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Abstract 

Instructional media in control systems typically requires a real plant as an element to be controlled. However, this real 
plant, which is costly to be implemented, can be replaced by a virtual plant implemented in a computer and modelled in such a 
way that it resembles the behavior of a real plant. This kind of set-up is widely termed as hardware-in-the-loop (HIL) 
simulation. HIL simulation is an alternative way to reduce the development cost. A virtual plant is easy to adjust to represent 
various plants or processes that are widely used in industry. This paper proposes a simple HIL simulation set-up designed as 
instructional media for design and testing a simple control system. The experimental result on DC motor control shows that 
HIL simulation dynamical response is similar to the real hardware response with a small average error on measured transient 
response, represented in 0.5 seconds difference in settling time and 7.43 % difference in overshoot. This result shows the 
efficacy of our HIL simulation set-up. 
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I. Introduction 

The Industrial revolution gives big challenges for 
engineering education institutions. The institutions 
have to provide students not only basic knowledge 
but also competency that is matched with the 
industrial needs. That approach is motivated by 
acknowledging the career readiness of students as 
an important learning outcome. The institutions 
have to provide various tools and facilities that are 
currently used in the industry. It can give a great 
experience for the student to learn in the same 
fashion as they will face when they work in the real 
workplace. However, it is not easy for most 
institutions to set up that ideal environment even if 
they have the budget for expensive equipment. They 
must provide enough space to place the equipment 
and cost for maintenance of the equipment. For 
some kinds of hardware, it might not be feasible to 
give access to students due to the risk of damaging 
expensive equipment. Also, in special circumstances 

such as Covid-19 pandemic, most education 
institutions restrict access to the laboratory due to 
health and safety regulations [1], thus students have 
lack of hands-on experience, even though the 
hardware is available. 

Hardware-in-the-loop (HIL) simulation can be 
used to be an alternative solution for these problems 
as it proposes the “Lab-at-home” paradigm [2]. HIL 
simulation uses virtual plants or processes that can 
be used to test the performance of developed control 
algorithms and also animated work principles of real 
machines or processes. The virtual plant/process is 
adjustable. It can be used to represent various plants 
or processes that are rapidly evolving. It can reduce 
time and cost for infrastructural development. It also 
makes the development process more realistic and 
safer. 

HIL simulation in education is very common. 
There are several papers that propose the example of 
HIL simulation application in some fields of 
education, such as in energy [3], automation, and 
robotics [4][5]. HIL is also implemented in 
automotive control [6][7][8] and agricultural tractor 
[9]. There are various combination devices that are 
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used in the HIL simulation set up. Some HIL 
simulations use advanced and sophisticated devices 
to simulate complex systems. For less complex 
systems, a low-cost hardware combination can be 
opted. Some set-ups use a low-cost, portable and 
popular microcontroller Arduino as a controller 
[10][11][12] and a single-board computer such as 
Raspberry Pi [13]. Most of that set-up uses a data 
communication channel to integrate the controller 
hardware into the simulation device. This scenario 
implies that the code of the controller cannot be 
directly used to control the real system. It needs 
some adjustment, especially in the input-output part. 

This paper proposes an alternative design of a 
simple and low-cost HIL simulation set-up based on 
Arduino. The HIL simulation set-up consists of a 
computer as a simulation device, an Arduino as the 
main controller, National Instrumentation data 
acquisition systems (DAQ), and a simple resistor-
capacitor (RC) circuit as signal conditioning for 
system integration. This set-up can be used as 
instructional media in engineering education or 
training institutions. In this paper, we present the 
application of such an HIL simulation set-up for DC 
motor control. Experiments are conducted to 
measure the performance of the HIL simulation set-
up and to test a simple proportional integrator (PI) 
control on rotational speed control of a DC motor. 

II. Materials and Methods 

This section discusses real-time simulation, the 
topology of HIL simulation and details steps for the 
proposed HIL simulation implementation. 

A. Real-time simulation 

Real-time simulation refers to a simulation that 
can execute the computation at the same rate as the 
actual physical system. Based on the form of the 
components of real-time simulation, there are three 
types of real-time simulation, as shown in Table 1. 

The first scheme consists of simulated control 
theory (software-based) and real plant/process. It is 
commonly called prototyping. The advantage of this 
scheme is that the engineer can directly implement 
continuous-time domain control theory without 
digitizing any process; most control theory is 
developed in a continuous-time domain. This 
scheme is also commonly used in online tuning 
because it uses real plants/processes to provide 
feedback signals for control algorithms. 

