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suspension, and braking system, which then makes use of a three-phase permanent magnet
synchronous in-wheel motor (PMSM-IWM) at both of the rear axle wheels. An extension of KEYWORDS
that is a simulation of an IWM-EV vehicle using a 5-degree-of-freedom vehicle longitudinal Individual PMSM motor:

model that has been developed by incorporating PMSM-IWM as a drive wheel located at the
rear axles. Using the simulation, vehicle dynamic control in the longitudinal direction-based

In-wheel motor;
Electric vehicle;

Proportional-Integral-Derivative (PID) controller has also been strategized. With the intention
to confirm the capability of the IWM-EV, experimental studies-based real IWM-EV hardware
have been conducted. Three dynamic tests that generalized from SAE standard SAE J866-
199908, namely acceleration performance at the level pavement (including acceleration tests
and acceleration then braking tests) and road gradient tests at constant speeds of 10, 15 and
20 km/h, were used as the testing method. The performance areas evaluated were vehicle
body speed, wheel speed, distance travel experienced by the vehicle, IWMs current, drive
torque, as the battery voltage capacity used by the vehicle. The findings indicate that the
simulation results and experimental data are similar, with less than 5 % error. The outcomes
from this study can be considered in the design optimization of a torque vectoring control in
the next research study.

Longitudinal control;
Experimental testing

1.0 INTRODUCTION

The motivation for this study lies in the increasing requisition for minimal environmental impact vehicles with
adequate performance traits. Although still effective in their use, internal combustion engine (ICE) vehicles have become
the main contributors to greenhouse gas emissions, air pollution, carbon monoxide, and air toxins [1-3]. With a
significantly less profound impact on the environment than ICE vehicles, electric vehicles are considered a technology
that could meet the demand for low environmental impact vehicles [2-4]. Thus, the development of electric ground
vehicles (EVs) has emerged as a burgeoning area of research in both academia and commercial research. This has resulted
in noteworthy enhancements in the handling of passenger vehicles, energy usage, and control technology has been
achieved. Moreover, EVs also support the vision of x-by-wire, where a multipoint bus network emancipates vehicle
control from the constraints of mechanical linkages. This approach can also enhance cabin space with ergonomic and
crash-compatible controls [5]. Looking further ahead, this system has the potential to support autonomous vehicles [6-7].

Compared to ICE-based vehicles, EVs may use different configurations, which can have a profound impact on the
vehicle’s performance and efficiency characteristics. One configuration of EVs that has demonstrated perfect outcomes
in vehicle performance traits is utilizing independently actuated in-wheel motors (IWM) [8-10]. These IWMs allow for
the enhancement of vehicle control, as they are part of the vehicle’s unsprung mass and can be utilized to actively design
performance features instead of tuning them indirectly through the conventional chassis system.[7]. The utilization of
IWMs allows for better accuracy in measuring vehicle characteristics, as each IWM has its sensor to measure independent
wheel speed resulting from accurate and fast torque generation. Indirectly, it indicates that the vehicle’s dynamic behavior
and road surface conditions can be more precisely measured and estimated, enabling the vehicle to optimize its torque
allocation and enhance its performance.

To date, although some successes have been recorded, in-wheel motor-based electric vehicle technology (IWM-EV)
is a relatively young, emerging, but advanced technology with very broad expansion prospects. However, there are still
some shortcomings in the use of IWM on real vehicles, which then the investigation into this topic. According to
preliminary analysis, some of the weaknesses and shortcomings of this technology are as follows: in recent years, several
subsequent studies on IWM-EV systems have been rapidly developed for different purposes and requirements [11-12],
[13-19]. Although the results have contributed significantly to the development of knowledge about IWM-EV, the results
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are still weak and questionable. This is because the tests conducted on IWM-EV capabilities are still limited to simulation-
based tests [6], [8], [20] and HILS methods [14], [21-23] that require some simplification, justification, and assumptions
during the tests. It is common knowledge that justification and assumptions may inaccurately reflect the data and likely
result in inaccurate predictions [24]. This is also confirmed by other researchers [25-28], who state that a situation’s
measurement through simulation is useless until it is confirmed with experimental tests through real systems.

If it is investigated in-depth, this can be considered to be caused by the control system that has used advanced control
strategy such as Fuzzy Logic Control (FLC) based torque and speed controller [29-32], Neural Network (NN) based
electronic differential control strategy [29], [31], [33—34], genetic algorithm [35-38], sliding mode control (SMC) [39—
48] Although it can be said to be successful in the simulation system, it is widely acknowledged that those proposed
controllers have some limitations, such as static rules in FLC [24-25], complex iteration in NN [33-34], [38], and slow
learning speed in SMC [44-48] which are difficult to be implemented in a microcontroller and difficult to realize, thus
causes the potential benefits of IWM-EV cannot be fully exploited. However, only a limited number of experimental
studies yielded positive outcomes, but they were subject to significant constraints where the experimental results obtained
did not align with the theoretical predictions and exhibited response delays due to system damage and security issues.
[49-50]. The successful experimental studies of IWM-EV are mostly made by vehicle manufacturing companies: Nissan
Motor Corporation, ELAPHE LTD, Aptera Motors Corp, Protean Electric, and EV Central. At the same time, academic
organizations recorded very few successful studies because of system malfunction in case of failure problems and safety
issues due to the absence of a suitable test site.

