new paradigm 

capable of addressing fast-moving, technically complex, and 

privately driven innovation ecosystems.  This transformation 

has given rise to new diplomatic practices aimed at coordinating 

standards, managing technological competition, and fostering 

cooperation across states, private entities, and international 

bodies to secure access to critical technologies and shape norms 

as well as mitigate vulnerabilities. This emerging field, often 

referred to as technology diplomacy, has become a key 

mechanism through which states seek to influence the 

development, diffusion, and governance of critical technologies. 

Despite the growing importance of technology diplomacy, the 

relationship between technological competition and diplomatic 

governance remains insufficiently conceptualized. The existing 

research often lacks an integrated framework connecting critical 

technologies to geopolitical competition, diplomatic 

mechanisms, and global governance. Most analyses focus on 

state competition (such as US-China rivalry) while the influence 

of private technology firms remains underexplored, despite their 

major role in sectors like AI, semiconductors, space 

telecommunications, and digital infrastructure. 

This paper proposes a comprehensive framework for addressing 

critical technology through tech diplomacy. It first starts by 

defining the concepts of critical technologies and tech 

diplomacy. Then the proposed Tech Diplomacy Framework 

(TDF) is described. As an example of application, the proposed 
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framework is applied to Low Earth Orbit (LEO) satellite 

internet which is viewed not as “just space” or “just telecoms” 

nor as “just internet governance”, but as a geopolitical 

infrastructure that requires dedicated diplomatic capacity. 

II. CONCEPTS AND DEFINITIONS 

In this section, we briefly provide the concepts and definitions 

of critical technologies and Tech Diplomacy. 

A. Critical Technologies 

A practical approach to comprehend the term “Critical 

Technologies” (CTs) is to refer to countries' national strategy 

policies [5]. They are commonly described as advanced 

technologies that are most significant to achieving national 

security and are generally termed in ways related to sovereignty 

and prosperity’s are not simply economic assets but strategic 

resources that are essential for national capabilities and whose 

control or disruption could significantly affect national interests. 

Typically, countries define their CTs on the ground of [6]: 

• Importance to national security and defense: agencies 

responsible for defense and intelligence provide input on 

technologies that need to be protected from foreign threats 

like espionage, intellectual property theft, and sabotage in 

key sectors such as energy, communications, finance, and 

defense; 

• Impact on economic and industrial competitiveness: 

governments assess which technologies are vital for 

maintaining and enhancing their country’s economic 

position. This includes evaluating sectors that contribute to 

Gross Domestic Product (GDP) growth, job creation, and 

global competitiveness; 

• Supply chain resilience: countries consider vulnerability in 

their supply chains. If technology is reliant on foreign 

suppliers, especially those from adversarial nations, it is 

more likely to be considered critical; 

• Global trends and geopolitical considerations: the CTs’ lists 

are constantly updated in response to new threats, 

technological advancements, and geopolitical changes. In an 

era of U.S-China competition, many countries reassess 

technologies such as AI, advanced semiconductors, and 

biotechnology to ensure their independence from foreign 

powers.  

CTs often involve cross-border supply chains, international 

standards, and technology alliances. Countries may impose 

export controls, investment restrictions, or data protection laws. 

Therefore, CTs’ governance extends beyond domestic policy 

and enters the realm of diplomacy.  

B. Tech Diplomacy 

Tech Diplomacy emerged in the 21st century digital era, driven 

by the geopolitical influence of CTs, technology firms, and 

digital infrastructures. Its core purpose is to manage 

technological power relations between states, corporations, and 

international institutions to shape technology norms and 

governance. The primary actors include nation-states, private 

sector technology companies, norms and standards-setting 

bodies, multi-stakeholder coalitions (such as the UN Tech 

Envoy and the Global Partnership on AI), academia, and civil 

society. Its institutional model is based on networked diplomatic 

architecture operating across states and the private sector. Its 

main diplomatic logic is based on the recognition that 

technology embodies geopolitical, ethical, and economic power. 

Tech diplomacy promotes influence through technological 

standards, data sovereignty, and leadership in digital 

governance. Its primary arenas are tech hubs (e.g. Silicon 

Valley (USA), Shenzhen (China), and Bengaluru (India)); 

digital summits (e.g., GovTech andIndia-AI Impact), and 

corporate-state negotiation spaces. Its temporal orientation 

concerns rapid adaptation to technological disruption, 

innovation cycles, and global crises. The underlying Philosophy 

under tech diplomacy is “Technology for governance and power 

balance.” In summary, we define tech diplomacy as:  

“A technology oriented statecraftto engage 

governments, international bodies, civil society, andtech 

industry –spanning the full range of technologies- in 

order to proactively shape norms, governance and 

power relations in pursuit of national interests and 

technological sovereignty.” 

A distinctive feature of tech diplomacy is the centrality of 

private technology firms as strategic actors. As today's critical 

capabilities are predominantly owned, developed, and operated 

by private corporations, these firms exercise significant 

autonomy in shaping technological trajectories, setting industry 

standards, controlling chokepoints in global supply chains, and 

making deployment decisions with direct geopolitical 

consequences [7]. This reconfiguration raises fundamental 

questions about the distribution of sovereignty in the 

international order [3] and requires states to develop diplomatic 

capacities oriented towards corporations that increasingly 

function as quasi-sovereign actors in the global technology 

order [8]. Tech diplomacy must therefore engage private firms 

not simply as regulated entities or procurement partners, but as 

actors whose decisions (on where to deploy infrastructure, 

which governments to serve, which standards to adopt, and how 

to respond to state coercion) constitute acts of political 

consequence. 

C. Related Work and Research Gap 

The scholarly literature on technology and international 

relations has grown substantially, however it remains 

fragmented across three largely parallel streams: power and 

statecraft theory [7], [9], interdependence and economic 

coercion [4], and multi-stakeholder governance [10] [11]. 

Taken together, these streams illuminate different facets of the 

technology-diplomacy nexus: power dynamics, structural 

dependencies, and governance contestation. However, no 

existing framework integrates these dimensions into a coherent, 

actionable architecture applicable across different critical 

technology domains. Moreover, private technology firms, 

despite their central role in shaping the development, 

deployment, and governance of critical technologies, remain 

largely peripheral in both the statecraft and governance 

literatures. The Tech Diplomacy Framework proposed in 

Section III aims to fill this gap by offering an integrated, layered 

model that connects strategic framing, supply chain politics, 

governance norm-setting, and security management, while 

explicitly accounting for the growing agency of private sector 

actors. 

III. PROPOSED TECH DIPLOMACY FRAMEWORK FOR ADDRESSING 

CRITICAL TECHNOLOGY 

In this section, we propose the Tech Diplomacy Framework 

(TDF), a comprehensive framework that addresses any critical 

technology through tech diplomacy. This framework 
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conceptualizes state engagement with CTs as a layered process 

that unfolds across four interdependent dimensions: strategic 

identification and framing, infrastructure and supply chain 

engagement, technical governance and standards, and security, 

crisis, and alliance management. It specifies how states should 

mobilize diplomatic tools across each dimension and offers a 

cross-domain architecture that connects material, normative, 

and strategic dimensions into a coherent whole. 

This TDF is not tied to specific sectors but instead captures 

recurring patterns through which states seek to govern, contest, 

and leverage technological power. It also stresses the role of 

private technology firms, international bodies, and civil society 

as actors that states must engage through diplomatic means. 

Finally, the proposed framework positions tech diplomacy as a 

core practice in contemporary international relations (IR) rather 

than considering it as technical adjunct to foreign policies. 

A. Strategic Identification and Framing  

The first layer identifies the technologies considered 

strategically important. Technologies are not designated as 

critical solely based on their technical characteristics; they are 

identified as such through sovereignty assessment, economic 

prioritization, and strategic foresight. Governments classify 

technologies as critical based on their perceived domestic 

impacts and strategic geopolitical relevance. 

Once specific technologies are deemed critical, policymakers 

construct narratives linking these CTs to national security and 

sovereignty, economic competitiveness, and societal resilience, 

thereby legitimizing extraordinary policy attention and 

diplomatic engagement. This framing is conveyed through 

national strategies and foreign policy.  

At this stage, tech diplomacy’s objective is to understand 

technological trends and power distribution trajectories by 

monitoring the global innovation system and assessing 

technological dependencies through technology foresight 

programs, science and technology networks, and technology 

monitoring units in foreign affairs ministries. 

B. Infrastructure and Supply-Chain Engagement 

CTs’ production often involves distributed international value 

chains that create strategic vulnerabilities in maintaining stable 

access to technology inputs. Once a technology is framed as 

critical, tech diplomacy efforts move to the material layer of 

that technology, where the production networks, logistics 

systems, physical infrastructures, and transnational supply 

chains that underpin that technology become central.  

Because most advanced technologies rely on globally 

distributed supply chains, governments must use diplomatic 

tools to secure access to components, manufacturing capacity, 

energy, raw materials, technological infrastructures and 

Intellectual Property. Typically, these resources are unevenly 

distributed, difficult to substitute in the short term, and often 

subject to changing policies; as a result, they create asymmetric 

dependencies that benefit their owners and contribute to what 

Farrell and Newman describe as infrastructure power [4]. 

In this layer, tech diplomacy often intersects with industrial 

policy and economic statecraft, reflecting the blurred boundary 

between foreign and domestic economic governance. Here, tech 

diplomacy aims to secure a resilient supply chain and sustain 

the sourcing of critical inputs (such as raw materials, 

equipment, and performing hardware). Diplomatic engagement 

targets allies and suppliers, as well as private firms that control 

chokepoints in the value chains.  

Tech diplomacy actions encompass a range of initiatives, 

including supply chain diversification policies, supply chain 

agreements, strategic partnerships, joint manufacturing 

initiatives, as well as establishing trusted technological 

partnerships, participating in the technological supply-chain by 

building regional manufacturing hubs, investing in shared 

infrastructure projects, and structuring the financial models to 

access such technologies. 

C. Technical Governance and Standards 

While standards, protocols, and design choices determine 

interoperability, scalability, security, and long-term 

technological trajectories, global technology governance 

becomes a strategic, diplomatic, and societal imperative [12]. 

Effective governance aims to align technical and political 

objectives and turn national interests into interoperable rules.  

Here, tech diplomacy operates through sustained engagement 

with international standards bodies, expert communities, 

academia, and industry consortia. States deploy diplomats, 

regulators, engineers, and corporate actors to influence agendas 

and outcomes, seeking to embed their preferred norms and 

standards into global systems. This means coordinating across 

different administrations domestically and participating in 

global technology governance initiatives, data governance 

regimes, digital trade agreements, cybersecurity rules and 

ethical frameworks for emerging technologies.  

This layer is particularly significant because technical decisions 

often precede and constrain later regulatory or political choices, 

locking advantages for early movers and indirectly shaping 

global governance. States may seek to export their regulatory 

models, resist external rules, or construct coalitions around 

shared governance approaches. 

D. Security, Crisis, and Alliance Management 

At the strategic layer, critical technologies are integrated into 

security planning and alliance strategies. Technologies are 

treated as dual-use capabilities, force multipliers, or 

vulnerabilities, leading to coordination on protection, denial, or 

joint development. Tech diplomacy here is often inward-looking 

toward trusted partners, focusing on alliance cohesion, risk 

management, and escalation control. 

This layer also highlights the growing role of private technology 

firms as strategic actors whose decisions can affect national 

security outcomes. Managing public–private interdependence 

becomes a diplomatic task, reinforcing the need for continuous 

engagement beyond formal interstate negotiations. 

The structure of the proposed technology-agnostic framework 

allows it to be applied across various domains, such as artificial 

intelligence and biotechnology to energy systems and space 

infrastructure. It offers a coherent analytical perspective for 

understanding how states seek to consolidate their position in a 

technologically driven international order, in which critical 

technologies are embedded in sovereignty, development, and 

privacy. 

 

Taken together, the four layers constitute an integrated 

diplomatic architecture rather than a sequential checklist. A 

state's position in any one-layer shapes and constrains its 

options in the others: a country that fails to frame a technology 

as strategically critical (Layer 1) will under-invest in supply 

chain diplomacy (Layer 2), arrive at governance negotiations 
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without a coherent position (Layer 3), and find itself without 

pre-negotiated arrangements when a crisis emerges (Layer 4). 

By contrast, early and thoughtful engagement across all layers 

can increase advantages. This interdependence is the 

framework's central analytical claim: tech diplomacy is most 

effective not when deployed reactively in a single dimension, 

but when pursued as a coordinated, cross-layer strategy. 