The second scheme is software-in-the-loop (SIL) 
simulation. In this scheme, both components 
(controller and plant/process) are simulated on the 
simulation software. One of the most challenging 
phases to set up this scheme is modelling the 
plant/process. In several cases, it is not easy to get a 

mathematical model that represents the dynamical 
system, especially for the complex plant/process. 
This scheme is commonly used for education 
purposes, such as in control engineering courses. It 
also can be used to develop advanced control that is 
developed based on a model of plant/process. 

The last scheme is HIL simulation. In this scheme, 
a real electronic control unit (ECU) is used to control 
a simulated plant/process modelled on the 
simulation software. One of the advantages of this 
scheme is that control development can be directly 
implemented on the real system with just small 
modifications. 

B. Hardware-in-the-loop simulation 

HIL simulation is one kind of real-time 
simulation. It was used more than 15 years ago. It 
was commonly used for complex systems in the 
industry. Several works implementing HIL can be 
found in [15][16][17]. Two main reasons HIL is 
suitable for various industries, are that it can 
decrease “time to market” and reduce the 
complexity of the real-time simulation. The purpose 
of the HIL simulation is to develop and test the 
control algorithm implemented in real ECU to the 
simulated plant. Some advantages of using HIL 
simulation are as follows: 

• It can reduce development costs and time to 
market because it is not necessary to build a 
real plant or process. 

• Some of complex systems need to do the 
development and testing of plants/processes in 
separate areas. The usage of HIL simulation is 
very suitable because it is easy to modify or 
adapt the plant/process. 

• When the plant model is valid and accurate, the 
tuning of control variables can be done on 
simulation and the result can be implemented 
to the real plant with just a small modification. 

• The use of HIL simulation can reduce the risk of 
damage to the overall system and environment 
during the development and testing process. 

• HIL simulation can be used as instructional 
media to explain the working principles of a 
plant/process. 

The control structure of the HIL simulation is 
presented in Figure 1. The simulation consists of a 
controller implemented in the real hardware and 
plant/process simulated in simulation software. 

C. Implementation process 

1) Plant modeling 

The first step for HIL simulation realization is 
plant modelling. The aim of this step is to find 
mathematical equations that can represent the 
dynamic behavior of a real plant/process. Those 
result equations would be implemented on 
simulation software to be a virtual plant on HIL 
simulation. There are two methods that can be used 
to do plant/process modelling. In case of a lack of 
information of plant parameters or specifications, 
one typically uses a system identification method. 
This method uses a pair of data input and output to 
produce the model or mathematical equations of a 

Table 1. 
Various real-time simulation scheme [14] 

Scheme Set-up Controller Plants/processes 

1 Prototyping Real Real 

2 SIL Simulated Simulated 

3 HIL Real Simulated 
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real plant/process. In this paper, we demonstrate a 
simple experiment to derive a DC motor model from 
experimental data. The modelling process consists of 
several steps as follows. 

a) Sensor calibration 
In this step, the measured data of the sensor 
is compared with the measured data of 
standard measurement instruments to 
validate the sensor. An optical encoder is used 
to measure the rotational speed of a DC motor 
and validated with an optical tachometer. 
Table 2 shows the comparison between those 
two measurements for each given input 
voltage. The average error is 4.625 rpm which 
is relatively small. 

b) Data gathering 
The system identification methods need a 
pair of input-output data to provide the 
modelling equations. In this case, the input 
signal is the input voltage of the DC motor 
and the output signal is the rotational speed 
of the DC motor. 

c) Algorithm execution 
The recorded input and output data are 
submitted to the system identification 
software in order to get the model [18]. 
MATLAB System Identification Toolbox is 
used to find the transfer function, the 
correlation between the input voltage and 
rotary speed of the DC motor. 
Based on the derivation of the modelling DC 
motor using system identification as reported 
in [16], the relation between rotational speed 
𝜔(𝑡) and input voltage 𝑣(𝑡) of the DC motor, 
with assumes that the value of armature 
inductance is small compared to the armature 
resistance and it can be neglected, is 
approached into a first order system without 

zero. In our case, the resulting transfer 
function is 

𝐺(𝑠) = Ω(𝑠)
𝑉(𝑠) = 117.3

𝑠+1.14
 (1) 

d) Model validation 
After the mathematical model of a real plant 
is found, the next step is validating the model. 
In this step, both the real plant and the model 
are injected with the same input signal value. 
In this case, the input value is the input 
voltage of the DC motor in the range of 2 V 
until 11 V, which is in the linear operation 
range of the DC motor. 
Figure 2 shows the result of a model 
validation experiment. The graph shows that 
the dynamic response of the model is close to 
the dynamic response of a real plant. The 
accuracy of the model is 87,95 % compared 
with real plant output for the same 
combination of input. 
This result implies that the mathematical 
modelling of a real plant is valid and it would 
be implemented as a virtual plant/process in 
the HIL set-up. Figure 2 shows that the 
highest error of the model is on the lower 
input voltage area. The reason is that the 
model generated by the system identification 
algorithm is a linear model that cannot 
capture the nonlinearity characteristic, i.e., a 
dead zone of the DC motor. 