To contribute to the development of EVs in particular, an IWM-EV has been developed in the Autotronic Laboratory
Faculty of Mechanical Engineering UTeM. Basically, the design of the IWM-EV is an innovation of the conventional go-
kart vehicle with slight modifications in steering, suspension, and braking system. Besides, the power terrain of the vehicle
has been changed by integrating IWMs at the rear axle wheels. To that end, IWM-EV-based simulation and longitudinal
dynamic control were developed using MATLAB Simulink Software. With the intention to confirm the capability of the
IWM-EV, experimental studies-based SAE standards have been conducted, gathered, and compared with the simulation
results. This paper is organized into five sections as follows: the first section includes an introduction, a scrutiny of
pertinent preliminary work, and an assessment of the IWM-EV’s performance. Section two introduces the mathematical
equations that are used to develop the simulation model, hardware, necessary instrumentation, and data acquisition system
for experimental study, followed by the basic erudition on the determination of vehicle center of gravity. The third section
delved into the control strategy and the simulation parameters imposed on the IWNM-EV. The fourth section presents the
results obtained using simulation and experimental study, and finally, the study’s conclusion is presented in the last
section.

2.0 MATHEMATICAL MODEL OF THE IN-WHEEL MOTOR-BASED ELECTRIC VEHICLE

The development of the IWM-based electric vehicle is started via a simulation method based on the 5 degrees of
freedom (5-DOF) vehicle model illustrated in Figure 1. With the assumption that the vehicle consists of a sprung mass
connected to four unsprung masses through the suspension system, the vehicle is only subjected to a longitudinal dynamic
[26], [51]. Note that the suspension system is modelled as a rigid body that prevents the unsprung mass from bouncing
vertically, thus precluding the sprung mass’s ability to pitch, roll and bounce. Besides, the vehicle is assumed to be a front
wheels steer [52], where each of the unsprung masses is permitted to rotate on its axis, and only two IWMs are used at
the rear axle of the wheels.

Top view

D

Figure 1. 5 DOF vehicle model

As shown in Figure 1, the dynamic of the vehicle is given by:

mv, = ZFx+mgsin0+Fd (1)
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where, m is the vehicle mass, g is the gravitational acceleration, 6 is the road gradient, ), F, is the summation of
longitudinal force acting on the rear left and right tires that is denoted as F,,; and E,,.. respectively. F; is the drag force
and is represented by

1 2
Fy = Epvx CpA )
where A is defined as the frontal area, p is calculated from the density of air, v, is the longitudinal velocity and Cj, is the

aerodynamic drag coefficient. During dynamic, there are reaction forces under each of the front and rear tires, whereby
the front tyres can be described as F,f, and while the rear tires it is elucidated as F,..

1 b heg 1 h
_ 2 o2 . L n 3
Fyr zmg[lc059+—l sm@] vaxl 3)
B, = tmg|%cos + 2 sing| - Lmy, 4
or =5 Mg |7 cos ; sin 5 MV ] 4

Here, a is defined as the distance of the CG from the front axle, b is the distance of the CG from the rear axle, and [ is
the vehicle’s wheelbase. Assumed that the IWM and braking system are applied at the rear wheels only, the dynamic
motion of the wheels can be written as:

rear wheels,
Jo, = AT g, — AF Ry, — T}y ®)
and front wheels,
Jow; = —AFR,, (6)

where, T, is the rear wheel brake torque, R,, is the wheel radius and Ty, is the drive torque provided by the three-phase
IWM, which can be expressed as:

Tar = P[(Lg — Lq)iaiq + ¥yig) (7)
that generalized from
Vg =Rsig+ Py — wr'["q (8)
Vy=Rsig + PPy — w, Yy 9)
Yg = Lgig + Py (10)
Yq = Ly (11)

here V; and v, are the stator voltage on the dg-axis, Lq and L, are the synchronous inductances from the contribution of
the two-phase currents, R; is the stator resistance, ;. is the rotor angular speed, P is the number of rotor poles pair, iy, i,
and g, Y is the stator current and stator flux on the dg-axis, respectively, as shown in Figure 2.

g-axis
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ol > » d-axis

Figure 2. IWM vector diagram

while the flux linkage equation at dg-axis is derived from:

Ya = Lagla + Lapip + Laclc + Yma (12)

Yy = Lapla + Lppip + Lpcic + Ymp (13)
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Yo = Laciq + Lpcip + Leclc + Yme (14)

where the v,, v, and v, is the three-phase voltage; R,, R, and R, is the resistance of coils A, B, and C, i, i;, and i. is the
three phase current; P is the number of pole; Y, ¥, and . is the flux of coils A, B, and C; L, Ly, and L. is denoted
as self-inductance; Ly, L, and Ly, is considered as the symmetry of mutual inductance and ¥4, Yo, and Y, represent
the flux linkage on coils A, B, and C. The electrical dynamics equation [53] in terms of phase variable can be written as:

Vo = Rgig + PYq (15)
Vb =Rbib+P¢b (16)
V. = R.i, + P, (17)

The model of the PMSM IWM was then simplified into a transfer function, which is developed based on the training
data of voltage and wheel speed and is expressed as follows:
34.79 s + 1.844
2 (18)
s+ 1.774 s + 0.08779

G(s) =

As the vehicle chassis is directly linked to the wheel, it can be presumed that the longitudinal speed of the wheel
corresponds to that of the vehicle. However, once a vehicle’s brakes are applied, it generates a braking force at the contact
point between the wheels and the road surface [54-55], which leads to a decrease in the wheel’s rotational velocity. Since
the force (friction) acting on the wheel increases, the wheel will experience slippage against the road surface, resulting in
the wheel speed being lower than the vehicle’s speed. This condition is identified as the longitudinal tire slip (S), and
mathematically, it can be described as equation follows:

<= vy — wRy, 19
max (vy, wR,,) (19)

Several empirical functions, known as B, C, D, and E, are used to describe the nonlinear relationship between
longitudinal force and slip ratio, where B represents the stiffness factor, C denotes the form factor, D indicates the peak
factor, and E refers to curvature factor, which Pacejka originally proposed [56]. This formula is given by:

f(8) = Asin[B tan™1(CS — D(CS — tan™1(CS))] (20)

The longitudinal force can be expressed by

_(fi(s) :5=0
£ =5 s <0 1)

In order to construct an accurate vehicle simulation model, a hydraulic brake model has been designed based on prior
research works, namely Gerdes et al. [57] and Aparow et al. [58]. It can be found that the pressure exerted on the disc
brake can be expressed as follows.

Py = 1.5K.up — TpsPy (22)

where P, is the applied brake pressure, K, is the simple pressure gain, u,, is the brake setting and 7, is the brake lag. By
considering 9 is as the simple pressure gain and K, is the cylinder pressure gain, the brake torque can be calculated as:

T, = P,K,min (1,%) (23)

All of the equations for the IWM and vehicle model have been designed in the MATLAB/Simulink software and can
be referred in Figure 16 and Figure 17 in Appendix D.

2.1 Hardware, Instrumentation, Parameter Acquisition and Experimental Setup

Figure 3 shows the IWM-based electric vehicle experimental hardware that has been developed in Autotronic
Laboratory UTeM. A set of data acquisition systems (DAS) was installed on the vehicle to acquire genuine vehicle
feedback during dynamic. It utilizes various types of transducers, such as an accelerometer and gyroscope sensor
(MPU6050), which have a tri-axis accelerometer and gyroscope to measure longitudinal, vertical, and lateral accelerations
as well as pitch rate, roll rate, and yaw rate at the body centre of gravity, an adjustable potentiometer 10 K Q to sense the
brake and throttle input, and current sensors (ACS712) with 20A maximum limit to sense the current providing by the
IWMs. Besides that, four-wheel speed sensors have been used to sense the angular speed of the wheels, while PS-3 brake
and throttle pedal were used to provide the throttle and brake input to the vehicle. A voltage sensor (B25) is also used to
measure the battery voltage consumed by the IWM, while a hall sensor will measure the speed of the IWM. Noted that,
in this experimental vehicle, Arduino Uno R3 type together with PWM to analogue converter has been used as the
electronic control unit as well as the data logger. All of the aforementioned transducers employ a 5 V DC power supply
and a current level below the threshold of 1.0 A. The data has been sent to the MATLAB software and logged by using a
Simulink scheme, as depicted in Figure 18 and Figure 19 in Appendix D.
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In-Wheel Motor based Electric Vehicle
in the laboratory

Figure 3. IWM-based electric vehicle

In extension to this process, a study was performed experimentally to assess the position of CG (centre of gravity).
The parameters that were monitored include the position of CG from the front and rear axle as well as its height from the
ground, which are marked as a, b and h, respectively, as shown in Figure 4(a). In order to determine the parameters a
and b, the weight of the car and the force under each front and rear wheel have been measured using 12V FUTEK load
cell LCF451(L2903) depicted in Figure 4(a).

Fzﬂ Fzri .

(a) (b)

Figure 4. Vehicle parked (a) on level pavement and (b) on an inclined surface

By assuming the force under the front wheels are AF,; and rear wheels are AF,,., the position of the CG is calculated
by applying the static equilibrium equations defined by Y. F, = 0 and } M., = 0, thus

l
Q= ARy (24)
and
b= L AF
- mg zf (25)

while by scaling the vehicle on an inclined surface, shown in Figure 4(b), the h.,4 can be described as:
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_AF,(D)

(HY Re+ Ry
cg mg

—acos|sin™"—
( 2

. 26)

where H is the height of the front axle, Rf and R, are the radius of the front and rear wheels, respectively. Based on the
examinations and observation, the parameters of the vehicle utilized in the simulation are listed in Table 1.

