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Abstract. This paper aims at validating and per-
formance testing of the real-time models for Direct
Current (DC) motor-drive systems using Controller-
Hardware-in-the-Loop (C-HIL) platform. The DC
motor-drive systems are modeled in real-time wusing
STM32F, Discovery kits, where a minimum time-step
of 10 ps is achieved. The closed-loop control scheme is
based on adjusting the angular velocity of the DC mo-
tor by controlling the armature current, which in turn,
controls the developed electromechanical torque of the
DC motor. Implementation and performance verifica-
tion of DC motor-drive systems and the controller can
be time-consuming and expensive. The main objective
of this paper is to demonstrate the practicality of real-
time tmplementation and performance verification of
DC motor-drive systems using the C-HIL testing plat-
form to show perfect concordance with the machine the-
ory without the need for costly commercial real-time
simulators.
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1. Introduction

Over the past decade, there has been a growing de-
mand for more high-efficient high-performance elec-
tric motor-drive systems, which require more complex
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power electronics control systems [1H4]. The adoption
of wide-bandgap semiconductor materials, such as Gal-
lium Nitride (GaN) and Silicon Carbide (SiC), allows
for high switching frequencies, resulting in more com-
plicated challenges for developing electric motor-drive
systems [5,/6]. To address such challenges, Hardware-
in-the-Loop (HIL) testing can be utilized to assess
the performance of the process-actuator system, also
known as a plant, and the supervisory control algo-
rithms [7]. HIL technology enables more efficient and
economical implementation of electric drive-motor sys-
tems by building digital prototypes instead of real
experimental setups. Considering high-voltage high-
power electric drive-motor systems, building the sys-
tem’s prototypes is a time-consuming and expensive
process. In this regard, HIL technology facilitates per-
forming exhaustive testing with a high degree of safety
at a reduced cost.

Commercial real-time simulators, such as OPAL-RT
Simulator, provide accurate and safe development and
testing of complex control, protection, and monitor-
ing systems [8] [9]. However, performing HIL testing
with commercial real-time simulators is an expensive
and time-consuming process. An alternative method
is Controller-Hardware-in-the-Loop (C-HIL) testing,
which is an effective and safe solution for high-fidelity
testing of controllers at a fraction of the cost. Figure
illustrates how digital hardware can be utilized to
emulate various system components, including but not
limited to controllers, power electronic devices, etc., in
a safe environment. As shown in this figure, the C-HIL
testing platform consists of two layers, referred to as
cyber and physical layers. The physical layer includes
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accurate models of all system components, including
power electronic devices, DC motors, etc., which are
stable, predictable, and reliable. The cyber layer can-
not have an accurate model as it is constantly evolving,
unpredictable, vulnerable to cyberattacks, vulnerable
to incorrectly being programmed by technicians, and
it may have many versions of software, firmware, and
even controller types. Thus, the actual controller can-
not be simulated. In this regard, the actual controller
is linked to a digital emulation of an actual system,
i.e., HIL, in closed-loop to create a digital twin that
allows for high-fidelity testing. It should be noted that
the HIL model in Figure [I] is mainly a set of differen-
tial equations representing the mathematical model of
the actual system and solved in a short time-step. A
typical Central Processing Unit (CPU)-based real-time
simulation can achieve a minimum time-step of >10 us
due to the large bus latency in a CPU [10]. To accu-
rately model the behavior of a system, the simulation
frequency should be substantially higher than the input
frequency of the system. In general, in order to per-
form C-HIL testing of power converters, a time-step of
<10 ps is required. Additionally, the exchanged sig-
nals between the control system and the HIL model
are of low power and voltage, creating an environment,
which is both secure and non-destructive, to design,
implement, and assess the performance of control sys-
tems [11]- [13].

A promising approach to solve the problems related
to consistently-high latency in CPU-based HIL test-
ing is to use Field-Programmable Gate Arrays (FP-
GAs) |14]. Such devices provide multiple advantages,
including low latency, parallel processing capability,
and high performance and energy efficiency, while their
main drawbacks are low-level programming and rel-
atively high cost. In [15], an FPGA-based real-time
platform for the simulation of power converters and
electric machines is presented. As stated in [15], it is
possible to achieve the time-step of 200 ns to model
power converters and electric machines. In addition,
the real-time simulation of Alternating Current (AC)
machine transients in an FPGA-based real-time sim-
ulator is presented in [16], where a computation time
of 44 ns within the simulation time-step is achieved.
Rather than FPGAs, it is possible to achieve a time-
step of 1 us using programmable Digital Signal Pro-
cessors (DSPs) for real-time simulation of power con-
verters. However, DSPs are slower than FPGAs, they
can be programmed easily at a lower cost of implemen-
tation.