2) Hardware-in-the-loop setup 

a) Hardware design 
In this section, the proposed HIL simulation 
set-up is discussed. The interconnection of 
each component in the set-up is shown in 
Figure 3.  
The ECU of this system is an Arduino 
microcontroller. This component is used for 
reading reference signal (that can be adjusted 
externally by a potentiometer) through 

Table 2. 
Optical encoder calibration 

Voltage 
(volt) 

Rotational speed 
– tachometer 

(rpm) 

Rotational speed 
– optical encoder 

(rpm) 

Error 
(rpm) 

4 355 346 9 

6 549 550 1 

8 752 754 2 

10 960 958 2 

12 1182 1183 1 

14 1460 1466 5 

16 1662 1672 10 

18 1849 1856 7 

Average error (rpm) 4.625 
 

 
Figure 2. Graph of error modeling 

 
Figure 1. Structure of hardware-in-the-loop simulation 
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analog-to-digital converter (ADC) pin, read 
the feedback from the simulated plant, 
execute the control algorithm, and provide 
the control signal to the simulated plant 
trough digital-to-analog converter (DAC) and 
DAQ components. DAC, in this set-up, is a 
simple RC circuit used to convert the control 
signal in the form of pulse-width modulation 
(PWM) to an analog value. In this set-up, DAQ 
is used to convert the analog signal from DAC 
to data (serial communication protocol) to 
communicate with the simulated 
plant/process in simulation software. This 
component also converts the signal from the 
simulated plant/process to an analog signal as 
a feedback control signal. 

b) System realization 
This subsection discusses the implementation 
of hardware and software systems that are 
used in the experiment. The overall 
specifications of the system are as follows 
(Table 3). 
The system realization is shown in Figure 4 
and Figure 5. Figure 4 shows the realization 
board of controller and signal processing 
discussed in Figure 3. The interconnection of 
each component is wired by banana 
connectors. The hardware realization includes 

a power button, potentiometers for setting up 
the reference value and tuning up the control 
parameters, and a liquid-crystal display (LCD) 
as a simple display. The DC motor, as a real 
plant, is also mounted on the board. Figure 5 
shows the graphical user interface (GUI) for 
interactively changing the parameters and 
displaying the time plot of the output signal. 

III. Results and Discussions 

This section discusses the result of HIL 
implementation for controlling a DC motor. An 
experiment is conducted to compare the 
performance of HIL simulation and hardware 
implementation (prototyping, scheme 1 as in 
Table 1). In this experiment, a simple PI control was 
implemented on the system to control the rotational 
speed of the DC motor. The PI control parameter was 
tuned on simulation software to provide various 
performances of the system. 

The experiment results are shown in Table 4. The 
trend of dynamic response in HIL simulation is 
similar to real hardware simulation. The average 
difference of the transient response between HIL 
simulation and prototyping is around 0.5 seconds. 
The average difference of maximum overshoot 
between HIL simulation and real hardware 
simulation is around 7.43 %. 

Table 3. 
Specification of the system 

Hardware Software 

Personal computer Arduino IDE 1.8.8 

Arduino board Uno R3 (Atmega328P) NI LabVIEW 2017 64bit student version 

NI USB-6008 (DAQ), 8 inputs, 12 bit, 10k/s multifunction I/O MATLAB student version for system identification 

DC motor 24 V 

Optical encoder (24 holes) 
 

 

Figure 3. The proposed hardware-in-the-loop simulation interconnection 

   
Figure 4. The proposed hardware-in-the-loop simulation set-up 
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IV. Conclusion 

In this paper, a simple HIL simulation set-up is 
successfully designed. It can be used to implement 
closed-loop control algorithms for development, 
testing, and educational purposes. Experiment 
results show that the trend of dynamic response in 
HIL simulation is similar to the one in real hardware 
implementation, with an average error of 0,5 
seconds in measured transient response and 7.43 % 
in maximum overshoot. These findings show that 
the HIL simulation set-up is able to represent the 
dynamic response of a real plant or process. In order 
to enhance the accessibility of the proposed HIL 
simulation set-up for future development, we 
suggest the use of open-source simulation software, 
for example, Sci-Lab, for simulating the 
plant/process in the HIL setup. 
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