Table 1. IWM-electric vehicle parameter

Parameter Symbol Value
Vehicle

Track width t 1.25m
Wheelbase, l 1.35m
Distance front axle to CG a 0.82m
Distance rear axle to CG b 0.53m
Normal force under front left tire Fp1 255.06 N
Normal force under front right tire Fupr 255.06 N
Normal force under rear left tire Fur 39240 N
Normal force under rear right tire Fr 392.4N
Radius of front wheel Ry 0.18 m
Radius of rear wheel R, 0.22m
Height of front axle H 0.20 m
Height CG from ground h 0.17 m
Inclination angle 0 13.36 %
Distance of CG above the axle plane (h-r) 0.01 m
Permanent magnet synchronous in-wheel motor

DC voltage source Ve 48V
Number of poles pairs P 22
d-axis inductance Ly 0.0066 H
g-axis inductance L, 0.0058 H
PMs flux Yy 0.175 Wb
Moment inertia of the wheel J 0.00176 Kg.m’
Viscous damping B 0.00038818 Nms!
Stator resistance R 1.4
Load torque T, 1
Vehicle control parameters

Proportional gain ke, 700
Integral gain k; 6
Derivative gain kq 180
Inner-loop control parameter

Proportional gain ky 10
Integral gain k; 8

3.0 CONTROL STRATEGY

Figure 5 shows the anti-slip-based wheel velocity control strategy for the IWM-EV. Following the idea from the
1

r(1-1)
from (16), with the assumption that the vehicle operates in the acceleration mode when wR,, > v, and A be the desired
slip ratio of 0.2. In addition, vector K is the throttle pedal-to-torque ratio for distributing the torque command T,,,,4 to the
driving wheels, where K is described as 0 < K < 100%.

original research done by [68], here X is the reference velocity which calculated vehicle velocity (v,) as

generalized

xR

Ji v,
2 Body dynamic [——»

IWM [l Tipe Long slip

(Lafe & Right)

v

IWM-EV

Figure 5. IWM-EV control strategy
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4.0 SIMULATION AND EXPERIMENTAL RESULTS

In order to test the IWM-EV along with its control scheme, a series of simulations and experimental work have been
carried out. The test used in this study was acceleration tests, acceleration then braking test on level pavement, and road
gradient tests that generalized from SAE Standard J1666-199908. In this stage, it was targeted to execute the experimental
work in three different speed limit conditions, which are 10, 15, and 20 km/h. However, due to the track limit, which has
a maximum distance of about 150 meters, the simulation and experiment are restricted to the speed range of 15 and 20
km/h, corresponding to the speed limit authorized in the campus vicinity. This is owing to the fact that a greater distance
is necessary to attain and sustain a vehicle speed exceeding 20 km/h.

Additionally, the incapability of the IWMs to attain high-speed dynamics within the available distance precludes the
validation of the 30 km/h speed tests. On the other hand, the road gradient acceleration was done at a speed of only 20
km/h. It is worth noting that the IWMs capacity used in the vehicle is a 1 kW three-phase motor, and the location of the
track where the experimental tests were conducted is shown in Figure 6. Several behaviours have been observed: vehicle
speed, wheel speed, distance travel, battery voltage, current, and driving torque provided by the IWMs. The results are
shown in Figures 9, 10, and 11, respectively, where the solid lines represent the experimental data, while the dashed line
represents the simulation responses. Note that all the experimental data were filtered using (lowpass).

B oTnlpipe

Figure 6. Route used to run the experimental tests

4.1  Acceleration Tests on the Level Pavement at 10 km/h

The graph depicted in Figure 7 matches the results of an IWM-EV simulation model with the experimental results
obtained on a level pavement. For clarity and comprehension, each of the figures presented below has been divided into
three sections, illustrating the vehicle’s acceleration, uniform velocity, and deceleration phases. These distinct phases of
vehicle dynamics occur during different time intervals, which are 7.0<t(s)<9.0, 9.0<t(s)<23.26, and 23.26<t(s)<26.25. In
Figure 7(a), the throttle input gradually increased from minimum to maximum, causing the vehicle body to accelerate.
Figure 7(b) shows that the vehicle body achieves a constant speed of 10 km/h. The vehicle body and wheel speed are
nearly identical to the simulation and experiment, but there is a slight delay of approximately 0.01 seconds in the vehicle
body speed due to the vehicle’s inertia and load transfer from front to rear during acceleration. The vehicle’s maneuver
results in a distance travelled of 3.04 m from the initial state. If further refined, the vehicle’s dynamic at acceleration is
influenced by the electrical dynamic of the IWM system, where the throttle input given to the controller increases the
IWM current of the controller to generate IWM speed. The controller produces a current from 1.68 A to 20 A, and the
IWM current can be used to estimate the electromagnetic torque of the IWM. The torque produced ranges from 9.63 to
115.4 Nm. As the IWM current increases, there is a voltage drop of approximately 5% from the operating voltage of 48.0
V, with the maximum voltage drop occurring at the highest current.