Based on the above analysis, this paper aims at vali-
dating and performance testing of real-time implemen-
tation of DC motor-drive systems using the proposed
C-HIL testing platform. In this regard, the real-time
models for DC motor-drive systems (HIL model) and
the control scheme are implemented in two STM32F4

Discovery kits. The HIL model and the controller are
interconnected via Analog-to-Digital Converter (ADC)
and Digital-to-Analog Converter (DAC) pins. In par-
ticular, the angular velocity and armature current are
the two signals, which are sent to the controller us-
ing DAC pins, and the controller generates the control
signals, i.e., the duty cycle of Insulated-Gate Bipolar
Transistor (IGBT) switching devices, using ADC pins.
The simulation and experimental results verify the ap-
plicability and effectiveness of the proposed C-HIL test-
ing platform to be used for validating the performance
of new control strategies for electric drive systems.

In summary, the main contributions of this paper are
as follows:

e Implementation of real-time models for DC motor-
drive systems using STM32F4 Discovery kits

e Validating and performance testing of the real-
time models for Direct Current (DC) motor-drive
systems using a closed-loop angular velocity con-
troller

e Comparing the simulation results with experimen-
tal results to verify the performance of the pro-
posed C-HIL testing platform

The rest of this paper is organized as follows. Mod-
eling and control of DC motor-drive systems are pre-
sented in Section [ 2. | Simulation and experimental
results are provided in Section [3. ] Finally, Section [4]
| Concludes this paper.

2.  Modeling and Control of
DC Motor-Drive Systems
2.1. Modeling of a DC Motor

The separately-excited DC motor has two distinct volt-
age sources supplying power to its field and armature
circuits. Figure [2] illustrates a typical structure of a
DC motor-drive system for dynamic analysis. In this
figure, I,, R,, and L, are the current, resistance, and
inductance of the armature, respectively. In addition,
V¢, Ry, and Lj indicate the voltage, resistance, and
inductance of the field circuit, respectively. Finally,
E,, Vi, Vpc, and w,, are the internal voltage of the
DC motor, the voltage at the DC motor terminals, DC
voltage source feeding the DC motor, and the angular
velocity of the DC motor shaft, respectively.

Applying Kirchhoff’s voltage law to the armature cir-
cuit leads to deriving the following expression |17].

diq(t)

Vi = Rgiq(t) + Lg 0

+ Ea(t) (1)

where E,(t) is the back Electromotive Force (EMF),
which is proportional to the angular velocity of the DC
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Fig. 1: The generalized C-HIL setup.

motor shaft and the field current, and can be expressed
as follows:
()

where Ly is the field-armature mutual inductance.

Ea(t) = Lagls(t)wm(t)

For motoring operation, the developed electrome-
chanical torque by the DC motor highly depends on
the armature current and field current, and it can be
expressed as follows:

Te(t) = Lagls(t)1a(t) ()
By adjusting the voltage at the DC motor terminals
(V), the DC motor angular velocity gradually varies
from zero to its predetermined angular velocity at the
constant torque region. An increase in V; leads to an
increase in the armature current, which in turn, in-
creases the developed electromechanical torque and the
DC motor angular velocity. Thus, the following expres-
sion can be written to demonstrate the relationship
between the DC motor angular velocity, the developed
electromechanical torque, and the load torque (77,).

dw,y, (t)

J
dt

=T.(t) — Tp(t) — Brwm(t) (4)
where J is the moment of inertia of the DC motor
and B,, is the viscous friction coefficient.

According to Equations 7, the discrete model
of the DC motor can be represented by the following
expressions.

Vi(k) = Vb D(k) (5)

dl,(k) 1
I (Vi(k) — Eq(k — 1) — RoI,(k — 1)) (6)
Lo _ Llf Vy—Ril(k—1)  (7)
de:l;{(k) =T.(k—1) = Tr(k) — Bpwm(k—1) (8)

Integrating Equation @— using the rectangu-
lar integration method (Backward Differencing), the
model can be solved based on the following expressions.

