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ABSTRACT: This paper presents the experimental validation of three-phase
motorized wheel (MW) mathematical model. The research which ignited from the lack
of validation of MW was started from the simulation that developed utilizing
MATLAB/Simulink software. A speed control based Proportional-Integral (PI)
controller was then implemented to the simulation to verify the effectiveness of the
mathematical model. Several simulation tests namely step, sinewave and sawtooth
function at 10, 20, and 30 km/h respectively have been conducted. In order to ensure
the reliability of the simulation model, a series of validation tests were performed using
the same tests method conducted in the simulation. Various parameters, such as speed,
distance, current, torque, and voltage, were measured during the tests. The results
indicated that the simulation results are able to mimic the trend of experimental data
with an acceptable error rate of less than 5%.

KEYWORDS: Motorized Wheel (MW); PI-Controller; Quarter Car Traction
Model; Simulation Model; HILS tests.

1.0 INTRODUCTION

The enforcement of stringent safety standards has led to the need to
ensure that electric vehicle propulsion systems are efficient [1]-[3].
This drive characteristic requires a fast response to act effectively,
especially in critical situations. However, meeting this requirement
with a single motor electric vehicle system is nearly impossible due to
the complex mechanical linkage between a single motor and gearbox
system which lead to the energy waste [4], as well as the system’s
bulky size, heavyweight, and delayed time response to transmit the
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power to the wheels [5]-[8]. Additionally, the power transmitted to
the wheel varied depending on the gearing system and motor design
[5], [9], [10].

Inspired by motorized wheel (MW) technology, this system has been
used to overcome the drawback of a single-motor system. The MW
technology transmits the power directly to the wheels [1], without
mechanical linkage attached [11], [12], allowing for instant power
transmission and no delay between the motor and wheels [4], [5], [13],
[14]. Since the MW works independently on each side, it allows this
system to be actively design by tuning the dynamic response of the MW
based on the road surface. Consequently, the system can enhance the
acceleration time and enable the integration of advanced control
features [2], [5], [9], [15], such as adaptive cruise control (ACC), vehicle
stability control (VSC), emergency braking (EB), and other advance
features by actively design the MW behavior.

Most researchers today have successfully modeled and controlled the
torque and speed of the MW through simulation [5], [16-19] with a
variety of controllers being employed. This includes Space Vector
Modulation Direct Torque Control (SVM-DTC) [5], [20], stator flux-
oriented control (FOC) [20], [14], Predictive Torque Controller (PTC)
[14], Neuro-Fuzzy Control (NFC) [21], Model Predictive Control (MPC)
strategy [3], [13], Sliding Mode Control (SMC) [20], and V/f control [14].
However, majority of the research is focused on torque control and
limited by the simulation model. It is worth mentioning that there is a
lack of researchers who validate the simulation model constructed,
leading a doubt regarding model developed and accuracy of the
finding, rendering it impractical to be used.

Therefore, this study highlights the modelling and validation of MW
model by utilizing real hardware. This research was further by
developing a speed control of MW using Proportional-Integral (PI)
controller, which underwent testing in both simulation model and
experiment. In order to verify the credibility of the PI controller,
various tests were conducted by using different patterns, which are
step, sinewave and sawtooth, with amplitude of 10, 20, and 30 km/h,
respectively.

This paper is structured to enhance comprehension and proceeds as
follows: Section two expounds the simulation model of the motorized
wheel (MW), while section three furnishes exhaustive details
concerning the hardware and experimental setup. Section four
delineates the speed control scheme of MW, and section five centers on
the simulation and experimental findings.
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2.0 SIMULATION MODEL OF MOTORIZED WHEEL

The MW used in this experiment is a permanent magnet synchronous
motor (PMSM) type, that employs a three-phase voltage source inverter
[1], [4], [19]. To mathematically characterize the MW system using
mathematical equations, it is transformed to rotor reference dq and of3
frame axis, as depicted in Figure 1.
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Figure 1: MW c:iq and afi-axes

Assuming a sinusoidal electromotive force (EMF) is utilized and
balanced stator windings, the stator equation on the dg-axis is
expressed as follows:

L
Vas = Rslgs + st - Pwrlpqs (1)
. dy
Vos = Rslgs +— 5 = Par g )
Where the stator flux is represented as
Yas = Lalas + Py 3)
lpqs = Lqiqs (4)

Noted that the R, is represented as stator resistance; izs and iy, is
defined as the stator current on dg-axis; P is the number of poles; w, is
the rotor angular velocity; 45 and 14 is the stator flux on the dg-axis;
Ly and L, is the inductance on the dqg-axis.