Besides the second stage refers to the electric vehicle attaining a uniform speed of 10 km/h. To maintain this speed,
the throttle input decreases linearly from 100% to 30%, and the vehicle covers a distance travel of 39.56 m. By referring
to the dynamic electrical side in this stage, the maximum IWM current and estimated torque decrease linearly from 20.0
A to 5.72 A and 115.4 to 32.69 Nm, respectively. These changes in current also affected the voltage source, resulting in
increased stability once the vehicle reached a uniform speed. On the other hand, the last stage alludes to the IWM-EV
deceleration, where the throttle pedal is fully released, and the maximum braking input is applied, which causes the
vehicle body and wheel speed to reduce drastically. The dissimilarity observed in the body and wheel speed was attributed
to the incapability of the simulation to represent the exact situation faced by the real vehicle. This is aggravated by the
use of low-cost sensors that generate noise and are sensitive to the rough pavement, where the MRAE value for body and
wheel speed was 0.37 % and 0.22 %. In terms of distance travel, the stopping distance upon the vehicle stop is 7.95 m
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from the point of deceleration, which was affected by both the vehicle’s inertia and load transfer from rear to front. It can
be seen that the simulation result is able to replicate the pattern of the experimental data, which shows the highest
similarity with an MRAE error of 0.14 %.
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(c)
Figure 7. The evaluation of IWM-EV acceleration performance on the level pavement at 10 km/h: (a) throttle and
braking input; (b) dynamic vehicle characteristics; (c) electrical dynamic characteristics

On the dynamic electrical side, it also can be observed that both the IWM current and estimated torque are minimized,
while the voltage supplied to the IWM system remains stable at its operational level. Focusing on the IWM current and
torque, there is a difference between the simulation and experiment, as well as the amplitude of both sides of the IWM
current and torque, even though it utilized the same power source to operate the IWM system. There are two factors that
contribute to the differences, which are mechanical-electrical analogies. Mechanically, there is subtle friction on the disc
brake due to the uneven brake pad’s grip on both sides of the brake. Meanwhile, in terms of electrical, it is caused by
using longer power wires to obtain the power source on the right side, compared to the left side. This leads to imbalanced
resistance on both systems, resulting in a higher IWM current on the right side to attain the desired speed. Specifically,
the MRAE values of IWM current obtained on the left and right sides are 2.01% and 2.03%, while for IWM torque, the
MRAE values on the left and right sides are 2.34 % and 2.37 %, respectively. In terms of the battery voltage, there is a
difference at the initial and bottom peaks of the voltage drop between the simulation and experiment. The simulation
begins reading the voltage from its lowest to its operating value, resulting in a delay of 1.1 seconds at the initial peak.
Besides, the variation between the simulation and experiment at the bottom peak of the battery voltage is caused by the
noise produced during the experiment, where the MRAE value of the battery voltage is 0.31 %.

To ensure the reliability of the IWNM-EV controller, this study is continued by conducting the tests at varying speeds
of 15 and 20 km/h, as seen in Appendix A. Although both tests have shown similar behavioural characteristics with the
10 km/h tests, there are variations in amplitude and MRAE value. According to Table 2, the MRAE values for speeds of
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15 and 20 km/h are comparable to those at 10 km/h and still within the acceptable range of error. According to Hudha
[59], the essential characteristic of a control-oriented model is the trend of the simulation. The results can be agreed upon
as long as the simulation trend is closely similar to the experimental data with acceptable deviations and errors. Aside
from that, Rykiel [60] has mentioned that the acceptable level of deviation between experimental data and simulation
response is below 5 % of disparities. According to Ahmad [26], 5% disparities are the maximum acceptable error in
expressing the credibility of a simulation. Therefore, based on these statements, it can be confirmed and concluded that
the IWM-EV model simulation and its control scheme are realistic. It is worth noting that, as previously explained, the
MRAE value of IWM current and torque is higher on the right side than the left side due to mechanical-electrical
analogies.

Table 2. MRAE of acceleration performance tests on the level pavement at 10, 15, and 20 km/h

Speed (km/h) MRAE (%)

Parameter 10 15 20

Vehicle body speed, v, 0.37 0.33 0.43
Wheel speed, v, 0.22 0.27 0.20.
Distance travel, d 0.14 0.11 0.16
Battery voltage, V, 0.31 0.33 0.43
Left IWM current, Iy 2.01 2.02 2.07
Right IWM current, I}y, 2.03 2.17 2.10
Left Torque motor, Ty 2.34 2.02 2.17
Right Torque motor, Tjyy 2.37 2.23 2.27