A final and cross-cutting dimension of the framework concerns 

the role of private technology firms. The TDF explicitly 

positions private firms as co-constitutive actors whose decisions 

shape outcomes across all four layers. In the strategic framing 

layer, firms co-produce the narratives and threat assessments 

that drive governmental classification decisions. In the supply 

chain layer, corporations controlling critical chokepoints 

exercise genuine bargaining leverage. In the governance layer, 

firms engage standards bodies, shape technical architectures, 

and build coalitions independently, often outpacing 

governmental processes. Finally, in the security layer, as 

Starlink's deployment during the war in Ukraine illustrates, 

private satellite operators can function as de facto strategic 

actors, making access, coverage, and prioritization decisions 

with direct military consequences that no existing interstate 

treaty governs [8]. Tech diplomacy must therefore be 

understood not only as a state-to-state or state-to-institution 

practice, but also as a triangular engagement among states, 

international bodies, and private firms whose structural power 

increasingly rivals that of sovereign actors in the global 

technology order [3], [7]. 

IV. APPLICATION: TECH DIPLOMACY APPLIED TO SPACE 

INTERNET 

In this section, we apply our proposed framework to address 

Low Earth Orbit (LEO) satellite internet through Tech 

diplomacy. 

A. Context 

As the LEO satellite ecosystem expands, governments must 

adopt a strategic, security-conscious approach to partnerships. 

Although services like LEO satellite internet offer 

transformative potential, they also raise political, economic, and 

sovereignty risks, such as surveillance and external control. To 

safeguard digital sovereignty, nations should seek balanced 

partnerships that ensures equitable, long-term collaboration. 

These objectives are carried out by tech diplomats, a new breed 

of IR practitioners. 

Addressing satellite internet means addressing the multifaceted 

legal landscape surrounding this technology [13]. Aspects like 

services and frequencies licensing (varying from one country to 

another and presenting diverse requirements for satellite internet 

providers), cross-border service provisions (involving intricate 

international laws and agreements1) and liability issues (in cases 

of satellite malfunctions or collisions for instance) call for 

robust legal frameworks and extensive international cooperation 

to address these challenges effectively [6]. Moreover, they 

underscore the necessity for constant dialogue and collaboration 

between industry players, regulatory bodies, and governments. 

Tech diplomats need to participate in developing new 

international space agreements and work on existing ones as 

well as establishing norms for good space behaviour. They 

ought to get involved in regulating access to space and ensure 

satellite internet activity does not disturb existing scientific and 

 
1Such as ITU Radio Regulations, WTO and its General Agreement on Trade in 
Services (GATS) commitments, and Bilateral and Multilateral Agreements. 

industrial activities like observing comets and meteorites. They 

are required to address data privacy and security risks, as well 

as to monitor the dual use of that technology and its 

militarization due to the growing strategic value of satellite 

internet for defence and security. 

From a technical stance, tech diplomats need to be adequately 

tooled to comprehend all the implications that result from the 

adoption of new standards. Furthermore, there is a necessity to 

address the LEO constellations’ environmental impact (such as 

light pollution and carbon footprint), the constellation protection 

and disaster recovery, the Critical Space Infrastructure 

Protection (CSIP), as well as the frequency allocation processes 

within and across countries. Tech diplomats need to create 

synergy amongst designers, investors, regulators, 

manufacturers, and operators to raise awareness on the different 

impacts [14]. 

B. TDF applied to LEO Satellite Internet 

LEO satellite internet is not “just space,” or “just telecoms,” nor 

“just internet governance”, but it is a geopolitical infrastructure 

that requires a dedicated diplomatic approach, as illustrated 

through the use of our proposed Tech Diplomacy Framework: 

Layer 1: Strategic Identification and Framing 

Based on its previously addressed challenges and geopolitical 

aspects, this layer frames LEO satellite internet as a critical 

technology and a strategic infrastructure, rather than just as a 

commercial service. Governments should position satellite 

internet as vital for national resilience, defence readiness, and 

economic sovereignty. They also need to integrate it into 

foreign, defence, and development policies while assessing the 

risks associated with reliance on foreign operators. This 

translates into:  

• Integrating LEO satellite internet into narratives about 

national security and resilience; 

• Reclassifying satellite connectivity as critical or dual-use 

infrastructure to enable governance across ministries and 

exceptional regulatory authority; 

• Conducting strategic risk assessments related to dependency 

on foreign-controlled orbital systems, focusing on 

vulnerability and resilience. 

If countries choose not to consider LEO satellite internet as 

inherently linked to their security, sovereignty, and strategic 

control, they still need to assess the risks and consequences of 

this technology, which will affect them directly (due to 

constellations overflying, space congestion, and potential 

unauthorized rogue use of the services for instance) as well as 

indirectly if neighbouring countries use LEO satellite services. 

Furthermore, they need to consider the governance layer 

outlined below. 

Layer 2: Infrastructure and Supply-Chain Engagement 

This layer focuses on the long-term structural dependency of the 

LEO satellite internet. Unlike terrestrial networks, LEO systems 

allow foreign providers to deliver essential connectivity within a 

country without necessarily building or owning significant 

infrastructure there. This increases the risk of external control 

over domestic connectivity, which means that decisions about 

access, pricing, data governance and service continuity may 

occur beyond national control. Rather than simply facilitating 

market entry, tech diplomacy emerges here as a mechanism for 

politically negotiating development outcomes and mitigating 
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dependency issues between global satellite operators and host 

states. The goal is to secure the benefits of LEO satellite internet 

while avoiding new forms of technological dependency, 

regulatory weakening, or uneven market power. Diplomatic 

actions could include negotiating pricing, service coverage and 

local partnerships while leveraging regional diplomacy and 

embedding satellite internet in national digital strategies. These 

objectives can be achieved by: 

• Negotiating licensing terms, pricing structures, and coverage 

obligations;  

• Strengthening regional coalitions and leveraging them to 

improve negotiating power against global operators;  

• Advocating for reduced reliance on foreign infrastructure 

and strategies for mitigating dependency risks; 

• Integrating negotiations over LEO satellite connectivity 

negotiations into broader diplomatic and development 

strategies; 

• Promoting multilateral norms, transparency, and 

accountability. 

Layer 3: Technical Governance and Standards 

This layer addresses LEO satellite internet as a case of 

regime complexity2 [15], where governance authority spreads 

across various frameworks of outer space law, international 

telecommunications regulation, and internet governance. Given 

that no single institution possesses comprehensive jurisdiction, 

it creates gaps, inconsistencies, and opportunities for powerful 

actors. 

From a tech diplomacy standpoint, effective governance in such 

an environment relies on states’ ability to coordinate across 

different regimes, align technical and political objectives, and 

turn national interests into interoperable rules. Diplomatic 

efforts should shift from treaty-making toward boundary-

spanning practices3, where technical standards, regulatory 

procedures, and norms become central instruments of power. 

Tech diplomacy practices might include:  

• Strategic and coordinated diplomatic engagement in 

multiple institutions (such as the ITU, COPUOS, IGF, IETF 

and regional regulatory bodies) to avoid contradictory 

commitments and reduce fragmentation of rules; 

• Strategic use of standards-setting and procedural rules to 

shape market entry, spectrum access, and operational 

constraints; 

• Building coalitions that advocate for the sustainable use of 

space and for the mitigation of space debris, or countering 

dominance by early movers and technologically advanced 

actors; 

• Coordinating policies across ministries and agencies 

(foreign affairs, defense, telecom regulators, and space 

agencies); 

• Translating rules and norms from one governance regime 

into another. For example, incorporating cybersecurity and 

data protection concerns into satellite licensing processes. 

Layer 4: Security, Crisis, and Alliance Management 

 
2 Governance across overlapping institutions 
3 Diplomatic and governance activities that connect, translate, and 

coordinate across distinct legal, institutional, and technical domains in order to 
manage complex technologies that cannot be governed within a single regime. 

As previously noted, during crisis contexts, such as armed 

conflicts, natural disasters, or state collapse, LEO satellite 

internet becomes essential for military coordination, 

humanitarian response, and maintaining government functions. 

Such situations transform commercial connectivity systems into 

strategic assets governed through exceptional practices, where 

typical market logic and regulatory procedures are suspended in 

favor of ad hoc diplomatic arrangements among states, 

alliances, and private operators. As private satellite operators 

become de facto strategic infrastructure providers, pre-

negotiated frameworks for emergency access are paramount 

diplomatic actions to prevent unilateral control over technology. 

Diplomatic actions should include: 

• Negotiating with satellite operators on service prioritization, 

geographic coverage, and continuity; 

• Coordinating with allies to finance, regulate, or substitute 

commercial services during conflict; 

• Developing strategies to reduce dependence on specific 

providers and enabling multi-vendor strategies on space and 

terrestrial segments.  

When engaging space internet firms, tech diplomats must 

consider the geopolitical implications of satellite internet access 

for their countries and the stakes at play with regard to their 

countries’ critical infrastructures, resources and technologies. 

While seeking to attract Foreign Direct Investments (FDI) 

inflows, tech diplomats have to ensure that their countries’ 

essential interests are not undermined. They need to pay close 

attention to the growing race towards launching more LEO 

satellites that impacts countries’ (particularly developing ones) 

benefit from space access and orbits on the basis of equity. 

Table. I 

Engaging LEO Satellite internet Companies 

Objective Action 

 

Understanding 

the industry 

context 

 

and 

 

Build 

collaborative 

relationships 

-Familiarize with companies modus operandi 

(reliance on spectrum rights, launch 

infrastructures and global market reach); 

-Establish open communication channels to 

discuss licensing, spectrum allocation and 

national regulatory compliance; 

-Understand LEO constellations and their 

implications for global connectivity; 

-Be aware of international laws, regulations and 

standards. 

 

Address 

security 

 

and 

 

Strategic 

concerns 

 

-Discuss the implications of LEO satellite 

networks on national security and emergency 

communications; 

-Address concerns around national data 

sovereignty, cybersecurity and control over 

critical communications infrastructures;  

-Address risk mitigation (e.g. working with 

multiple constellations) and controlling terrestrial 

segments; 

-Advocate for cybersecurity measures to protect 

satellite networks from potential threats. 

 

Advocate for 

national 

interest 

 

and 

 

Facilitate 

innovation 

and 

investment 

 

-Attract investments tied to satellite internet 

deployment by promoting incentives to invest in 

local economies through innovation hubs, digital 

skill training programs, investments in local 

infrastructure and job creation; 

-Help streamline regulatory approvals to facilitate 

market entry while maintaining national interests; 

-Encourage research and development 

partnerships between governments, universities 

and satellite companies to advance innovative 

technologies. 
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Table. I- Continued 

Engaging LEO Satellite internet Companies 

Objective Action 

Leverage 

international 

norms and 

frameworks 

 

and 

 

Promote ethical 

and equitable 

practices 

-Encourage regulatory and guidelines 

compliance;  

-Engage companies on their plans to mitigate 

orbital debris and ensure long-term 

sustainability of space operation; 

-Incite projects and initiatives that can provide 

space situational awareness; 

-Promote LEO satellite internet as a tool for 

bridging the digital divide; 

-Address LEO satellite internet firms as key 

stakeholders in achieving global goals such as 

universal access under the UN’s Sustainable 

Development Goals (SDGs); 

-Work with companies to ensure affordable 

services for marginalized underserved 

populations. 

 

Act as a bridge 

between 

stakeholders 

-Connect satellite companies with local telecom 

providers, communities, and Non-Governmental 

Organizations (NGOs) to maximize impact; 

-Facilitate multilateral discussions to harmonize 

satellite policies and address challenges like 

signal interference or spectrum management; 

-Promote synergy between experts, academia 

and tech companies. 

By engaging satellite internet companies, tech diplomats can 

foster a balanced relationship that promotes technological 

advancement while safeguarding national and global interests. 

Table I describes practical actions to effectively engage LEO 

Satellite internet firms and subtly implies the skillset that tech 

diplomats need to have. 

V. CONCLUSION 

This paper proposes a comprehensive, four-layer analytical and 

operational Tech Diplomacy Framework (TDF) for addressing 

CTs through tech diplomacy. The TDF is built around three 

design principles: it is technology-agnostic, analytically 

sequential while operationally concurrent, and actor-inclusive. 

The framework's central analytical claim is that tech diplomacy 

is most effective when pursued as a coordinated, cross-layer 

strategy, and that private technology firms must be understood 

as co-constitutive actors across all four layers. 

Low Earth Orbit (LEO) satellite internet was selected as an 

illustrative use case. This choice was motivated by the multitude 

of disciplines involved in its development, deployment, and 

governance (engineering, international relations, law, 

regulation, and security) and the diverse actors implicated 

(private entities, governments, and international bodies). This 

makes it a particularly advocating example for the necessity for 

international collaboration, sustained by tech diplomacy. A 

four-layer LEO tech diplomacy framework is provided together 

with practical actions to effectively engage LEO satellite 

internet firms, and the skills tech diplomats need.  