The electromagnetic torque equation is expressed as

3
T, = Ep(l)bdsiqs - lpqsids ) (5)

Thus, the dynamic equation of the MW is given as

dw,
JE =T, ~ T, - Bay ©)
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Where J is the moment of inertia, T is the motor torque load, and B is
the viscous friction coefficient. Table 1 shows the specification of MW
modeled G-M045, which was obtained using the system identification

(SI) method.
Table 1: Specification of MW

Definition Symbol | Unit Value
DC voltage source Ve \Y% 48
Number of poles pairs p - 22
d-axis inductance La H 0.0066
g-axis inductance Ly H 0.0058
Permanent magnet flux linkage ¥, Wb 0.175
Moment inertia of the wheel

J Kg.m? 0.00176

Viscous damping B N.m.s | 0.00038818

3.0 HARDWARE AND EXPERIMENTAL SETUP

Figure 2 illustrates the experimental setup of MW that has been
configured and linked to MATLAB/Simulink software via computer. In
order to obtain the MW responses data, various hardware and sensors
have been employed, which are data acquisition system (DAQ),
battery, speed sensor, current sensor, and voltage sensor. DAQ is used
to capture data from transducers. It has been supplemented by a set of
on-board peripherals used in digital control systems such as A/D and
D/A converters. In addition, the MW driver is energized by a 48 V
battery, consisting of gate driver circuits and a three-phase voltage
source inverter (VSI) based on IGBTs. The VSI is recommended to
function at a maximum switching frequency of 60 kHz and be capable
of delivering up to 20A. The DC link voltage of 48V for the VSI is
obtained by employing three-phase diode bridge rectifier modules. To
avert a short-circuit malfunction, a dead time of 3.0us is implemented
for each switching transition in this VSL

Moreover, the speed sensor used is based on hall sensor effect which
using magnetic sensing method to detect the changes in the magnetic
field induced by the rotation of the MW. The speed sensor operates by
generating a voltage when the magnetic field is perpendicular to the
current-carrying conductor when the MW is rotated. The resulting
magnetic field changes are then applied for the analysis of MW speed,
that transmitted through two signal wires designated as phase A and
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phase B and connected to a DAQ device. Other than that, a current and
voltage sensor enables the analysis of the MW's current and voltage
during dynamic. Even though the MW wused a three-phase
configuration, only a single phase of current is adequate to estimate the
torque produced from the MW, where the i, is the peak current
generated from the three-phase current [15], [20], thus it can be
mathematically simulated based on the equation (5) by assuming igzs =
0 due to the concept of vector control [14], [15].

Figure 2: Experimental setup of MW via MATLAB/ Simulink software

4.0 SPEED CONTROL SCHEME OF MW

Drawing on prior research [4], [14], it was found that a MW has been
utilize PI control. Therefore, a close-loop PI control scheme has been
devised, where the input is the reference speed, while the output is the
actual speed, which can be seen in Figure 3 (a). The controller has been
tuned using the sensitivity analysis method, yielding values of 13 and
7 for P and I, respectively. The mathematical equation of the PI control

scheme is expressed as follows:
t

Pl =K, + Kif e(t) dt (7)
0

To enhance the trustworthiness of the developed speed control, Figure
3 (b) illustrates the integration of the PI controller with the MW
hardware. From the figure, the output of the PI control is connected to
the hardware input, while the hardware output (hall sensor) is used to
track the MW speed and utilized as feedback and output for this control
system. The MW experimental tests have been compared with the MW
simulation design to analyze the deviation between simulation results
and experimental data regarding speed. Both experiment and
simulation are tested using three different input modes, which are step,
sine wave, and sawtooth, at the speed of 10, 20, and 30 km/h. This
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ensures that the PI control can adapt to different input modes and
speeds, which have variations in amplitude.