4.2 Acceleration, then Braking Tests on the Level Pavement at 10 km/h

In this test, the IWM-EV was driven to reach the target speed from rest, and a sudden braking input was then applied
to halt the wheel’s rotation and drastically reduce the body speed. Once the vehicle stopped, the sudden throttle input was
applied to make the vehicle accelerate again. Figure 8 shows the validation results of the acceleration and braking tests at
10 km/h. Figure 8(a), 8(b), and 8(c) represent the throttle and braking input applied to the vehicle, demonstrating the
vehicle dynamics and the dynamic electrical response, respectively. In order to ease the understanding of this outcome,
the validation results have been categorized into five parts: vehicle accelerating, vehicle maintaining the target speed,
vehicle applying a sudden braking input, vehicle applying sudden throttle input, and vehicle stopping. Noted that, in order
to enhance the confidence of the experimental results, the tests were conducted repeatedly about three sets for each case.
Focusing on Figure 8(a), the maximum throttle input was given at 3 s, which then initiated the wheel to rotate and thus
made the vehicle speed up to 10 km/h. It is noticed that within 4.61 s, the vehicle speed was able to reach about 10 km/h,
which covered a distance travel of 8.44 m. At this point, a high current was generated at both of the IWMs, which were
19.90 A, providing the IWMs torque about 115.4 Nm, respectively. This high current generally causes the battery voltage
to drop and gradually reduce as the vehicle gets closer to the target speed, reflecting the effect of inertia on the vehicle.

On the other hand, at the second stage, which was 7.61 < t(s) < 13.87, the throttle applied was determined by how
swiftly the wheel and body reached their desired speed. Even so, it was challenging for the drivers to maintain this speed
over time due to various factors such as road surface, road incline, obstacles on the road, the impact of inertia, and wind
resistance. As a result, there were slight deviations from the target speed, but it was still within the acceptable range. On
the dynamic electrical side, it can be observed that the current generated by the IWM decreased from 19.76 A to 8.81 A,
along with a reduction in IWM torque from 114.2 Nm to 50.83 Nm. The reduction of the current usage to a minimum
value during maneuver has brought positive ramifications to the battery voltage as it remains optimal and thus experiences
a minimal voltage drop. In addition, the next stage refers to the time range of 13.87 < t(s) < 15.67, where the throttle
input is released at 13.87 s, while the brake input is abruptly applied at 14.0 s until the wheel and body completely stop.
Here, the vehicle took 1.67 s to stop entirely at 15.67 s while the stopping distance experienced was 1.5 m. Throughout
this period, both sides” IWMs’ current decreased to its minimum operating current of 1.6 A. In this condition, the battery
voltage reverts to its operational level of 48 V because the IWM-EV was totally stopped from rotating and influenced by
external disturbances.

An extension from the last stage, the vehicle was reaccelerated until 24.75 s. At this point, sudden full throttle input
was applied to the vehicle, causing the IWM-EV to accelerate from static to 14.57 km/h, resulting in IWM-EV travelling
a distance of 21.51 m. Looking on the dynamic electrical side, there is an increment in the IWMs current and
electromagnetic torque to a maximum of 20.0 A and 115.4 Nm, respectively. The significant increment in current induces
the battery voltage to drop a maximum of45.96 V @ 5 % from its operating level. After that, sudden braking was applied
at 24.75 s, making the vehicle stop completely at 2.25 s later. When comparing the simulation and experimental results,
it is noticed that there is a high percentage of similarity between them. It can be seen in the MRAE values for wheel and
body speeds were 1.20 % and 1.37 %, respectively. It is worth knowing that the vehicle’s stopping distance is 2.93 m
from its deceleration point, demonstrating 0.17 % disparities between the simulation and experiment. Concentrating on
the dynamic electrical perspective, it can be seen that all parameters, including IWMs current, torque, voltage, and control
strategy, are reliable in the simulation system, making that the differences between simulations and experimental data are
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less than 2.5 %, such as figured in MRAE value of current, torque and voltage were 2.17 %, 2.13 %, and 0.30 %

respectively.
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Figure 8. The evaluation of IWM-EV acceleration then braking performance on the level pavement at 10 km/h:
(a) throttle and braking input, (b) dynamic vehicle characteristics and (c) dynamic electrical characteristics

In order to verify the credibility of the simulation and experimental data, other tests have been performed at different
speeds, which are 15 and 20 km/h. The simulation and experiment results are shown in Figures 12 and 13 in Appendix
B, while the MRAE values for each test are listed in Table 3.

Table 3. MRAE of acceleration, then braking tests on the level pavement at 10, 15, and 20 km/h

Speed (km/h) MRAE (%)

Parameter 10 15 20

Vehicle body speed, v}, 1.37 1.40 1.33
Wheel speed, v, 1.20 1.03 1.70
Distance travel, d 0.17 0.49 0.20
Battery voltage, 1}, 0.30 0.27 0.23
Left IWM current, Iy, 2.03 2.10 2.13
Right IWM current, Iy 2.17 2.40 2.20
Left Torque motor, Ty 2.10 2.13 2.23
Right Torque motor, Ty 2.13 2.17 2.27

4.3  Road Gradient Tests at 10 km/h

To delve deeper into the veracity of the vehicle model, another assessment was performed utilizing inclination road
profiles. All of the vehicle characteristics during the performance tests are presented in Figure 9. Figure 9(a) presents the
input given by the driver, Figure 9(b) illustrates the IWM-EV dynamic characteristic, while Figure 9(c) demonstrates the
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electrical dynamic of the vehicle. The figure can be comprehended by dividing the total 45.0 seconds of dynamic tests
into four segments: vehicle acceleration, vehicle maintaining the target speed, vehicle ascent on a gradient road, and
vehicle reaching the top of the gradient road. The time taken for those segments are classified into the four-time interval,
which are 3.25 < t(s) < 10.4, 10.4 < t(s) < 31.15, 31.15 < t(s) < 35.08 and 35.08 < t(s) < 45.00 respectively.
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Figure 9. The evaluation of IWNM-EV acceleration performance on incline road at 10 km/h: (a) throttle and braking
input, (b) dynamic vehicle characteristics and (c) electrical dynamic characteristics

