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Abstract—Implementing closed-loop control requires ensuring
a robust system response against undesired disturbances and
random fault events. To overcome these challenges, the con-
trollers must be able to detect and adapt the process behavior
against undesired events by adjusting its parameters accordingly.
Developers have utilized the concept of a digital twin—a real-time
representation of the physical process—to design and update the
physical controller effectively. However, traditional digital twin
implementations often involve significant data exchange between
the digital system and the real asset through cloud platforms,
leading to data latency and privacy issues. To mitigate these
concerns, we propose an FPGA-based digital twin implemen-
tation where the information is directly sourced into the Digital
Twin from the physical asset, which runs in parallel with the real
system. This setup eliminates the need for big data transfers and
cloud uploads, ensuring enhanced data privacy and facilitating a
faster and more efficient digital twin implementation and update
process. To demonstrate the capabilities of embedded Digital
Twin, we present a case study involving monitoring a power
converter system during a sensor fault scenario.

Index Terms—Digital Twin, Flyback Converter, Smart Control
Engineering, FPGA, Embedded Digital Twin, Industry 4.0.

I. INTRODUCTION

The concept of real-time controller improvement has gained
significant importance in achieving effective process in the
loop control despite unpredictable disturbances. Until recently,
classical control methods relied on approaches like model
predictive control (MPC) [1], adaptive control methods [2],
and offline optimization methods [3]. However, these methods
were often either too mathematically complex or impractical
for implementation on microcontrollers.

To address this challenge, developers devised a solution:
creating a replica of the real system that operates in parallel
with it, using the replica’s performance to update the controller
of the actual system. This idea, known as Digital Twin (DT),
has been explored and implemented for various systems [4],
[5]. While the digital twin concept has proven effective, it
requires the exchange of large datasets between the replica
and the physical assets, often requiring cloud storage and
transmission, known as cloud-based implementation. Numer-
ous cloud-based DT applications have been explored across
industries, including industrial robots [6]–[8], mobile robots
[9], line-following robots [10], machine integration for smart

manufacturing [11], smart factory [12], and smart farming
[13].

However, cloud-based implementations present challenges
such as transmission protocol delays from the server, privacy
issues, and potential data loss during transmission. To mitigate
these issues, edge computing-based or cloud-edge-based DT
implementations [14]–[16] have been explored. In standalone
edge implementations, the digital twin directly receives data
from physical assets for real-time updates, bypassing the
intermediate cloud interface. This approach improves real-
time digital twin operations and ensures data privacy, which
is especially crucial in highly competitive industry sectors.
Cloud-edge implementation combines the benefits of both
edge and cloud implementations, including increased data
storage memory. Moreover, direct implementations, like stan-
dalone edge implementation on devices such as Arduino,
have been extended to include lower-level hardware imple-
mentation, such as Field Programmable Gate Array (FPGA)
embedded implementation [17], [18]. The embedded-based
implementation offers the advantage of high-speed execution
as embedded systems like FPGA boards support concurrent
execution of algorithms, unlike edge devices.

Therefore, this paper proposes an embedded digital twin
implementation on an FPGA for monitoring a Power Con-
verter system. The Digital Twin of the physical system is
built using MATLAB/Simulink following the development
framework [19]. The resulting DT model is translated into
HDL code using the Matlab HDL coder toolbox for efficient
voltage regulation of a Flyback Converter system. This digital
twin implementation acts as a reference for the performance
assessment of the physical asset, enabling event awareness
capabilities. The main contribution of this paper lies in the
hardware-level implementation of the digital twin to monitor
the status of a Flyback Converter using an FPGA, with real-
time data exchanged directly from physical assets, eliminating
the need for an intermediary cloud exchange that introduces
latency and data privacy issues. This work advances the
framework of smart control engineering, equipping controllers
with information for smarter decision-making. The paper is
organized as follows: Section II introduces the digital twin



Figure 1. Digital Twin Five-step development framework [19]

framework. Section III presents the case study. Section IV
describes the DT implementation and its integration into the
FPGA. Section V presents the DT results and discussion.
Finally, the conclusion and future works are provided in
Section VI.

II. DIGITAL TWIN FRAMEWORK

This paper utilizes the development framework proposed
by [19] to construct the Digital Twin (DT) case study. This
framework comprises five distinct steps: target system defini-
tion, system documentation, multidomain simulation, assem-
bly and behavioral matching, and validation and deployment,
as depicted in Fig. 1. In the initial step, the current status of
the physical system to be replicated via the Digital Twin is
determined, with two possible scenarios. The first scenario,
known as Conceptual design, involves employing the DT for
the initial designing task when a physical prototype is not
available. The second scenario involves an operating physical
system, where the DT serves as a supporting tool to enhance
system operation.

In the second step, all available information about the
system is collected to create the most accurate representation,
including details about the control algorithms employed, data
sheets of sensors and actuators, troubleshooting and problem
records, cumulative experience of system engineers and oper-
ators, and the system’s data streams. The third step involves
employing a set of simulation models to represent the behavior
of the real system. The simulation domains are defined based
on the system’s physical and constitutive laws, and appropriate
computational tools are selected for multiphysics simulation.

Once the simulation models are completed, the fourth
step, known as behavioral matching, is performed. This step
involves determining the unknown parameters of the system
using real data collected from the system at different operating
points. Optimization fitting techniques, such as nonlinear least
squares, are used to make the Digital Twin’s simulation behav-
ior as close as possible to that of the real asset.Finally, after
performing the behavioral matching, the Digital Twin is ready
for the last step of real-life validation and deployment. It is
deployed as either a software service or hardware description
language module that runs in parallel with the real system and
receives live data streams to perform further analysis, such as
prognosis or fault detection.

Table I
FLYBACK CONVERTER DOCUMENTATION

Component Features

High Speed Optocouplers (H11N1)
High Data Rate, 5 MHz

Operating Voltage: 4 � 15V
Rise Time: 7:5ns

Optocoupler Pull up Resistance
Base Resistor

Collector Resistor

R1 = 390 

R2 = 10 k

R3 = 10 k


NPN 2N3904 BJT Transistor (Q1) Switch. Freq.: > 250MHz

Input Snurber Filter
D1 = 1N4148 Diode

R4 = 6:8 k

C1 = 100 pF

IRFZ44 Mosfet Transistor
Max. Drain-

Source Volt.: 55V
Maximum Drain Current: 49A

750315038 DC/DC Transformer (T1)
Operating Frequency:

250 � 600 kHz
Inductance: 36:5�H

Output Snurber Filter
D2 = 1N4148 Diode

R5 = 22 

C2 = 1nF

Resistive Load RL = 120k
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Figure 2. Flyback Converter System Based on FPGA

III. CASE STUDY: FLYBACK CONVERTER

In this paper, the voltage regulation control system shown in
Fig. 2 based on a Flyback converter is used as case study for
Digital Twin assembly and deployment using the development
framework described in Section II.

A. DT Target System Definition and Documentation

The application is composed of a Flyback converter PCB
board (Q3) and a power supply (Q4). The voltage regulation
of (Q3) is controlled using a proportional-integral (PI) con-
troller implemented in Verilog employing a Xilinx Arty S7-
50 FPGA (Q2) [20]. The voltage value, control action, and
error data from the physical asset are logged via serial port
communication, using a USB-UART Converter (Q1). In the
second step, for a detailed information on each component,
please check [20].

B. Multidomain Simulation

In the third step, multidomain simulation, the system can
be represented using two simulation domains: Electrical and
Digital. The first domain is composed of the power supply
and the flyback converter board while the second one, which