Vref ﬁ?—’ PI CONTROL —* MW - Vact

(@)

Motorize Wheel

Hardware input ~ Hardware output

v PI
ref + CONTROL

(b)
Figure 3: Testing of MW via: (a) Simulation model; (b) Experimentation

5.0 PERFORMANCE VALIDATION OF SPEED TRACKING
CONTROLLER FOR MW

Figure 4 to 6 demonstrated the validation results of proposed
mathematical model for MW. There are five parameters that were
observed for each test: speed, distance, current, torque, and voltage,
where the solid line represents the experimental data, while the dashed
line represents the simulation results. According to [20], the
comparison must be conducted under two identical conditions.
Therefore, both experimental and simulation tests were performed by
using real MW parameter and similar control period. Noted that the
tests were done without external load applied to obtain reliable results
for the validation of the mathematical model. This will eliminate the
effect of external factors on the performance of the system, allowing for
a more precise comparison between experimental data and simulation
results.

Figure 4 illustrates the step input tests were conducted at a speed of 10,
20 and 30 km/h. It can be seen that the controller structure shows a
promising ability to track the desired trajectory for different peak
speeds. However, there exists a discrepancy in the reaction time, with
the experimental results exhibiting a minor delay of 0.02 s compared to
the simulation. Meanwhile, the simulation results indicated that the
percentage overshot for 10, 20, and 30 km/h peak speed in the

ISSN 2180-1053 e-ISSN 2289-8123 Vol.15 No.2



Modelling, Control and Experimental Validation of Motorised Wheel Speed Control

simulation are 5 %, whereas the experimental response, are 1.57 %, 1.59
%, and 2.1%, respectively. Besides, the settling time for speeds of 10, 20,
and 30 km/h in simulation is 2.01 s, 2.03 s, and 2.06 s, while for the
experiment, are 2.02 s, 2.04 s, and 2.07 s, respectively. Ahmad et al. [23]
mention that the maximum allowable error between simulation and
experiment should be less than 5% to consider the model simulation
realistic.
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Figure 4: Performance validation of MW using step input at (a) 10km/h; (b)

20km/h; (c) 30km/h

The seconds test is performed using sinewave input, where Figure 5 (a)
exhibits the sinewave input tests at a speed of 10 km/h. It can be seen
that the input speed starts at 5.23 km/h, where both the simulation
model, as well as the experimental response is able to track the
sinewave input speed, which resulted in a distance of 8.22 m. The
dynamic of MW uses a current of 10 A at an initial sudden speed and
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produces a torque of 60 Nm, powered by a 48 V battery voltage. Besides
that, the speed track has been tested with various speeds of 20 and 30
km/h, as illustrated in Figure 5 (b) and (c). Despite the present of
nonlinearities exist in the experimental response, the comparison
between simulation results and experimental response shows good
agreement with minimum error.
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Figure 5: Performance validation of MW using sinewave input at (a) 10km/h;
(b) 20km/h; (c) 30km/h

The validation test of speed tracking control is continued by using a
sawtooth function with various speeds, as shown in Figure 6. Figure 6
(a-c) shows the results of speed control tests at a speed of 10, 20, and 30
km/h, respectively. It can be seen that the speed tracking system is quite
good at an acceleration and deceleration, although there is an error
occurring, especially at the peak. In addition, it also can be observed
that there is no jerking when MW tracks the desired trajectories speed
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due to its dynamic characteristics of robust torque, accurate and fast
response. Besides, the electrical dynamic of MW exhibits an excellent
correlation between the current response of both simulation and
experimental results during the acceleration. However, the current
response is poor during deceleration due to parasitic loss experienced
in the experiment, while the simulation simulates the behavior based
on the parameter used.
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Figure 6: Performance validation of MW using sawtooth input at (a) 10 km/h;
(b) 20km/h; (c) 30km/h

6.0 CONCLUSION

In this study, the speed control of MW has been designed using
mathematical equations. The simulation model was configured to match
the characteristics of the actual hardware by using the same properties,
and measured parameters from the motor manufacturer. The parametric
model of MW was identified to represent the dynamic behavior of the
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proposed MW, where the predicted response of the MW model was
compared with the measured response using the MW test rig. Several
parameters are observed from the simulation model and experimental
hardware: speed, distance, current, torque, and voltage. The results
showed a good agreement between the simulation model and
experimental response. Using the validated MW model, the speed
control-based PI controller has been developed. The tests were
conducted using step, sinewave, and sawtooth inputs and speed
variations of 10, 20, and 30 km/h, respectively. The proposed MW model
and its control structure demonstrated good performance and closely
followed the desired speed patterns. The simulation behavior was found
to be agreeable with the experiment's data due to the ability of the
developed mathematical model to describe the behavior of MW and its
control adequately. Therefore, the speed control scheme is suitable to be
utilized in the MW system.
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