Future work could extend the Technology Diplomacy 

Framework (TDF) to other critical technology sectors — such 

as AI governance or semiconductor supply chains — to further 

validate its generalizability and develop operationalization 

metrics that allow states to assess their current diplomatic 

posture across each layer. 
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Temporal Integration Framework for Segment-
Level Cumulative Ergonomic Exposure Modeling 
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Abstract−This paper proposes a vision-based temporal integration framework for segment-level cumulative ergonomic 

exposure modeling. Joint angles derived from OpenPose keypoints are mapped to REBA scores at six anatomical 

segments. A recovery-weighted exposure model quantifies cumulative risk by integrating posture severity, duration, and 

frequency while accounting for tissue recovery dynamics. Pattern recognition algorithms identify hazardous signatures 

without forecasting future postures. Validated through simulation of a manual handling task (repetitive packaging) 

calibrated to empirically observed score distributions, the framework demonstrates that cumulative exposure metrics 

reveal critical risk patterns invisible to instantaneous scoring, specifically, sustained exposure to minimum-risk postures 

(REBA Score 2) generates substantial cumulative burden despite the absence of extreme scores. This pilot study 

establishes methodological feasibility for temporal integration in ergonomic assessment. 

Keywords− Musculoskeletal Disorders, Cumulative Trauma, Ergonomic Exposure, Real-Time Monitoring, Computer 

Vision 

 

NOMENCLATURE 

I. INTRODUCTION 

Musculoskeletal disorders (MSDs) represent a pervasive 

occupational health crisis, accounting for 30–50% of all work-

related injuries across manufacturing, logistics, and assembly 

sectors globally [1–3]. Epidemiological evidence consistently 

identifies three biomechanical risk factors as primary 

contributors to MSD development: (1) sustained non-neutral 

postures, (2) high repetition rates without adequate recovery, 

and (3) forceful exertions [4,5]. Critically, MSD pathogenesis 

follows a cumulative trauma mechanism, micro-damage to 

muscles, tendons, and ligaments accumulates when tissue 

loading exceeds metabolic recovery capacity over time [6]. 

This temporal dimension renders instantaneous ergonomic 

assessments fundamentally inadequate for predicting injury 

risk. 

Contemporary ergonomic practice relies predominantly on 

observational tools such as the Rapid Upper Limb Assessment 

(RULA) [7], Rapid Entire Body Assessment (REBA) [8], and 

Ovako Working Posture Analysis System (OWAS) [9]. These 

methods provide valuable snapshot risk stratification by 

mapping joint angles to discrete action levels (e.g., RULA 

scores 1–7). However, they suffer from three critical limitations 

that impede MSD prevention: (1) Temporal blindness: 

RULA/REBA generate single-frame scores without 

quantifying exposure duration. A worker maintaining a 

moderate-risk posture (RULA = 5) for 45 continuous minutes 

faces substantially higher injury risk than one alternating 

between high-risk (RULA = 7) and neutral postures with 

adequate micro-break, yet both scenarios yield identical peak 

scores [10]. (2) Segment-level opacity: Standard 

implementations report only global scores, obscuring which 

body segments (e.g., lower back vs. shoulders) drive 

cumulative risk accumulation [11]. This prevents targeted 

interventions at the anatomical source of stress. (2) Recovery 

neglect: Existing tools lack mechanisms to account for tissue 

recovery during neutral postures, a biomechanical necessity 

validated by electromyography studies showing metabolite 

clearance requires ≥30 seconds of unloaded rest after sustained 

contractions [12]. 

To address temporal dynamics, cumulative trauma models such 

as the Strain Index [13], OCRA checklist [14], and revised 

NIOSH Lifting Equation [15] integrate exposure duration, 

frequency, and recovery into risk quantification. The Strain 

Index, for instance, multiplies peak hand force, exertion 

duration, and repetition rate while penalizing insufficient 

recovery periods [13]. However, these methods require manual 

task decomposition by ergonomists, rendering them impractical 

for continuous monitoring in dynamic industrial environments. 

Recent systematic reviews confirm that fewer than 8% of 

manufacturing facilities implement any form of continuous 

ergonomic monitoring, primarily due to the intrusiveness of 

wearable sensors and labor intensity of observational methods 

[16]. 

Computer vision offers a promising pathway toward non-

intrusive, automated monitoring. Deep learning-based pose 

estimators (e.g., OpenPose [17], MediaPipe [18]) now achieve 

MSDs Musculoskeletal disorders. 

REBA Rapid Entire Body Assessment 

RULA Rapid Upper Limb Assessment. 

OWAS Ovako Working Posture Analysis System. 

OCRA Occupational Repetitive Actions. 

NIOSH National Institute for Occupational Safety and 

Health. 
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sub-pixel accuracy in 2D skeletal tracking (<5 cm error at 3 m 

distance [19]), enabling real-time joint angle computation 

without wearable instrumentation. Several studies have mapped 

these angles to RULA/REBA scores [20–22], yet they 

perpetuate the snapshot fallacy by reporting frame-level scores 

without temporal integration.  

This temporal gap represents a critical missed opportunity: 

vision-based systems capture rich time-series data (30 fps × 

25,200 frames/shift) yet discard 99.9% of their predictive value 

by reducing it to instantaneous scores. The fundamental 

research question remains unresolved: How can we transform 

high-frequency skeletal data into physiologically grounded 

metrics of cumulative tissue loading that account for exposure 

severity, duration, frequency, and, critically, recovery 

dynamics? 

This paper introduces a Digital Twin-enabled framework for 

segment-level cumulative ergonomic exposure modeling that 

bridges this gap. Our contribution advances beyond prior art 

through three innovations: (1) Time-resolved segment scoring: 

Instead of global RULA/REBA outputs, we compute risk 

scores for six critical segments (neck, trunk, shoulders, elbows, 

wrists, knees), enabling precise localization of risk 

accumulation sources. (2) Recovery-weighted exposure 

integration: We formalize cumulative exposure as a time-

integral of segment scores modulated by an exponential 

recovery function, grounded in muscle oxygenation kinetics 

[12], that quantifies tissue restoration during neutral postures.  

(3) Pattern-aware hazard detection: We implement sliding-

window analysis to identify hazardous signatures (e.g., 

sustained trunk flexion >30° for >120 s without ≥30 s recovery) 

validated against EMG-confirmed fatigue thresholds [23]. 

As a pilot investigation, we validate this framework exclusively 

on Task 1 (repetitive packaging of empty sachets) within a 

chocolate manufacturing facility characterized by documented 

shoulder and lumbar MSD burden requiring >15 days of sick 

leave. Leveraging empirically observed score distributions 

from our prior validation study [22], we simulate 7-hour shift 

exposure trajectories using Markov chain modeling, a 

methodologically justified approach for highly repetitive tasks 

with stable movement patterns (cycle time ≈30 seconds) [33]. 

This focused design enables rigorous examination of temporal 

integration mechanics without confounding variables inherent 

in multi-task studies. Our results demonstrate that cumulative 

exposure metrics reclassify Task 1 risk from Moderate 

(instantaneous REBA 5.13) to Very High (CRS 3,526.38 

exposure-minutes), with the trunk and shoulder segments, 

precisely those implicated in facility injury records, exhibiting 

the highest cumulative burden. This reclassification arises from 

sustained exposure to minimum-risk postures (Scores 2–3) 

without adequate recovery, a phenomenon invisible to snapshot 

assessments. By establishing methodological feasibility for 

temporal integration in ergonomic assessment, this pilot study 

provides a foundation for future multi-operator validation while 

directly addressing the anatomical segments responsible for 

documented occupational injuries in repetitive industrial tasks. 

The remainder of this paper is organized as follows. Section 2 

presents a comprehensive literature review examining the 

evolution of ergonomic assessment methodologies across three 

generations: observational tools (RULA/REBA), cumulative 

trauma models (Strain Index/OCRA), and computer vision-

based systems, while identifying the persistent research gap in 

temporal integration of skeletal data streams. Section 3 details 

the proposed methodology, including system architecture, pose 

estimation, and joint angle computation, segment-level 

ergonomic scoring, recovery-weighted cumulative exposure 

modeling, hazardous pattern detection algorithms, and 

implementation protocols. Section 4 describes the experimental 

validation framework, focusing on the pilot study design for 

Task 1, simulation methodology for full-shift exposure 

quantification, ground truth validation approach, and ethical 

considerations. Section 5 presents empirical results, including 

segment-specific cumulative exposure trajectories, recovery 

function dynamics, segment-level exposure metrics, hazardous 

pattern detection outcomes, and critical insights regarding 

temporal risk accumulation. Section 6 provides a detailed 

discussion interpreting the findings within ergonomic theory 

and facility-specific injury epidemiology, emphasizing the 

framework's ability to reveal risk patterns invisible to snapshot 

assessments. Finally, Section 7 concludes the study by 

summarizing key contributions, acknowledging 

methodological limitations, and outlining a structured pathway 

for future validation and implementation across diverse 

industrial contexts. 

II. LITERATURE REVIEW 

Musculoskeletal disorder prevention has evolved through three 

methodological generations, each addressing limitations of its 

predecessor while introducing constraints that collectively 

define the current research frontier. The first generation 

comprises observational ergonomic assessment tools, 

principally the Rapid Upper Limb Assessment (RULA), Rapid 

Entire Body Assessment (REBA), and Ovako Working Posture 

Analysis System (OWAS), which map joint configurations to 

discrete risk levels through structured scoring matrices [1,2]. 

These instruments achieved widespread industrial adoption 

owing to procedural simplicity, rapid administration (<2 

minutes per assessment), and validation across diverse 

occupational contexts. Their biomechanical foundation rests on 

established relationships between joint angles and tissue 

loading; for instance, trunk flexion beyond 20° substantially 

increases compressive forces on lumbar intervertebral discs [4], 

while shoulder elevation exceeding 60° elevates rotator cuff 

tendon strain [5]. Despite these strengths, snapshot assessment 

tools exhibit three fundamental limitations that impede utility 

in dynamic work environments. First, they lack temporal 

integration: a posture maintained for 45 continuous minutes 

receives identical scoring to the same posture held for 15 

seconds, despite epidemiological evidence demonstrating 

nonlinear risk escalation with exposure duration [6]. Second, 

they obscure segment-level risk evolution by collapsing multi-

segment inputs into singular global scores, thereby masking 

anatomical origins of cumulative stress, a critical deficiency 

given that musculoskeletal disorders manifest locally rather 

than systemically [7]. Third, they neglect recovery dynamics, 

treating 100 seconds of continuous trunk flexion identically to 

two 50-second intervals separated by a 30-second neutral 

recovery period, despite physiological evidence confirming that 

metabolite clearance and tissue reoxygenation require unloaded 

rest intervals exceeding 30 seconds following sustained 

contractions [8]. These constraints reflect the tools' original 

design purpose: static workstation evaluation rather than 

dynamic task analysis in repetitive industrial operations [9]. 

The second methodological generation emerged to address 

temporal dynamics through cumulative trauma models that 

integrate exposure severity, duration, frequency, and recovery 

into unified risk indices. The Strain Index quantifies distal 

upper extremity disorder risk through multiplicative factors 

encompassing exertion intensity, duration per cycle, efforts per 

minute, and posture deviation, with explicit penalties for 

insufficient recovery periods [10]. Similarly, the OCRA 
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checklist integrates repetitiveness, force requirements, non-

neutral postures, and task duration while weighting recovery 

opportunities according to anatomical segment vulnerability 

[11]. The revised NIOSH Lifting Equation extends these 

principles to manual handling tasks through frequency-

dependent multipliers that progressively reduce acceptable load 

limits as cycle rates increase and recovery intervals diminish 

[12] [13]. Nevertheless, cumulative models face three practical 

barriers to industrial implementation. Their reliance on manual 

task decomposition,  requiring ergonomists to segment video 

recordings into discrete cycles, measure durations with 

stopwatches, and estimate force magnitudes, imposes 

prohibitive labor costs (15–30 minutes per task analysis) that 

preclude continuous monitoring across multiple workstations 

[14]. Their anatomical scope remains fragmented, with the 

Strain Index focusing predominantly on the distal upper 

extremities [10], NIOSH on spinal loading during lifting [12], 

and OCRA on shoulder disorders [11], leaving whole-body 

cumulative exposure unquantified. Most critically, they employ 

static recovery assumptions, typically defining any neutral 

posture exceeding 10 seconds as "full recovery", which ignores 

individual variability in tissue oxygenation kinetics influenced 

by age, cardiovascular fitness, and metabolic comorbidities 

[15]. Consequently, cumulative models remain confined to 

retrospective analysis rather than real-time intervention, a 

critical limitation given that 73% of musculoskeletal disorders 

develop during unobserved work periods without ergonomist 

presence [16]. 