I(k) =I,(k—1)+ dla(k)
15(k) = 1k — 1) 4 2
(k) = o = 1) + L
Ea(k) = Laflf(k)wm(k)
TE(k) = LafIf(k)Ia(k)

Control of DC Motor-Drive
Systems

2.2.

As shown in Figure the proposed control system
comprises two primary control loops. The external
control loop is utilized to control the angular velocity
of the DC motor and to minimize the error between
the measured angular velocity of the DC motor and
its reference value. As previously stated, the arma-
ture current can be adjusted to control the developed
electromechanical torque, which in turn, allows for con-
trolling the angular velocity of the DC motor. In this
regard, the output of this control loop determines the
reference value of the armature current. The internal
control loop adjusts the armature current by minimiz-
ing the error between the measured armature current of
the DC motor and the reference value generated by the
external loop using a Proportional-Integral (PI) con-
troller. The output of this control loop is the duty
cycle of the power converter, as shown in Figure
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Fig. 3: The block diagram of the control scheme for DC motor-drive systems.

3. Results and Discussion

3.1. Simulation Results

In order to assess the performance of the proposed
C-HIL testing platform, the DC motor-drive systems
shown in Figure [2] are initially simulated in MAT-
LAB/Simulink environment. The parameters of the
DC motor are shown in Table [l

The simulation results for DC motor-drive systems
in different scenarios with a sample time of 10 ps are
shown in Figure [d] The control system is designed to
ensure that the angular velocity of the DC motor main-
tains a predefined value (reference value). Therefore,
by adjusting the voltage at the DC motor terminals
and the armature current, the angular velocity of the
DC motor can be controlled. It should be noted that
the gains of the speed controller and current controller
areset to P=15and I =1and P=1and I = 2,
respectively.

Tab. 1: The parameters of the DC motor.

Parameters ‘ Values
Armature Resistance (Rq) 2.581 [©]
Armature Inductance (Lq) 2.810 [mH]
Field Circuit Resistance (Ry) 281.375 [Q]
Field Circuit Inductance (Ly) 156 [H]
Field Circuit Voltage (Vy) 100 [V]
Field-Armature Mutual Inductance (L) 0.572 [H]
DC Voltage Source (Vpc) 200 [V]
Viscous Friction Coefficient (Bm) 0.00295 [N.m.s/rad]
Moment of Inertia (J) 0.0221 [kg.m?]

Figure illustrates the angular velocity of the DC
motor as well as its reference value. According to Fig-
ure in the first scenario, the reference value of the
angular velocity is initially set to w}, = 800 rpm, and
the angular velocity of the DC motor follows the ref-
erence value. As shown in Figure the mechanical
load is T, = 1 N.m and remains constant. In the sec-
ond scenario, starting at ¢ = 3 s, the angular velocity
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Fig. 4: Simulation results for the angular velocity control of the DC motor: (a) angular velocity (w), (b) mechanical load (T}),
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Fig. 5: The experimental C-HIL testbed.

reference value is decreased by 300 rpm and set to 500
rpm. Accordingly, as shown in Figure a sudden
decrease in the armature current occurs at ¢t = 3 s to
decrease the developed electromechanical torque and
the angular velocity of the DC motor. In the third sce-
nario, at t = 6 s, the mechanical load is increased from
1 N.m to 10 N.m with no changes in the reference value
of the angular velocity. In order to maintain the angu-
lar velocity constant, the controller should increase the
developed electromechanical torque to match the me-

chanical load. In this regard, Figure shows that
the developed electromechanical torque reaches 10 N.m
at t = 6 s. Consequently, according to Figure the
controller adjusts the current from 6 A to 50 A by
changing the duty cycle of the power converter. In the
fourth scenario, as shown in Figure the mechani-
cal load is decreased by 5 N.m at ¢t = 8 s. Accordingly,
the controller decreases the armature current to 25 A
to maintain the angular velocity constant.