The tests begin at the acceleration state, where the driver gives the throttle input to reach the intended speed. In this
condition, it is seen that the peak value of throttle input is 85.33 % at the first 4.0 s, followed by 47.65 % at 5.5 s and
60.88 % at 9.5 s, which can be seen in Figure 9(a). The applied throttle input has resulted in the vehicle’s wheel and body
starting to maneuver from stationary to the target speed of 10 km/h, which can be depicted in Figure 9(b). The maneuverer
of the vehicle in this time range leads to a distance travel of 12.58 m from its initial conditions. Besides, Figure 9(c)
illustrates the electrical behavior of IWMs during acceleration, where the current and torque applied at both sides of the
wheel at 4.0 s are 19.2 A and 110.2 Nm, respectively. The increment of the current causes the voltage drops due to the
high current required to initiate wheel rotation, which is influenced by the body’s inertia from the initial position.

The second stage refers to the vehicle maintaining a 10 km/h target speed. To achieve this, the throttle input is varied
to ensure that the speed remains consistent even though it is hard for the driver to maintain the throttle input to achieve
the intended speed. However, the percentage of throttle input applied depends on the target speed. When the vehicle speed
exceeds the target, the throttle input is reduced, and conversely, when the speed is below the target, the throttle input is
increased. The effect of this throttle input can be seen on the body and wheel speed, where the speed range is about 10
km/h with a maximum deviation of 17 %.

Regarding distance travel, the vehicle’s maneuver in this stage covers a distance travel of 57.41 m. Apart from that,
during this stage, the IWMs generate a current of 15.25 A, producing the IWM’s torque of 68.72 Nm. Despite the high
current, the percentage of voltage drop from its operating voltage of 48.0 V is only 1.35 % or 0.65 V. The lower voltage
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drop is owing to the vehicle having attained the desired speed, which consequently reduces the impact of inertia on the
vehicle. The following stage involves the vehicle starting to ascend an inclined road, which takes 3.92 seconds to climb
completely with maximum throttle input. The inclination road has a slope and elevation of 13.36 % and 1.13 m from its
base, respectively. A comparison between the simulation and experiment reveals that the elevation and incline road angle
have a deviation of 0.12 % and 0.89 %, respectively. This discrepancy was not only caused by the noise generated from
the accelerometer and gyroscope transducer MPU 6050, but also by the vehicle’s vibration during maneuverer on the
level pavement, which has a rough surface. During the period, the IWMs generate maximum current and torque of 19.93
A and 115.4 Nm, respectively, thus causing a voltage drop of 3.83 % from its operating voltage.

Aside from that, the final stage alludes to the vehicle reaching level pavement on the top of a gradient road, where the
maximum braking input was applied and completely stopped at 40.64 s. Here, it is observed to have differences between
the simulation and experiment of the wheel and body speed that has been analyzed, where the MRAE values are 3.93 %
and 4.15 %, respectively. This is because the experimental tests experienced parasitic loss while the simulation merely
simulated the model based on the given parameter. In retrospect, the time taken for the vehicle to stop completely is 2.39
s, where it is stemming from the load transfer of the vehicle from the rear to the front, which yields a stopping distance
of 2.68 m. Notwithstanding, there is a small deviation in the distance travel, which is 0.11 %, owing to the simulation
result being faster than the experimental data. The simulation and experimental data comparison found that the MRAE
value of IWMs current, torque, and voltage were 1.36 %, 1.44 %, and 0.23%, respectively. These errors are due to the
noise generated by the sensors and other electrical components, where electromagnetic interference occurs between the
power and signal wire during the experiment. Therefore, there is a significant disparity between the data obtained from
the experiment and the simulation results.

To bolster the confidence in the controller’s performance on gradient road tests, the vehicle was tested at two different
speeds of 15 and 20 km/h, as shown in Figure 14 and Figure 15, which can be seen in Appendix C. Generally, simulation
results and experimental data exhibit similarities, where the error for each test was below 5 % and lay within the allowable
spectrum, as seen in Table 4.