The third generation leverages computer vision to automate 

posture assessment through deep learning-based pose 

estimation. Architectures such as OpenPose, MediaPipe, and 

HRNet now achieve sub-decimeter skeletal tracking accuracy 

at video frame rates (mean per-joint position error <5 cm at 3 

m distance), enabling non-intrusive joint angle computation 

without wearable instrumentation [17,18]. These advances 

catalyzed the development of vision-based ergonomic systems 

that map detected keypoints to RULA or REBA scores in real 

time, demonstrating strong frame-level agreement with expert 

assessments (89–92% concordance on static postures) 

[19,20,22]. Recent implementations have extended this 

paradigm to integrate object detection for force estimation 

during manual handling tasks, thereby approximating NIOSH 

lifting indices without physical sensors [21]. Despite these 

technical achievements, first-generation vision systems 

perpetuate the temporal limitations of their observational 

predecessors by reporting instantaneous risk scores without 

integrating exposure duration or recovery dynamics [22]. 

Longitudinal validation studies reveal that systems relying 

solely on peak posture scores exhibit substantially reduced 

sensitivity in predicting disorder onset compared to time-

integrated approaches; workers who developed 

musculoskeletal disorders frequently maintained moderate-risk 

postures (RULA scores 4–5) for prolonged durations without 

exhibiting extreme peak angles, rendering them invisible to 

snapshot-based monitoring [23]. A secondary limitation 

involves the discarding of segment-level information inherent 

in skeletal data streams; most implementations collapse multi-

segment angle time series into singular global scores [19–21], 

thereby forfeiting the anatomical specificity necessary for 

targeted intervention. Emerging research has begun exploring 

continuous angle tracking for individual segments, such as 

trunk flexion or shoulder elevation [22–24], yet these efforts 

remain disconnected from cumulative exposure quantification 

and lack physiologically grounded recovery modeling. 

Time-series analytical methods have recently entered the 

ergonomic monitoring literature, though with conceptual 

misalignments requiring clarification. Autoregressive 

integrated moving average (ARIMA) models have been 

appropriately applied to forecast organizational-level injury 

rates based on historical incident data [25], but their proposed 

use for predicting future joint angles represents a 

biomechanical misconception; postural transitions depend on 

task demands and cognitive intent rather than autoregressive 

statistical patterns. Long short-term memory (LSTM) networks 

demonstrate legitimate utility for pattern classification within 

observed data streams, such as identifying whether a 30-second 

window contains sustained trunk flexion exceeding 30° or 

recovery ratios below critical thresholds [26]. However, several 

studies erroneously frame these networks as forecasting future 

musculoskeletal disorder risk through posture prediction, a 

methodological flaw given that tissue damage accumulates 

from actual historical exposure rather than predicted future 

states[27]. The critical distinction lies between descriptive 

pattern recognition (detecting hazardous signatures within 

observed data) and prescriptive forecasting (predicting 

unobserved future postures); electromyography-validated 

research establishes that hazardous patterns include sustained 

non-neutral postures exceeding duration thresholds without 

adequate recovery intervals, high repetition rates with low 

kinematic variability, and insufficient neutral posture periods 

between exposure cycles [28]. These patterns can be robustly 

detected through sliding-window analysis of observed skeletal 

data without speculative forecasting. 

Digital Twin technology, virtual replicas of physical systems 

synchronized through real-time data streams, offers a unifying 

architectural framework for next-generation ergonomic 

monitoring [22,29]. Early applications focused predominantly 

on equipment health monitoring and production optimization 

[30–32], with ergonomic implementations remaining nascent. 

Initial efforts proposed Digital Twins for virtual workstation 

design that simulate RULA scores under hypothetical postures 

[33], yet lacked integration with real worker kinematics. 

Subsequent research incorporated inertial measurement unit 

data to drive biomechanical simulations of spinal loading 

during lifting tasks within Digital Twin environments [34]. 

However, sensor-based approaches face adoption barriers, 

including worker discomfort during prolonged wear (62% 

report discomfort after 4-hour shifts) [35], signal drift requiring 

frequent recalibration, and practical constraints in 

environments with hygiene requirements or explosive 

atmospheres. Vision-based Digital Twins address these 

limitations through contactless skeletal tracking while enabling 

physics-informed exposure modeling: the virtual replica can 

simulate tissue-level biomechanical loads, such as 

intervertebral disc compression or tendon strain energy density, 

driven by real-time skeletal kinematics [36]. This transforms 

abstract risk scores into physiologically grounded exposure 

metrics that reflect actual tissue loading dynamics. 

Synthesizing these methodological generations reveals a 

persistent research gap: no existing system integrates high-

frequency skeletal data into segment-resolved cumulative 

exposure metrics that simultaneously account for posture 

severity, exposure duration, movement frequency, and 

physiologically grounded recovery dynamics in real time 

[37,38]. Snapshot tools lack temporal integration [9]; 

cumulative models lack automation [14]; vision systems 

discard temporal information inherent in their data streams; and 

Digital Twins lack ergonomic physics engines capable of 

translating skeletal kinematics into tissue-level loading metrics 

[33,34]. Our framework bridges this gap by extending 

established ergonomic assessment tools into the temporal 

domain through continuous integration of segment-level scores 

modulated by recovery-weighted functions derived from 

muscle oxygenation kinetics [39,40]. Positioned within a 
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Digital Twin architecture, the system transforms vision-based 

monitoring from reactive posture classification into predictive 

exposure quantification, enabling proactive intervention before 

irreversible tissue damage accumulates [36,41]. This approach 

fulfills the preventive vision of intelligent occupational health 

systems within Industry 4.0 environments, where real-time risk 

quantification precedes symptom manifestation rather than 

responding to established pathology [42]. 

III.   METHODOLOGY 

A. System Architecture Overview 

The proposed framework implements a closed-loop monitoring 

architecture that transforms raw video streams into segment-

resolved cumulative exposure metrics within a Digital Twin 

environment (Figure 1). The system comprises four tightly 

integrated modules operating synchronously: 

• Vision-based pose estimator: Extracts 2D skeletal 

keypoints from video streams using OpenPose [18], 

configured in its BODY_25 model to extract 25 

anatomical keypoints per frame at 30 fps. 

• Biomechanical processor: Computes joint angles from 

filtered keypoints and maps them to segment-level 

ergonomic scores using established RULA/REBA 

lookup tables [8,9]. 

• Cumulative exposure engine: Integrates segment 

scores over time using a recovery-weighted 

exponential function grounded in muscle oxygenation 

kinetics [13], transforming instantaneous scores into 

physiologically grounded cumulative exposure 

metrics. 

• Pattern recognition module: Detects hazardous 

exposure signatures through sliding-window analysis 

of segment score time series, identifying sustained 

non-neutral postures, insufficient recovery ratios, and 

high-repetition patterns validated against EMG-

confirmed fatigue thresholds [23]. 

Risk quantification derives exclusively from observed 

historical exposures integrated through physiologically 

grounded models; no forecasting of future postures is 

performed. The framework functions as a temporal integration 

engine that transforms raw video streams into segment-resolved 

cumulative exposure metrics. 

 

 

Figure 1. System Architecture of the Cumulative Ergonomic 

Exposure Framework 

B.  Real-Time Pose Estimation and Joint Angle Computation 

Video streams captured at 1080p resolution and 30 frames per 

second undergo skeletal tracking using OpenPose [17], 

configured in its BODY_25 model to extract 25 anatomical 

keypoints per frame. The current implementation focuses on 

single-worker monitoring scenarios to avoid occlusion 

complexities inherent in multi-person industrial environments 

(Figure 2). To ensure data quality, we apply temporal 

smoothing and confidence filtering: keypoints with detection 

probability below 0.7 are discarded and linearly interpolated 

from adjacent frames when gaps span fewer than 5 consecutive 

frames; longer gaps trigger a "tracking lost" state requiring 

manual reinitialization. 

From filtered keypoints, six critical joint angles are computed 

using vector geometry between anatomical landmarks (Table 

I).  

To reduce high-frequency noise inherent in video-based 

tracking, angles undergo Savitzky-Golay smoothing (window 

length = 9 frames, polynomial order = 2), which preserves 

kinematic transients while attenuating jitter [43] . The 30 Hz 

sampling rate aligns with OpenPose's real-time performance 

capabilities on edge hardware and captures the dominant 

movement frequencies observed in repetitive assembly tasks 

(typically 0.5–3 Hz for upper limb motions) [44]. 

Pose estimation accuracy was established in our prior 

validation study [22], where the mean absolute error between 

OpenPose-derived trunk flexion angles and expert Kinovea 

annotations was 2.11° ± 1.34°, and for shoulder elevation 2.75° 

± 1.89°, comparable to inter-observer variability among 

certified ergonomists (2.3° ± 1.7°). 

 

 
Figure 2.  Operator performing Task 1 (repetitive packaging) 

and corresponding 2D skeletal model derived from OpenPose 

keypoints [22]. 

C. Segment-Level Ergonomic Risk Scoring 

Rather than collapsing angles into global RULA/REBA scores, 

we preserve anatomical specificity by computing six parallel 

risk time series, one per critical segment, using established 

ergonomic lookup tables. For each frame t and segment j ∈ 

{neck, trunk, shoulders, elbows,}, we derive a discrete risk 

score 𝑆𝑗,𝑡 ∈ {1,2,3,4} where higher values indicate greater 

tissue loading: 

Table. I 

JOINT ANGLES COMPUTED FOR SEGMENT-LEVEL ERGONOMIC SCORING   

 

Segment ANGLE 
Anatomical 

Definition 

Risk Thresholds   

Neck Flexion/e
xtension 

Angle between neck 
vector (nose-neck 

base) and vertical 

>20° = moderate; >45° 
= high 

  

Trunk Flexion Angle between trunk 
vector (neck base-

mid-hip) and 

vertical 

>20° = moderate; >60° 
= high 

  

Shoulders Elevation Angle between the 
upper arm vector 

and the trunk 

>45° = moderate; >90° 
= high 

  

Elbows Flexion Angle between the 

upper arm and 
forearm vectors 

<90° sustained = 

moderate risk 
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𝑆𝑗,𝑡 = 𝑓𝑗(𝜃𝑗,𝑡 , 𝜃 𝑗̇,𝑡) 

where θ𝑗,𝑡 denotes the joint angle and θ̇j,t its angular velocity 

(serving as a proxy for repetition rate). The mapping function fj 

implements segment-specific thresholds from RULA tables A–

C and REBA tables A–D, modified to output continuous integer 

scores rather than collapsed action levels. For instance, trunk 

flexion scoring follows: 

𝑆𝑡𝑟𝑢𝑛𝑘,𝑡 =  

{
 

 1  
2 
 3  
4

𝑖𝑓 ∣ 𝜃𝑡𝑟𝑢𝑛𝑘 , 𝑡 ∣= 0
°

𝑖𝑓   0∘ <∣ 𝜃𝑡𝑟𝑢𝑛𝑘 , 𝑡 ∣≤ 20
∘

𝑖𝑓    20° < |𝜃𝑡𝑟𝑢𝑛𝑘 , 𝑡| ≤ 60°

𝑖𝑓         |𝜃𝑡𝑟𝑢𝑛𝑘 , 𝑡| > 60°

  

This segment-resolved approach enables precise localization of 

risk accumulation sources, critical because epidemiological 

evidence indicates that musculoskeletal disorders 

predominantly manifest in the anatomical segment 

experiencing the highest cumulative loading rather than the 

highest peak score [7]. 

D.  Recovery-Weighted Cumulative Exposure Model 

The core innovation lies in transforming instantaneous scores 

into physiologically grounded cumulative exposure metrics that 

account for tissue recovery dynamics. We formalize cumulative 

exposure Ej for segment j over observation period T as a time-

integral of risk scores modulated by an exponential recovery 

function r(t): 

𝐸𝑗 = ∑ 𝑆𝑗,𝑡
𝑇
𝑡=1 ⋅ Δ𝑡 ⋅ 𝑟𝑗(𝑡)            (1) 

where Δt = 1/30 s represents the sampling interval. The 

recovery function rj(t) ∈ [0,1] quantifies residual tissue stress at 

time t based on time elapsed since the last neutral posture: 

𝑟𝑗(𝑡) = exp(−λ𝑗 ⋅ max(0, 𝑡 − 𝑡last_neutral,𝑗))        (2) 

Here, 𝑡last_neutral,𝑗denotes the most recent time when segment j 

entered a neutral posture (defined as Sj,t≤ 1 maintained for ≥2 

consecutive seconds), and λj represents the segment-specific 

recovery rate parameter (s⁻¹). These parameters derive from 

muscle oxygenation kinetics measured via near-infrared 

spectroscopy during repetitive industrial tasks [8,15]: 

• λtrunk= 0.018 s⁻¹ (slower recovery due to larger muscle 

mass) 

• λshoulders= 0.025 s⁻¹ 

• λneck = 0.022 s⁻¹ 

• λdistal segments= 0.030 s⁻¹ 

Equation (2) embodies a critical physiological principle: tissue 

stress dissipates exponentially during neutral postures rather 

than instantaneously resetting. After 30 seconds of neutral trunk 

posture (Strunk= 1), residual stress decays to 𝑟trunk =
𝑒−0.018×30 ≈ 0.58; after 60 seconds, rtrunk≈ 0.34. This contrasts 

with naive accumulation models that treat recovery periods as 

binary resets, a biomechanical oversimplification that 

overestimates risk for workers with adequate micro-breaks [8]. 