3.2. Experimental Results

The proposed C-HIL testing platform is illustrated in
Figure[pl As shown in this figure, the executable codes
from the HIL model of the DC motor-drive systems and
the control scheme are deployed to two separate tar-
get devices (STM32F4 Discovery kits). As mentioned
earlier, the HIL model and the controller operate as
a closed-loop system. The closed-loop is implemented
when the feedback of the DC motor’s angular veloc-
ity and armature current is sent to the controller via
Digital-to-Analog Converter (DAC) pins, and the con-
trol signal, i.e., the duty cycle, is generated by the con-
troller and sent to the HIL model via an Analog-to-
Digital Converter (ADC) pin. In order to verify the
performance of the proposed C-HIL testing platform,
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Fig. 6: Experimental results for the angular velocity control of the DC motor.

the same scenarios and same parameters for the DC
motor are considered.

Figure [6] shows the experimental results for the DC
motor-drive systems with a sample time of 50 ps. Due
to the small discrepancy in sample time, the gains of
the PI controllers in the simulation and experimental
sections slightly differ from each other. In this regard,
the gains of the speed controller and current controller
are set to P = 0.2 and I = 0.5 and P = 0.05 and
I = 0.5, respectively. According to Figure the
reference value of the angular velocity is initially set to
wy, = 800 rpm and the mechanical load torque is Ty, =
1 N.m. Once the angular velocity reaches its reference
value, the armature current gradually reaches I, = 6
A. As shown in Figure the reference value of the
angular velocity is changed in step from 800 rpm to 500
rpm. The controller decreases the armature current of
the DC motor to match the angular velocity of the DC
motor to its reference value. Since the mechanical load
torque is not yet changed, after a few seconds, the ar-
mature current reaches 6 A. Figure illustrates that
once the angular velocity reaches its reference value, a
step change from 1 N.m to 10 N.m in the mechanical
load of the DC motor is made. According to the ob-
tained results, despite the large increase in the mechan-

ical load of the DC motor, the controller successfully
adjusts the angular velocity to its approximately pre-
determined value by increasing the armature current
from 6 A to 50 A. Finally, the mechanical load of the
DC motor is decreased by 5 N.m., as shown in Fig-
ure The controller changes the duty cycle of the
power converter to control the developed electrome-
chanical torque by the DC motor, and accordingly, its
angular velocity. In this regard, the armature current
is decreased from 50 A to 25 A to ensure that the an-
gular velocity of the DC motor maintains a predefined
value, i.e.,; 500 rpm.

3.3.  Discussion

While C-HIL testing platforms offer significant ad-
vantages in testing and validating control algorithms
in a realistic hardware environment, the complexity
of hardware integration and synchronization can pose
challenges, requiring meticulous attention to real-time
communication and data exchange between the con-
troller and physical components. Besides, achieving
high-fidelity representation of complex systems in real-
time simulations may demand substantial computa-
tional resources. Apart from that, the scalability of
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C-HIL setups for large-scale systems remains an open
issue, particularly in distributed energy systems or in-
terconnected networks [18].

Future work in this domain should focus on devel-
oping more efficient and scalable algorithms for real-
time simulations, exploring advanced synchronization
techniques, and addressing the challenges associated
with the integration of emerging technologies, such as
Artificial Intelligence (AI) and machine learning, into
C-HIL frameworks. Optimization algorithms, such as
Multi-Objective Genetic Algorithm (MOGA) [19] and
Modified Adaptive Selection Cuckoo Search Algorithm
(MASCSA) |20], can be employed to fine-tune con-
troller parameters and determine the optimal configu-
ration for various components. Enhancements in mod-
eling accuracy, adaptability to dynamic system condi-
tions, and the incorporation of cybersecurity measures
are also areas that warrant further research to advance
the effectiveness and applicability of C-HIL systems.

4. Conclusions

In this paper, modeling, validation, and perfor-
mance testing of the real-time models for Direct Cur-
rent (DC) motor-drive systems using a Controller-
Hardware-in-the-Loop (C-HIL) testing platform is pro-
vided. The proposed C-HIL testing platform utilizes
two STM32F4 Discovery kits for deploying the exe-
cutable codes related to the real-time models of the
DC motor-drive systems and the control scheme. The
proposed C-HIL testing platform is capable of adjust-
ing the angular velocity of the DC motor by control-
ling the armature current, and accordingly, controlling
the developed electromechanical torque of the DC mo-
tor. The simulation and experimental results verify
the performance and applicability of the proposed C-
HIL testing platform using two STM32F4 Discovery
kits without the need for costly commercial real-time
simulators.
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