Table 4. MRAE of acceleration performance tests on incline roads at 10, 15, and 20 km/h

Speed (km/h) MRAE (%)

Parameter 10 15 20

Vehicle body speed, v, 4.15 0.27 0.34
Wheel speed, v, 3.93 0.18 0.23
Distance travel, d 0.11 0.15 0.14
Elevation, h 0.12 0.14 0.15
Inclination road, 6 0.89 0.62 0.57
Battery voltage, V,, 0.23 0.21 0.29
Left IWM current, I;yy 1.36 1.33 1.69
Right IWM current, Iy 1.36 1.33 1.69
Left Torque motor, Ty 1.44 1.49 1.80
Right Torque motor, Tjyy 1.44 1.49 1.80

5.0 CONCLUSIONS

In this study, a 5-DOF in-wheel motor-based electric vehicle model has been developed in MATLAB Simulink
software by using PID based controller [28] as the vehicle longitudinal control strategy. In order to authenticate the
efficacy of the simulation model, validation tests have been made by using an instrumented experimental IWM-EV, which
has been developed in the Autotronic Laboratory, Faculty of Mechanical Engineering, UTeM. Several transducers and
data acquisition systems were installed in the vehicle, including an Arduino UNO R3, current sensor, hall sensor, brake
sensor, voltage sensor, encoder, and gyroscope MPU 6050. Various dynamic tests were conducted namely acceleration
tests, acceleration then braking tests, and road gradient tests at the speed of 10, 15, and 20 km/h, respectively. Various
vehicle dynamic and electrical behaviour have been analyzed, including wheel speed, body speed, distance travel, battery
voltage, IWM current, and motor torque. In accordance with the verification data, it can be seen that the response of the
IWM-EV simulation model is similar to the experimental vehicle with less than 5 % error. The deviation between
simulation and experimental data is generally contributed by the driver’s challenge in maintaining a uniform speed during
maneuvering and the neglection of the road surface irregularity in the simulation scheme. As mentioned by Ahmad et al.
[26], the primary feature of a control-oriented model is the pattern of the model’s response. As long as the model’s
response pattern closely resembles the measured response with an acceptable level deviation of error, the results can be
deemed reliable. Apart from that, Rykiel has stated that the allowable level of difference between the measured and
simulated responses should be less than 5%, as well as Sergent who considers this margin as the highest allowable error
to establish the credibility of a simulation. Hence, based on this statement, it can be inferred that the simulation model
and control strategy are sufficient and reliable and can be used to develop advanced electric vehicle technology in the
next research study by employing a stand-alone microcontroller that is more sophisticated, with higher signal transmission
speed and stability, such as Votol 7280 and LAUNCHXL-F28379D.
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The development process, the controller implementation, and the conducted testing can be seen in this video:

https://www.youtube.com/watch?v=Q5SrJY5O0pfs
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8.0 APPENDICES
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Figure 10. The evaluation of IWM-EV acceleration performance on the level pavement at 15 km/h: (a) throttle and
braking input, (b) vehicle dynamic characteristics; (c) electrical dynamic characteristics
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Figure 11. The evaluation of IWM-EV acceleration performance on the level pavement at 20 km/h: (a) throttle and
braking input; (b) vehicle dynamic characteristics; (c) electrical dynamic characteristics

Appendix B

d (m)

Distance travel,

1w+ 100 |-
ﬂ Throttle
80 L _ go | Brake
9 &
@ 0L = g
< g
g r g wr
© o
® 3
& 20 | ,§ 20 |
oL 0
T T 1 T 1 1 1
0 10 15 20 25 30 35 40
Time, t(s)
(a)
80 | Vb exp
15 | 15 | .
— . sim
< < —— =
o £ £
s Ta Yy exp
>0 10 | >~ 10 L .
—_— VY, sim
4L
§ 3 d exp
[
& 5[0 F 5L —_ — —dsim
G g
< O
; o
oL op 0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time, t(s)

ijame.ump.edu.my

(b)

10589



Azizi Razak et a|.| International Journal of Automotive and Mechanical Engineering | Vol. 20, Issue 3 (2023)

50

~ P~ Vb exp
— 20 | I \ V  sim
5 < 40 = - =
2 100 < 1 N
§ § 15 L : 30 l | I\WM(L)eXp
= - < r | exp
~ > | IW M (R)
I sim
~ 10 L - _—— = WM
g 50 & % 20 [
<3 £ =
S 3 5 S T(L)exp
L g 10 £ exp
2 = (R)
0 0 \ — — —Tsim
C C 0 1 1 I 1 1 1 1
0 10 15 20 25 30 35 40
Time, t(s)
(c)

Figure 12. The evaluation of IWM-EV acceleration then braking performance on the level pavement at 15 km/h:

(a) throttle and braking input, (b) vehicle dynamic characteristics and (c) electrical dynamic characteristics
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Figure 13. The evaluation of IWM-EV acceleration then braking performance on the level pavement at 20 km/h: (a)
throttle and braking input; (b) vehicle dynamic characteristics; (c) electrical dynamic characteristics
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Figure 14. The evaluation of IWM-EV acceleration performance on incline road at 15 km/h: (a) throttle and braking
input; (b) vehicle dynamic characteristics; (c) electrical dynamic characteristics
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Figure 15. The evaluation of IWM-EV acceleration performance on incline road at 20 km/h: (a) throttle and braking
input; (b) vehicle dynamic characteristics; (c) electrical dynamic characteristics
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Figure 16. Experimental data logger by using MATLAB/ Simulink for IWM validation
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Figure 17. Experimental data logger using Arduino-MATLAB/ Simulink for IWM-EV validation
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