The observation-level Cumulative Risk Score (CRS) 

aggregates segment exposures using biomechanical weighting 

factors αj reflecting tissue vulnerability derived from 

epidemiological incidence data [42]: 

CRS = ∑ α𝑗
6
𝑗=1 ⋅ 𝐸𝑗                            (3) 

where αtrunk= 1.3, αshoulders= 1.1, αneck= 1.0, αelbows= 0.8, αwrists = 

0.9. CRS is reported in exposure-minutes (e.g., CRS = 185 

indicates cumulative loading equivalent to 185 minutes at 

moderate risk). 

E.  Hazardous Pattern Detection 

Beyond scalar exposure metrics, the system identifies 

hazardous signatures through sliding-window analysis of the 

segment score time series. Three critical patterns trigger real-

time alerts: 

Pattern 1: Sustained non-neutral posture without recovery. A 

segment j exhibits sustained risk when Sj,t≥ 3 for duration D 

exceeding segment-specific thresholds (Dtrunk> 120 s; Dshoulders> 

90 s) without intervening neutral periods ≥30 s. This pattern 

reflects continuous tissue loading without adequate metabolic 

recovery, a primary driver of cumulative fatigue. 

Pattern 2: Insufficient recovery ratio. The recovery ratio RRj 

quantifies the balance between exposure and restoration: 

𝑅𝑅𝑗 =
∑ 𝕀(𝑆𝑗,𝑡≤1)
𝑇
𝑡=1 ⋅Δ𝑡

∑ 𝕀(𝑆𝑗,𝑡≥3)
𝑇
𝑡=1 ⋅Δ𝑡

            (4) 

Alerts trigger when RRj< 0.3 for any critical segment over 15-

minute rolling windows, validated against electromyography-

confirmed fatigue thresholds [30]. This indicates neutral 

recovery time is less than 30% of high-risk exposure time, a 

critical imbalance associated with progressive tissue damage. 

Pattern 3: High repetition with low kinematic variability. 

Repetitive strain risk escalates when movement cycles exceed 

15/min while exhibiting low angle variability (σθ < 5°), 

indicating static loading rather than dynamic motion. Cycle 

detection employs zero-crossing analysis of angular velocity 

θ̇j,t, with variability computed over each cycle. 

These pattern detectors operate exclusively on observed data 

without forecasting future states, aligning with the 

physiological reality that musculoskeletal disorders develop 

from accumulated historical exposure rather than predicted 

postures. 

IV.  EXPERIMENTAL VALIDATION 

A. Single-Task Pilot Design   

This investigation adopts a methodologically rigorous pilot 

design focused exclusively on Task 1 (repetitive packaging of 

empty sachets) to establish proof-of-concept for the temporal 

integration framework prior to multi-task validation. This 

depth-first approach is empirically justified by three critical 

factors derived from our prior validation study [22]: (1) Task 1 

exhibits exceptional kinematic stability with a consistent 30-

second cycle time (coefficient of variation <8% across joint 

angles); (2) intra-cycle posture distributions remain invariant 

throughout shift duration (neck: 47% Score 1/53% Score 2; 

trunk: 49.6% Score 2/50.4% Score 3); and (3) movement 

patterns demonstrate minimal inter-cycle variability (σθ < 5° 

across 92% of cycles). These characteristics satisfy established 

criteria for physiologically valid simulation-based 

extrapolation in repetitive industrial tasks [33], where full-shift 

recording yields redundant data without additional 

methodological insight. 

Task 1 involves standing-posture repetitive packaging with no 

external load handling. The operator executes a stereotyped 30-

second cycle comprising: (a) forward trunk flexion (10°–35°) 

to retrieve sachets from conveyor; (b) sustained neck flexion 
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(20°–40°) for visual monitoring of workpieces at suboptimal 

workstation height; (c) bilateral arm movements with right 

shoulder elevation (20°–45°); and (d) elbow flexion outside 

neutral range (60°–100°) during motions. The hardware setup, 

camera configuration (webcam mounted 1.5 m above floor, 3.5 

m horizontally from workstation), lighting conditions (300–500 

lux), and computational platform (NVIDIA RTX 2080 Ti GPU, 

Intel Core i7-8750H, 16 GB RAM, Windows 11 Pro) were 

maintained identically to the prior study [22] to ensure 

comparability.  

B. Physiologically Grounded Simulation Protocol for Full-

Shift Exposure Quantification 

Given the task’s documented kinematic stability [22], we 

implemented a Markov chain-based simulation to extrapolate 

7-hour shift exposure trajectories from the 30-second 

empirical recording. This methodology aligns with 

ergonomics best practices for repetitive task analysis where 

movement patterns remain invariant across cycles [33], 

eliminating redundant data collection while preserving 

physiological fidelity. The simulation protocol comprised four 

rigorously validated stages: 

Stage 1: Empirical score distribution extraction. From the 900-

frame clip (30 s × 30 fps), segment-specific REBA score 

distributions were quantified per [22] 

• Neck: 47% Score 1 (0°–20° flexion), 53% Score 2 

(>20° flexion or rotation) 

• Trunk: 49.6% Score 2 (0°–20° flexion), 50.4% Score 

3 (>20°–60° flexion) 

• Right shoulder: 97.8% Score 2 (20°–45° elevation), 

2.2% Score 3 (>45° elevation) 

• Right elbow: 42% Score 1 (60°–100° flexion), 58% 

Score 2 (<60° or >100° flexion) 

Stage 2: Markov chain parameterization. Transition 

probability matrices were derived from observed frame-to-

frame score sequences, preserving the task’s characteristic 

movement dynamics and temporal autocorrelation structure. 

This approach maintains the stochastic properties of repetitive 

motion while avoiding artificial periodicity. 

Stage 3: Full-shift trajectory generation. The calibrated 

Markov chain generated 756,000 frames (420 min × 30 fps) 

with facility-mandated 10-minute breaks at 120, 240, and 360 

minutes. During breaks, score sequences were held constant at 

Score 1 (neutral posture) to model ideal recovery conditions, 

consistent with observed operator behavior during scheduled 

rest periods [22]. 

Stage 4: Recovery-weighted exposure integration. The 

simulated score time series served as input to the cumulative 

exposure engine, computing segment-specific exposures Ej 

and Cumulative Risk Score (CRS) using physiologically 

grounded parameters. Break intervals were explicitly modeled 

as periods of tissue recovery without exposure accumulation. 

C. Validation Approach 

Validation operated on two distinct methodological tiers. First, 

instantaneous REBA scoring accuracy was established in our 

prior work [22]; no additional validation of instantaneous 

scoring was performed, as the current study exclusively 

validates the temporal integration methodology. 

Second, cumulative exposure metrics were validated through 

three convergent lines of evidence: 

• Physiological plausibility: Recovery function 

dynamics (rj(t)) aligned with muscle oxygenation 

kinetics literature [8,15], demonstrating slower 

recovery for larger muscle groups (trunk r trunk decayed 

to 0.65 during breaks vs. neck to 0.48). 

• Pattern consistency: Detected hazardous signatures 

matched EMG-validated fatigue thresholds [23,30]; 

e.g., trunk recovery ratio RR = 0.28 < 0.3 threshold 

indicating insufficient recovery. 

• Temporal dynamics: CRS threshold crossing at 

minute 218 reflected progressive accumulation 

consistent with cumulative trauma pathophysiology 

[7], not simulation artifact. 

Validation of simulation fidelity: Simulated score distributions 

aligned with empirical observations from [22] within 

acceptable stochastic variance (trunk Score 3: 50.4% simulated 

vs. 42% observed; Δ = +8.4%), consistent with Markov chain 

modeling expectations for repetitive tasks [97]. This minor 

variance reflects natural cycle-to-cycle fluctuations 

documented in industrial settings [33] and does not 

compromise the physiological plausibility of the exposure 

trajectories. 

D. Ethical Considerations 

This pilot study employed non-intrusive observational methods 

without wearable sensors or workflow interruption. Raw video 

was discarded immediately post-pose extraction; skeletal 

coordinates were anonymized (worker identity removed). 

Organizational approval was secured from facility 

management, and verbal informed consent was obtained from 

the operator. The single-operator design minimized participant 

burden while providing sufficient data for methodological 

validation, a standard approach for pilot investigations in 

occupational ergonomics. This focused methodology enables 

rigorous examination of temporal integration mechanics 

without confounding variables inherent in multi-operator 

studies, establishing a defensible foundation for subsequent 

validation across diverse tasks and operators. 

V. RESULTS 

A. Segment-Specific Cumulative Exposure Trajectories 

Figure 3 presents the comparative cumulative exposure 

trajectories for all critical anatomical segments during the 

simulated 7-hour shift. All segments demonstrated linear 

accumulation patterns, with partial recovery during scheduled 

breaks (120-130, 240-250, 360-370 min), reflecting the task's 

repetitive nature and incomplete tissue recovery between work 

intervals. 
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Figure 3. Comparative cumulative exposure trajectories for 

critical anatomical segments during a simulated 7-hour shift 

All segments demonstrate linear accumulation with partial 

recovery during breaks (shaded intervals). Trunk exposure 

(purple) exhibits the highest cumulative burden (971.75 

exposure-minutes) and most pronounced post-break 

acceleration (slope increase 22%), indicating incomplete tissue 

recovery. Neck exposure (teal) shows sustained moderate-risk 

accumulation without high-risk excursions (max Score 2). The 

combined segment exposure trajectory exceeds the Very High-

Risk threshold at minute 218 despite moderate instantaneous 

REBA scores (5.13). 

Neck exposure (Figure 4) accumulated to 736.32 exposure-

minutes, reflecting sustained non-neutral posture maintained 

for 94.8% of the shift duration (REBA Score 2). Critically, 

REBA Score 2 is defined as flexion exceeding 20° or the 

presence of neck rotation/lateral inclination, which is not a 

benign configuration. In Task 1, operators consistently 

maintained Score 2 due to persistent forward flexion (>20°) 

required for visual monitoring of workpieces at suboptimal 

workstation heights, with no transitions to neutral alignment 

(Score 1) for extended periods. This sustained exposure 

generated substantial cumulative burden despite the absence of 

Scores 3–4, which require pronounced neck rotation or lateral 

inclination beyond the task's biomechanical demands. This 

pattern confirms that neck MSD risk in repetitive packaging 

derives primarily from duration in non-neutral configurations 

rather than transient extreme postures, a biomechanical 

signature consistent with our prior empirical observations [22]. 

 

Figure 4.  Neck cumulative exposure trajectory during Task 1 

Trunk exposure (figure 5) reached 971.75 exposure-minutes 

with flexion predominantly between 10°-35°. Critically, the 

trunk spent 50.4% of the shift duration (211.7 minutes) in 

REBA Score 3 (>20° flexion), consistent with our prior 

empirical observations [22, p. 971: "trunk angle predominantly 

fluctuates between 10° and 30°, with occasional peaks reaching 

up to 35°"]. Break intervals reduced the accumulation rate by 

only 28%, with accelerated accumulation post-break (slope 

increase 22%), indicating incomplete tissue recovery, a critical 

finding for repetitive task design. The trunk exhibited the 

highest cumulative burden among all segments due to both 

elevated risk scores and insufficient recovery during breaks. 

Figure 5.  Trunk cumulative exposure trajectory during Task 1. 

Right shoulder ( figure 6) exposure accumulated to 498.12 

exposure-minutes with brief excursions into high-risk postures 

(Score 3 for 9.1 minutes, 2.2% of shift duration), primarily 

during reaching motions. The shoulder exhibited moderate 

recovery dynamics during breaks (rshoulder(t) reduced from 0.88 

to 0.62), reflecting static elevation demands during packaging 

operations. 

 

Figure 6.  Right shoulder cumulative exposure trajectory during 

Task 1 

Right elbow (figure 7) consistently exhibited REBA Score 2, 

indicating sustained deviation from neutral flexion (60°–100°). 

Specifically, 50.2% of the shift duration (210.7 minutes) was 

spent in non-neutral elbow postures, a biomechanical 

configuration associated with increased muscular demand and 

reduced joint stability. This pattern reflects the task’s 

ergonomic demands: repetitive reaching motions inherently 

require elbow angles outside the neutral zone, generating 

cumulative loading. 

 

Figure 7. Right elbow cumulative exposure trajectory during 

Task 1 

B. Recovery Function Dynamics and Physiological 

Interpretation 
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Figure 8 illustrates the recovery function trajectories (rj(t)) 

quantifying residual tissue stress during the shift. All segments 

demonstrated incomplete recovery during breaks (values 

remained >0.4), with shoulders exhibiting the slowest recovery 

dynamics (rshoulder(t) = 0.88-0.92 during work periods). The 

trunk showed the poorest recovery capacity (rtrunk(t) reduced 

from 0.91 to only 0.65 during breaks), directly contributing to 

its accelerated post-break accumulation. These patterns align 

with the muscle oxygenation kinetics literature [8,15], in which 

larger muscle groups (trunk) exhibit slower recovery than 

smaller segments (neck) under sustained loading conditions. 

 

Figure 8. Recovery function trajectories for critical segments 

during Task 1. 

Vertical gray bands indicate break intervals. Higher values 

indicate greater residual tissue stress. The trunk demonstrates 

the slowest recovery dynamics (values remain >0.65 during 

breaks), directly contributing to progressive accumulation of 

tissue stress across work intervals, a critical physiological 

mechanism underlying cumulative MSD risk. 

C. Segment-Level Exposure Metrics and Risk 

Reclassification 

Table II synthesizes segment-specific exposure metrics derived 

from the simulation. The trunk demonstrated the highest 

cumulative burden (971.75 exposure-minutes) due to sustained 

moderate-to-high flexion without adequate recovery periods, 

while the neck showed the most effective recovery during 

breaks (RR = 0.42). 

Critically, despite moderate instantaneous REBA scores (5.13 

= Moderate Risk p), the cumulative Risk Score reached 

3,526.38 exposure-minutes, classified as Very High Risk per 

our threshold framework (>1,000 exposure-minutes). This 

represents a 689% increase in risk classification (Moderate → 

Very High) when moving from instantaneous to cumulative 

assessment. 

*Time in Max Score: Cumulative duration spent at the highest 

observed risk score for that segment 

*Recovery ratio = exposure slope reduction during breaks 

D. Hazardous Pattern Detection 

Sliding window analysis detected task-specific hazardous 

signatures with critical segment-specific variations: 

• Trunk: Detected all three hazardous patterns: 

o Pattern 1 (Sustained posture >120 s): ✓ YES 

(consecutive Score 3 episodes exceeding 180 s) 

o Pattern 2 (Insufficient recovery RR<0.3): ✓ YES (RR 

= 0.28 < 0.3 threshold) 

o Pattern 3 (High repetition + low variability): ✓ YES 

(σθ = 3.8° across 94% of cycles) 

This triad of hazardous signatures in the trunk segment 

represents the highest-risk biomechanical profile observed in 

this study, directly implicating trunk flexion as the primary 

driver of cumulative MSD risk in Task 1. 

• Neck and Right Elbow: Detected only Pattern 3 (High 

repetition + low variability), with σθ < 5° across >90% of 

cycles, confirming the highly repetitive nature of Task 1 

without sustained extreme postures. 

• Right Shoulder: No hazardous patterns detected beyond 

brief Score 3 excursions (<15 s duration), indicating lower 

cumulative risk contribution despite occasional high-risk 

postures. 

 

E. Temporal Dynamics of Cumulative Risk Accumulation 

The most significant finding emerged from the temporal 

evolution of cumulative exposure (Figure 3). The CRS 

exceeded the Very High-Risk threshold at minute 218, despite 

never reaching REBA Scores ≥8, demonstrating that snapshot 

assessments fundamentally underestimate MSD risk in 

repetitive tasks. This discrepancy arises because: 

• Repetitive moderate-to-high-risk postures (Scores 2-

3) generated substantial cumulative burden through 

sustained exposure without adequate recovery 

• Insufficient recovery during breaks (trunk RR = 0.28 

< 0.3 threshold) permitted progressive residual stress 

accumulation across work intervals 

• Post-break acceleration (trunk slope increase 22%) 

indicated progressive tissue fatigue despite scheduled 

rest periods 

This finding validates our core hypothesis: temporal 

integration of exposure is essential for accurate MSD risk 

prediction in repetitive industrial tasks. The framework reveals 

hazardous patterns invisible to conventional assessments, 

specifically, the insidious nature of cumulative loading from 

repetitive moderate-risk postures combined with inadequate 

recovery dynamics. 

IV. DISCUSSION  

A. CUMULATIVE EXPOSURE REVEALS CRITICAL RISK PATTERNS 

INVISIBLE TO SNAPSHOT ASSESSMENTS 

This pilot study demonstrates that temporal integration of 

segment-specific ergonomic scores fundamentally transforms 

risk assessment into repetitive industrial tasks. The most salient 

finding is the dramatic reclassification of Task 1 risk from 

Table. II 

SEGMENT-LEVEL CUMULATIVE EXPOSURE METRICS FOR TASK 1 

 
FINAL 

EXPOSURE 

(EXP-MIN) 

Avg. 
Score 

Time in Max 
Score* 

Recover
y Ratio* 

  

Neck 736.86 1.95 398.1 min 

(94.8%) 

0.42   

Trunk 971.75 2.50 211.7 min 

(50.4%) 

0.28   

Right 
shoulde

r 

498.12 1.57 9.1 min 
 (2.2%) 

0.38   

 

Right 

elbow 
 

 

438.82 

 

1.50 

 

210.7 min 

(50.2%) 

 

0.51 

  

CRS 3,526.38 / / /   
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Moderate (instantaneous REBA 5.13) to Very High (CRS 

3,526.38 exposure-minutes), a 689% increase in risk severity 

quantification. Critically, this reclassification directly 

implicates the anatomical segments corresponding to the 

facility's documented injury epidemiology: trunk (lumbar) and 

shoulders, the precise regions affected by MSDs requiring >15 

days of sick leave in this chocolate manufacturing facility. 

The trunk emerged as the primary risk driver (971.75 exposure-

minutes), spending 50.4% of the shift duration in REBA Score 

3 (>20° flexion) with insufficient recovery (RR = 0.28 < 0.3 

threshold). This aligns precisely with cumulative trauma 

pathophysiology: when tissue loading exceeds metabolic 

recovery capacity over time, micro-damage accumulates in 

spinal structures [7]. The right shoulder's substantial burden 

(498.12 exposure-minutes) with sustained elevation (20°–45°) 

and brief excursions into Score 3 (>45°) directly corresponds to 

rotator cuff strain mechanisms documented in repetitive 

overhead tasks [6]. These findings are not theoretical, they 

reflect the biomechanical origins of the facility's actual MSD 

burden, where lumbar and shoulder disorders dominate lost-

time injury statistics. 

The neck's substantial burden (736.32 exposure-minutes), 

despite never exceeding Score 2, further challenges 

conventional ergonomic paradigms. Score 2 represents 

sustained non-neutral posture (>20° flexion or rotation), the 

minimum risk threshold requiring intervention within days to 

weeks [2], not a benign state. Our framework quantifies how 

the 94.8% shift in duration in this configuration generates 

significant cumulative loading, a phenomenon entirely masked 

by snapshot assessments that report identical peak scores for 

brief versus sustained exposures. 

B. Physiological Mechanisms Underlying Cumulative 

Risk Accumulation 

The recovery function trajectories (rj(t)) provide direct 

physiological evidence of tissue stress dynamics corresponding 

to documented injury mechanisms. The trunk's slower recovery 

(rtrunk decayed to 0.65 during breaks vs. neck to 0.48) aligns 

with muscle oxygenation kinetics literature [8,15], where larger 

muscle groups exhibit prolonged metabolite clearance due to 

greater tissue mass and vascular constraints. This physiological 

reality explains the trunk's accelerated post-break accumulation 

(slope increase 22%) and detection of all three hazardous 

patterns: sustained posture (>120 s), insufficient recovery (RR 

< 0.3), and high repetition (σθ = 3.8°). These patterns match 

EMG-validated fatigue thresholds [23,30] and directly 

correspond to the pathophysiological mechanisms underlying 

lumbar disc degeneration and facet joint overload observed in 

repetitive flexion tasks [7]. 

Similarly, the shoulder's sustained moderate elevation (20°–

45°) with insufficient recovery periods generates cumulative 

supraspinatus tendon loading, precisely the mechanism 

implicated in rotator cuff tendinopathy requiring extended sick 

leave [6]. The absence of extreme postures (>90° abduction) 

does not preclude injury risk; rather, duration in moderate-risk 

configurations without adequate recovery drives tissue micro-

damage accumulation. This explains why facility injury records 

show shoulder disorders emerging from repetitive packaging 

tasks despite moderate instantaneous scores, a phenomenon 

invisible to snapshot assessments but captured by our temporal 

integration framework. 

C. Temporal Integration as Essential Ergonomic Metric 

This study establishes temporal integration as a non-negotiable 

component of accurate ergonomic risk assessment for facilities 

with documented MSD burdens. While prior vision-based 

systems successfully automated instantaneous scoring 

[1,21,22], they perpetuated the "snapshot fallacy" by discarding 

99.9% of temporal information inherent in high-frequency 

skeletal data streams. Our framework bridges the critical gap 

between observational tools (RULA/REBA) and cumulative 

models (Strain Index, OCRA) by: 

• Preserving segment-level anatomical specificity lost in 

global scores—critical when facility injury data implicates 

specific segments (lumbar/trunk and shoulders) 

• Implementing physiologically grounded recovery dynamics 

(exponential decay per muscle oxygenation kinetics) 

• Detecting hazardous patterns validated against EMG fatigue 

thresholds and aligned with documented injury mechanisms 

• Quantifying exposure in clinically interpretable units 

(exposure-minutes) directly linked to tissue loading 

duration 

In contrast to forecasting approaches that predict future 

postures [26,27], our methodology operates exclusively on 

observed historical exposure, aligning with the physiological 

reality that MSDs develop from accumulated loading, not 

predicted states [27]. This distinction is critical: pattern 

recognition (detecting sustained trunk flexion >120 s without 

recovery) is biomechanically valid; posture prediction is not. 

By transforming vision-based systems from reactive posture 

classifiers into predictive exposure quantifiers, this framework 

fulfills the preventive vision of Industry 4.0 occupational health 

[40], specifically targeting the anatomical segments responsible 

for the facility's documented lost-time injuries. 

D. Theoretical Implications for Cumulative Trauma 

Pathogenesis 

Our findings provide empirical validation for cumulative 

trauma theory by quantifying the temporal dynamics of tissue 

loading previously accessible only through invasive 

physiological measurements. The CRS threshold crossing at 

minute 218, despite never reaching REBA Scores ≥8, 

demonstrates that MSD risk accumulates through progressive 

micro-damage when exposure duration exceeds metabolic 

recovery capacity [7]. This reconciles epidemiological 

observations (e.g., workers developing lumbar/shoulder 

disorders without extreme postures [23]) with biomechanical 

theory: risk derives from integrated exposure (severity × 

duration × frequency ÷ recovery) rather than peak severity 

alone. 

The trunk's triad of hazardous patterns (sustained posture, 

insufficient recovery, high repetition) represents a 

pathophysiological "perfect storm" where tissue loading 

exceeds clearance capacity across multiple dimensions 

simultaneously. This explains why lumbar disorders dominate 

MSD epidemiology in repetitive industrial tasks [4] despite 

moderate peak scores; cumulative exposure metrics capture the 

integrated biomechanical insult that snapshot assessments miss. 

Critically, our framework operationalizes this theory into a 

quantifiable metric targeting the exact anatomical segments 

responsible for the facility's documented injury burden (>15 

days sick leave for lumbar/shoulder trauma). This alignment 

between exposure metrics and actual injury patterns provides 

compelling evidence that temporal integration captures 

clinically relevant risk dimensions invisible to conventional 

assessments.  
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CONCLUSION  

This pilot study establishes a methodologically rigorous 

framework for quantifying cumulative postural exposure 

through temporal integration of segment-specific ergonomic 

scores. Applied to Task 1 (repetitive packaging) within a 

chocolate manufacturing facility characterized by a 

documented burden of shoulder and lumbar musculoskeletal 

disorders requiring extended medical leave (>15 days), the 

framework revealed critical risk patterns undetectable by 

conventional snapshot assessments. Despite a moderate mean 

instantaneous REBA score of 5.13 (Moderate Risk 

classification), cumulative exposure metrics reclassified overall 

risk as Very High (Cumulative Risk Score = 3,526.38 exposure-

minutes). Critically, the anatomical segments exhibiting the 

highest cumulative burden, the trunk (971.75 exposure-

minutes) and right shoulder (498.12 exposure-minutes), align 

precisely with the facility’s documented injury epidemiology. 

This congruence provides empirical validation that temporal 

integration captures clinically relevant risk dimensions directly 

associated with occupational health outcomes. 

The framework’s methodological contribution resides in 

recovery-weighted integration of segment scores, which 

quantifies how sustained exposure to non-neutral postures 

(REBA Scores 2–3) without adequate recovery generates 

substantial cumulative loading. The trunk segment 

demonstrated a confluence of hazardous patterns: sustained 

non-neutral posture (>120 seconds), insufficient recovery ratio 

(RR = 0.28 < 0.3 threshold), and high repetition (angular 

variability σθ= 3.8°). This triad represents a pathophysiological 

profile consistent with cumulative trauma mechanisms, 

wherein tissue micro-damage accumulates when loading 

exceeds metabolic recovery capacity. Similarly, the shoulder’s 

substantial burden despite minimal time in high-risk postures 

(2.2% in Score 3) illustrates how duration in moderate-risk 

configurations, not peak severity, drives cumulative tissue 

stress. These findings empirically substantiate that MSD risk in 

repetitive industrial tasks is predominantly governed by 

exposure duration and recovery dynamics rather than 

instantaneous posture severity. 

This investigation acknowledges three methodological 

constraints. First, validation was confined to a single repetitive 

task (Task 1) with stable kinematic patterns (cycle time ≈30 

seconds). While this focused design is methodologically 

justified for proof-of-concept in highly repetitive operations, 

generalizability to heterogeneous tasks requires multi-task 

validation. The minor discrepancy in simulated versus observed 

trunk Score 3 prevalence (50.4% versus 42%) reflects expected 

stochastic variation in Markov chain modeling of repetitive 

tasks and does not compromise physiological plausibility. 

Second, full-shift exposure trajectories were extrapolated from 

a 30-second empirical recording. Although validated for tasks 

with low intra-cycle variability (σθ< 5° across 92% of cycles), 

this approach cannot capture infrequent high-risk postures 

occurring outside the sampled window. Third, validation relied 

on physiological plausibility (recovery dynamics aligned with 

established muscle oxygenation kinetics), pattern consistency 

with electromyography-validated fatigue thresholds, and 

congruence with facility injury records. Direct correlation with 

prospective MSD incidence or longitudinal discomfort metrics 

was not established. 

These limitations delineate a structured validation pathway. 

Short-term implementation will deploy the framework across 

multiple operators and tasks using direct long-duration 

recordings to validate simulation fidelity and implement real-

time alerts for hazardous patterns (e.g., sustained trunk flexion 

>120 seconds without ≥30 seconds recovery). Medium-term 

efforts will integrate worker-reported discomfort metrics to 

establish exposure-discomfort correlations and refine recovery 

parameters using individual physiological characteristics where 

ethically feasible. Long-term objectives include a prospective 

cohort study correlating cumulative exposure metrics with 

MSD incidence over 24 months, specifically targeting the 

lumbar and shoulder segments implicated in the facility’s injury 

burden. 

By transforming ergonomic monitoring from reactive posture 

classification to predictive exposure quantification, this 

framework enables targeted interventions at the source of 

cumulative loading. Prioritizing workstation redesign to 

minimize sustained trunk flexion, implementing scheduled 

micro-breaks to elevate recovery ratios above critical 

thresholds, and adopting task rotation protocols offer a 

scientifically grounded strategy to mitigate documented 

shoulder and lumbar disorder burdens. This approach embodies 

the preventive paradigm of Industry 4.0 occupational health: 

shifting focus from symptom management to proactive risk 

mitigation through physiologically informed exposure 

quantification. Future validation across diverse industrial 

contexts will determine the framework’s broader applicability 

while preserving its core contribution, the temporal dimension 

as non-negotiable in accurate MSD risk assessment. 
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Adsorption of Ni (II) from Water by Natural 
Bentonite: Studies on Equilibrium Isotherm, 

Kinetics  

Sabrina Berkani and Faroudja Mohellebi 

Abstract−The aim of this work is to investigate the adsorption potential of commercial natural bentonite in the removal 

of Ni (II) ions from aqueous solution. The characterization studies were performed using X-ray Diffraction, Fourier 

Transform Infrared Spectrometer, thermal gravimetric analysis, Differential Thermal Analysis and Fluorescence 

spectroscopy.  Capacity and specific surface areas are also given. The results show that our sample is a sodic 

montmorillonite who contains some impurities like quartz and calcite. We also studied the effect of thermic and acid 

activation on the adsorption of Ni (II) on bentonite. Batch adsorption studies were carried out with various initial Ni 

(II) concentrations, adsorbent dosages, pH, and contact time. The kinetic studies showed that the nickel adsorption 

process followed a pseudo-second order. The adsorption data were fitted to the Freundlich and Langmuir isotherm 

models. This behaviour is described by a monolayer Langmuir type isotherm. The adsorption process is found to be a 

second order kinetics. 

Keywords−Bentonite, Adsorption, Heavy Metals, Thermic Acid Activation, Freundlich and Langmuir Isotherm. 

 

NOMENCLATURE 

I. INTRODUCTION 

Nowadays, the problem of heavy metals became increasingly 

alarming. A common characteristic of the industrial effluents 

is related to the fact that they almost always contain toxic 

metals. The environmental protection forces to limit the 

contents of these metals to the allowed maximum. 

Adsorption is one of the most important physicochemical 

processes that occur at the solid-liquid and solid-gas 

interfaces. Adsorption has become a preferred method for 

removal, recovery and recycling of toxic heavy metals from 

wastewater [1]. Different conventional and non-conventional 

type of adsorbents have been tried for removal of various 

metal ions [2], activated carbon [3], tree fern [4], coconut coir 

pith [5], sewage sludge [6], silica [7], polymetallic sea nodule 

[8], modified zeolite [9], etc. 

The clay minerals in soil play the role of a natural scavenger 

by removing and accumulating contaminants in water passing 

through the soil. The mechanism of these processes is usually 

through ion exchange and adsorption. The high specific 

surface area, chemical and mechanical stability, layered 

structure, high cation exchange capacity (CEC), and tendency 

to hold water in the interlayer sites have made the clays 

excellent adsorbent materials [9]. 

Pure clay minerals, particularly naturally occurring bentonite 

has been used as a favoured adsorbent for removal of various 

metals from aqueous medium. Uses of bentonite for 

adsorptive removal of Zn(II) [11], natural and Na-exchanged-

bentonite for removal of Cr(III), Ni(II), Zn(II), Cu(II) and 

Cd(II) from water [12] and even kaolinite for Mn(II), Co(II), 

Ni(II), Cu(II) have yielded significant adsorption [13]. Other 

important results include adsorption of Cu(II) and Zn(II) on 

surfactant modified montmorillonite [14]. 

Bentonites are highly valued for their sorptive properties that 

could possibly be improved by chemical treatment or by heat 

treatment, which stem from their high surface area and their 

tendency to absorb water in the interlayer sites. Acid 

activation increases the surface area [15], [16], [17]; [18], and 

modifies the structure of smectites [18], [19], [20], [21].  

The most important physical changes in activated smectites is 

the increase of their specific surface area and the average pore 

volume [17], [19], [22-25]. The extent of these changes 

depends on the acid strength and time of treatment [17], [19], 

[26-28], as well as on temperature [29].  

In our work we did two types of treatment to clay sample: A 

chemical treatment with sulfuric acid at various 

concentrations, a heat treatment under various temperatures. 

The choice of these modes of activation was determined by 

the results of a previous work [29-30], that predict an 

increased capacity of adsorbing bentonites. Which points to 

an increase in the adsorption capacity of the bentonite. 

II. EXPERIMENTAL 

A. Reagents 

A stock solution containing 100 mg of Ni(II) per litter was 

AAS atomic absorption spectrophotometer 

BET Brunauer-Emmett-Teller 

CEC Cation exchange capacity 

FTIR Fourier transform infrared spectroscopy 

TGA Thermogravimetric analysis 

XRD X-Ray diffraction 

XRF X-ray fluorescence  
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prepared by dissolving Ni(NO3)2.6H2O in distilled water and 

was used to prepare the adsorbate solutions by appropriate 

dilution. 

B. Clay adsorbents 

Bentonite was obtained from Maghnia (ROUSSEL) Algiers. It 

was cleaned, dried and sieved into sizes of 100 μm. 

C. Adsorbent characterization 

XRD measurement 

 to «X’PERT PRO MPD» Philips X-ray spectrometer using 

Cu Kα radiations was used for characterizing the adsorbents. 

FTIR measurement 

Infrared spectrograms were recorded with a Perkin Elmer FT-

IR using KBr pallets. 

TGA measurement 

Thermal analysis was carried out between 20 °C and 1100 °C 

using an apparatus: derivatographe. 

Fluorescence spectroscopy 

Fluorescence spectroscopy analysis was performed according 

to NF P 15-467 standard at CETIM, using the Philips 

Analytical device. 

Specific surface area 

Specific surface was calculated by using the method BET, in 

the field 0.02 ≤ P/Po ≤ 0.35. The volume of the micropores, the 

specific surface of the micropores and external surface, mainly 

the surface of the average pore was determined by the method 

t-plot. The difference between specific surface BET and 

external specific surface is indicated as being the specific 

surface of micropores.  

Isotherms of adsorption of N2 on bentonite samples were 

obtained on an apparatus TRISTAR 3000 (Micromeritics). 

Roughly 0.74 g of sample was degassed with 200°C during 24 

hours under a high vacuum. An isotherm was then obtained at 

the temperature of liquid nitrogen (77.3K). The size of the 

pores is given starting from the phase of adsorption of the 

isotherm of adsorption of nitrogen (method BJH).  

Cation exchange capacity 

Method used to determine cation exchange capacity is 

SCHOLLENBERGER. This method consists in moving all 

the cations by ammonium a normal acetate solution (pH=7) 

from which excess is eliminated by a solution of ethanol with 

95%. In the second percolation, salt used is the potassium 

chloride 1N. 

D. Adsorption experiments   

The adsorption experiments were made by batch technique at 

room temperature (25oC) with known amount of the adsorbent 

and 200 mL of metal solution at fixed concentrations of metal. 

The Erlenmeyer were kept under constant agitation (250 rpm). 

Afterward, samples were taken out from the shaker at regular 

contact time intervals, and the clay was separated by filtering. 

The concentration of remaining nickel in the solution, after 

shaking, was analysed by using atomic absorption 

spectrophotometer (AAS).  

The adsorbed nickel amount (qe) per unit absorbent mass was 

calculated as follows (Equation 1): 

 𝑞𝑒 =
(𝐶0 − 𝐶𝑒)

𝑚
. 𝑉 (1) 

Where Co is the initial Ni2+ concentration, Ce is the 

concentration of Ni2+ at equilibrium time (mg/L), m is the clay 

mass (mg) and V is the solution volume (L). 

The following conditions were maintained for different sets of 

experiments: 

Thermic activation: Clay 5 g/L, Ni(II) = 100 mg/L, pH =7.66, 

time = 6h, temperature = 100 to 300 °C; 

Acid activation: Clay 5 g/L, Ni(II) =100 mg/L, pH =7.66, time 

= 6h, temperature = 98 °C, [H2SO4]= 3 to 36 % mass; 

Kinetics: Clay 5 g/L, Ni(II) = 100 mg/L, temperature 289 K, 

pHi=7.66, interaction time: from 0 to 180 min; 

Effects of pH: Clay 5 g/L, Ni(II) = 100 mg/L, temperature 289 

K, interaction time180 min, pH 1.47 to 8.6; 

Effect of adsorbate amount Clay 5 g/L, temperature 295 K, 

pHi=7.66, interaction time 180 min, Ni(II) = 10 to 300 mg/l. 

III. RESULTS AND DISCUSSION 

A. Adsorbent characterization 

XRD and FT-IR study 

XRD show intense peaks characteristic of montmorillonite, 

with the values (d = 4.46Å, 2θ =19.91°), (d =3.19Å, 2θ 

=27.77°) and (d= 3.76Å, 2θ = 23.60°). 

 

Fig. 1:  XRD patterns for bentonite. 

A FT-IR spectroscopic study for bentonite is shown in Fig. 2. 

As we can see there are absorption bands in the range of 3200-

3800 cm -1, 1600-1700 cm-1. 

The bands in the range of 1600-1700 cm-1 are due to lattice 

OH and bound water stretching vibrations. A strong and sharp 

band is detected at 1040 cm-1 which is related to Si–O 

stretching vibrations. The weak absorption bands at 528 and 
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478 cm-1 can be attributed to the Si-O-Al(VI) et Si-O-Mg(VI) 

bending vibrations. The band in the range of 3200-3800 cm-1, 

with peaks at 3625 and 3440 cm-1 characterizing 

montmorillonite, corresponds to stretching vibrations of OH-. 

 

Fig.2: FT-IR (Fourier Transform Infrared spectrophotometer) Spectra of the 

natural bentonite. 

TGA/ATD study 

The interpretation of the DTA-TGA curves of bentonite leads 

to the following results:  

• An endothermic peak at 100 0C, due to the removal 

of the hygroscopic water interlayer. 

• An endothermic peak between 550 and 650 0C which 

corresponds to the loss of hydroxyl group from the 

clay mineral structure (clay dihydroxylation). 

• An endothermic peak between 820 and 920 0C shows 

the formation of a phase at high temperature 

characteristic of aluminium ferifere smectite. 

In addition to these peaks, other peaks appear in the DTA 

curve of the crude sample corresponding to the transformation 

of the quartz, at 650 0C. 

Curve of TGA allow us to follow the weight loss of bentonite. 

These curves show three losses of weight: 

•The first loss of weight occurs between 20 and 1800C. These 

transformations are due to the removal of adsorbed and 

interlayer water from the clay mineral. 

•The second loss of weight occurs between 400 and 550 0C 

due the removal of water composition from the clay minerals. 

The third loss of weight between 600 and 700 0C. This loss 

can be attributed to the dihydroxylation of bentonite.   

 

 

 

 

 

Fig. 3: DTA-TGA curve of bentonite. 

Fluorescence spectroscopy study 

X-ray fluorescence (XRF) of sedimented fine (less than 2µm) 

Maghnia bentonite shows a significant percentage of silicon 

oxide (SiO2) and aluminium oxide (Al2O3), and a low 

percentage K2O (Table 1) which approves that it is a bentonite 

which belongs to the families of montmorillonite. 

Surface area 

We plot a graph Qm the amount adsorbed as a function of 

relative pressure P/P0. The shape of the curve is shown in Fig. 

4. 

 

Fig. 4: Adsorption and desorption isotherms of nitrogen vapor at 77°K. 

The nitrogen adsorption isotherms at 77°K for our clay (Fig. 

4) are Type IV isotherms [31], the hysteresis effect on 

desorption being an indication of the presence of pores in the 

intermediate size range. 

The results obtained show that our material is a mesoporous 

because we have a low microporous volume of 24.3*10-3 

cm3/g and a specific surface equal to 56.44 m2/g. 

Cation exchange capacity (CEC) 

For the divalent cations, magnesium is the most dominating 

element (46.0 meq/100g). It is four times quantity of calcium 

(11.0 meq/100g). For monovalent cations, the most 

dominating element is sodium (36.7 meq/100g). Thus, the 

dominating replacement parts in the bentonite sample are 

Magnesium and Sodium. 

Capacity of total exchange (T) is higher than the sum of the 

exchangeable cations (S). The difference (T-S) is 1.4 
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Table.2 

CATION CHARACTERISTICS AND AMOUNT OF VARIOUS CATION COMPOUNDS 

IN BENTONITE.  

Cation Sample meq/100g 

Magnesium 46.0 

Sodium 36.7 

Calcium 11.0 

Potassium 27.0 

Exchangeable cation content (S) 120.7 

Cation exchange capacity (T) 122.3 

 

Table. I 

CONTENTS OF MAJOR ELEMENTS IN SAMPLE BENTONITE  

Compounds SiO2 Al2O3 CaO MgO MnO 

Content (%) 48.09 12.80 0.52 8.22 0.21 

Compounds Fe2O3 TiO2 P2O5 Na2O K2O 

Content (%) 12.60 0.36 0.02 2.02 0.83 
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meq/100g of dry product (table 2). 

This difference (T-S) can be due maybe with:  

• The used method (dynamic method),   

• Salts employed whose dimensions of molecules are 

relatively high, 

• The probable presence of other cations such as Cu++, 

Fe++, Mn++, …etc. 

B. Adsorption of Ni+2 

Thermic and acid activation 

Fig. 5 shows that the activated bentonite in a temperature 

between 120 and 160oC is the one which represents the 

biggest capacity of exchange. This increase can be justified by 

the elimination of a part of the molecules of adsorbed water. 

This departure of water results the liberation of positions of 

exchange. The decreasing values of the activity of the clay, 

which we obtain afterward, would be possibly the direct 

consequence of the progressive destruction of the crystalline 

structure of the clay with the rise of temperature. When this 

material is heated at temperature higher than 160°C, it loses 

more and more its adsorption properties.  

For the rest of our work, it will be economic to use a bentonite 

dried just at 105-1100C, because there is a small difference 

between the quantity of nickel fixed on bentonite at 1050C (Qe 

= 18.44 mg.g-1) and that fixed on activated clay in a range of 

temperature 120-1600C (Qe = 18.60-18.65 mg.g1). According 

to the Fig. 5, (18.44 mg.g-1) represents the maximum quantity 

of nickel adsorbed by natural bentonite. The Ni2+ removal 

efficiency of bentonite was approximately 92 %. 
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Fig. 5: Removal of Ni2+ by thermic activated bentonite at equilibrium. 

According to researchers, the acid activation of the clay is due 

to the development of pores after uniform dissolution of the 

structure so that it has exactly one silicium atom for one of 

aluminium atom. When the solution is saturated with silicium, 

aluminium continues to dissolve and disappear from the 

network, causing the collapse. This explains the decrease in 

adsorption capacity of bentonite due to the rapid collapse of 

the structure after activation.  

As we can see (Fig. 5 and Fig.6), the two types of activation 

of bentonite (chemical and thermic) have a negative impact on 

the ability of adsorption of our clay. That is why we continue 

our research with natural Bentonite just dried at 105-110 °C. 
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 Fig. 6: Removal of Ni2+ by acid activated bentonite at equilibrium. 

Effect of pH 

Fig. 7 shows that adsorption of Ni(II) increase from 67.1% to 

76.5% in the pH range of 1.47 to 6.31 under the experimental 

conditions. 
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Fig. 7: Influence of pH on adsorption of Ni(II) on bentonite. 

Then variation of adsorption remains constant until pH close 

to 9. At pH = 8.08, we have the rate of the highest elimination 

of nickel, (79.06%). 

When pH is close to 7, the mechanism of adsorption by ionic 

exchange is supported. At these values of pH, exchangeable 

cations present on the sites of exchange (i.e. Na+, K+, Ca2+ et 

Mg2+) are exchanged with the cations Ni(II) present in 

solution [32, 33].   

If the solution is basic, adsorption by complexation of surface 

is favoured. The principal mechanism passes from the ionic 

exchange to the complexation of surface with the increase of 

pH. When pH increase, the dominant aqueous species of 

nickel changes into Ni (OH)2, Ni(OH)-3 et Ni(OH)4
2- with 

weak charge, these species have a weaker competitiveness for 

the ionic exchange [34, 35]. In general, the influence of pH is 

negligible because it does not improve much the yield. (An 

increase of 10%). 

Effects of adsorbate amount 

Fig. 8 shows that the amount adsorbed per unit mass, qe, 

increase with the initial concentration of Ni(II), up to 100mg/l 

quantity adsorbed remain constant. This may be explained by 

the fact that in the diluted solutions, the mobility of the ions 

nickel is high, so his interaction with the adsorbent increases. 
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Fig. 8: Effects of Ni(II) concentration for adsorption on bentonite. 

According to some authors [36, 37] at low initial metal ion 

concentration would have first the fixing of the cations on 

sites of strong chemical reactivity with side surface.   

With an increase in Ni(II) concentration, a second site of 

lower chemical reactivity with stronger surface (side surface) 

would intervene whereas the sites of strong chemical 

reactivity would be almost saturated. 

Kinetics of Ni(II) adsorption  

The curve characteristic of the adsorption of nickel is 

respectively represented on Fig.9.  This kinetics is 

characterized by a fast fixing; after only 3 minutes, the 

bentonite absorbed 80% of nickel. Beyond 140 min, the 

quantity of nickel fixed does not vary. 
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Fig. 9: Effects of interaction time on adsorption of Ni(II) on bentonite (clay 
5/L, initial Ni(II) 100 mg/L,). 

Different models have been used to test the kinetics of clay-

Ni(II) interactions. The pseudo first order curves are obtained 

by plotting log [qe(qe–qt)] vs. time. The first order rate 

constant (obtained from the slopes) equal to 2.53.10-2 min−1 

(Table 3).  

However, linearity of pseudo first order plots does not 

necessarily assure a first order mechanism. The large 

deviations have led to verifying the kinetics of the interactions 

further by using the second order equation. 

 The kinetics of Ni(II) adsorption on clays is very close to 

second order kinetics. 

Adsorption isotherm 

The Langmuir plots based on equation 2 [38] : 

 
𝐶𝑒

𝑞𝑒
=

1

(𝑏∗𝑞𝑚)
+ (

1

𝑞𝑚
) 𝐶𝑒* (2) 

The Freundlich plots, based on equation 3 [39]: 

 𝑞𝑒 = 𝐾𝐹 + 𝐶𝑒
1/𝑛* (3) 

The values of the adsorption coefficients obtained from the 

plots are given in Table 4.  

It arises from the table 4 that it is the equation of Langmuir 

who models at best the contact solution nickel-clay chosen. 

Thermodynamic parameters 

Thermodynamic parameters, i.e. heat of adsorption, ΔH0 and 

entropy change, ΔS0, for the sorption of Ni(II) on bentonite 

were calculated for each system by using the following 

equations (Equation 5 and Equation 6) 

 

 𝑙𝑛𝐾𝑑 = (∆𝑆/𝑅) − (
∆𝐻

𝑅 ∗ 𝑇
) (5) 

 

 𝐾𝑑 = (𝑄𝑒/𝐶𝑒) (6) 

 

The values of ΔH0 and ΔS0 are obtained from the slope and 

the intercept of each plot. The free energy for the specific 

adsorption, ΔG0, was calculated by using the equation 7. 

 

 ∆𝐺0 =  ∆𝐻0 − 𝑇 ∗ ∆𝑆0 (7) 

 

In general, the phenomenon of adsorption is always 

accompanied by a thermal process [40, 41] which can be 

either exothermic (∆H<0) or endothermic (∆H>0). 

Measurement of adsorption heat is the main criterion for 

differentiating chemisorption from physisorption. 

  

The values of the thermodynamic parameters for the sorption 

of Ni(II) on bentonite are given in Table 5. 

 

The positive value of ΔH (Table 5) show that the sorption of 

nickel ions on bentonite is an endothermic process. The value 

of AG indicates the spontaneity of the process These results 

show that sorption of Ni(II) on bentonite is an endothermic 

process. 

Table. 3 

RATE COEFFICIENTS FOR ADSORPTION OF NI(II) ON BENTONITE.  

Pseudo first order Second order 

k1(min) R2 K2(g/mg.min) R2 

2,53.10-2 0,677 7,10-2 0,999 

 

Table.4 

FREUNDLICH AND LANGMUIR COEFFICIENTS FOR ADSORPTION OF NI(II) ON 

BENTONITE 

Langmuir Qm(mg g-1) 19,61 

b (Lg−1) 0,10 

R2 1,00 

Freundlich KF (mg1−1/nL1/n g−1) 5,46 

n 4,03 

R2 0,74 
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According to some authors [42, 43] the sorption reactions of 

the monovalent cations are exothermic, resulting in a sorption 

that tends to decrease with temperature. Conversely, the 

sorption reactions of bi and trivalent cations are endothermic, 

which therefore leads to an increase in retention when the 

temperature rises. 

 

The positive value of ∆H confirms that the adsorption of 

nickel on the clay is an endothermic process. This value is less 

than 40 K Joule / mole. This indicates that it is a physical 

adsorption, even the negative value of the free enthalpy given 

in Table 5 shows that the process of adsorption of nickel on 

bentonite is a spontaneous process [44]. 

 

IV. CONCLUSION 

The fixing of Ni(II) on Bentonite increases with pH in the 

interval considered 1.47 ≤ pH≤ 8.60. The maximum effect is 

reached for pH = 7. This clay fixes Ni(II) in a very short time 

(t=3 minutes, 80% of Ni(II) retained). Equilibrium is reached 

at time t < 10 minutes. This kinetics is very good because 

most of the factors are favourable (speed of agitation, 

temperature, ray of the particles, etc.…). This behaviour is 

described by a monolayer Langmuir type isotherm. The 

adsorption process is found to be a second order kinetics. 

These results show that bentonite can be used effectively for 

the removal of Ni(II). Considering the abundance and low 

price of bentonites and their physical and chemical 

characteristics, they are materials to be efficiently applied in 

the environmental industry. They can be used in the treatment 

of mining and/or industrial effluents with metallic contents 

above the standard values considered by the corresponding 

legislation.  
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