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Abstract - This paper presents the design and experimental
implementation of an independent Four-Wheel Drive (4WD)
system for a low-speed electric vehicle, using four 350 W
Brushless DC (BLDC) hub motors integrated directly into the
wheels. Each motor is independently controlled by a PID
controller and an Arduino Mega 2560 microcontroller, allowing
precise speed regulation of each wheel. The speed feedback
signals are obtained from the Hall sensors integrated within the
motors, while the steering angle Encoder sensor and Hall-type
throttle pedal sensor provide input data for calculating the
reference speed of each wheel. Experimental results show that the
PID controller implemented on the Arduino Mega 2560 is
capable of effectively controlling the speed of all four wheels,
ensuring stable vehicle operation. Although minor speed
fluctuations occur due to load differences, the system responds
well when transitioning from low to high speeds.
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1. Introduction

Electric vehicles (EVs) are gaining increasing attention
due to their widespread application in freight
transportation, travel, and low-speed environments such as
tourist areas and internal roads. For small-sized, low-speed
electric vehicles, long operating time and compact
packaging are important requirements. However,
conventional drivetrains with mechanical differentials take
up significant space, limiting battery capacity and the
installation of auxiliary equipment. To overcome this
limitation, an independent four-wheel-drive (4WD) system
based on distributed drive technology has been proposed,
eliminating bulky mechanical components such as
gearboxes, drive shafts, and mechanical differentials,
thereby simplifying the chassis structure and improving
space utilization [1]. In this architecture, each wheel is
driven independently by a brushless DC (BLDC) motor,
which allows electronic speed control to completely
replace the mechanical differential.

Motor speed regulation using proportional—integral—
derivative (PID) controllers has been recognized as an
effective approach owing to its simplicity, high reliability,
and stable performance under diverse operating conditions
[4], [5]. Wang [6] demonstrated that implementing PID
controllers in BLDC motor drive systems enhances
stability and load response. Several studies have
demonstrated the effectiveness of electronic differential
systems based on the Ackermann steering principle for

independent wheel control, achieving accurate speed
distribution, stable transient response, and improving
vehicle maneuverability [7]-[12]. In 2024, Yildirim et al.
[13] designed and implemented an electronic differential
system for electric vehicles using four PMSM motors
mounted in wheels, based on the Ackermann—Jeantand
kinematic model. The simulation and experimental results
show that the system operates stably, safely and ensures the
reliable operation of all-wheel drive.

Based on previous studies, the development of 4WD
system using BLDC motors with PID control for low-speed
EVs is considered technically feasible. A speed control
model for such a 4WD system is therefore proposed for
practical applications in speed-restricted environments,
small speed fluctuations may arise due to load variations
between individual wheels, but the proposed control is
expected to provide satisfactory speed tracking
performance switching between operating conditions.

2. Modeling development
2.1. Independent four-wheel drive system

4WD system for the electric vehicle is installed on a
small-scale, single-seat EV test frame, as illustrated in
Figure 1. The vehicle frame employs a simplified chassis
design to focus primarily on evaluating the performance
of the drive system. Dimension of the model as follows:
a wheelbase of 1,350 mm, a track width of 890 mm,
a ground clearance of 460 mm, and a wheel diameter of
356 mm. 4WD in EV must overcome various types of
resistive forces during motion. The total traction force
(Fy) that the motors need to generate is the sum of these
resistive forces:

The aerodynamic drag F,, is the force exerted by air on
the vehicle and can be expressed as:

_C DAv2
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The rolling resistance F; encountered by the vehicle
during motion can be calculated as:

F, =mgf, cosa 3)

2)

The grade resistance F; is calculated as:

F, =mgsina “4)
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The inertial resistance corresponding F; is given by:
F=om® 5)
dt

By substituting equations (2), (3), (4), and (5) into
equation (1), we obtain:
C AV’ dv
F = ina+ +—L2 tom— (6)
. =mgsina +mgf, cosa IRG om 7

The required power of the entire system (B, ,) can be
calculated as:

Pl'ﬂaX = F;\ X Vmax (7)
The power required for each motor (Py,pz0r) 1S:
motor = & (8)
4

Figure 1. Layout of the independent four-wheel drive system

Table 1. Motor selection parameters

Description Symbol Value
Total vehicle mass m 200 kg
Gravitational acceleration g 9.81 m/s?
Rolling resistance coefficient fr 0.015
Road slope angle a 5°
Aerodynamic drag coefficient Cp 0.8
Vehicle frontal area A 0.9 m?
Maximum vehicle speed Vinax 15 km/h
Rotational mass factor o 1.05
Longitudinal acceleration 2—: 0.5 m/s?

According to Table 1 specifications, the required power
for each motor is approximately 326 W. Therefore, a 36V—
350W BLDC motor is used for test terrain conditions. The
four BLDC motors are mounted directly within the wheels.
BLDC motor consists of a rotor with permanent magnets, a
three-phase wound stator, and a Hall sensor providing 26
pulses per revolution to determine rotor position for control
while simultaneously sending the motor rotation count to the
controller. Each wheel is equipped with an individual driver.

The steering system employs a 400-pulse-per-revolution
optical encoder, transmitting channel A and B signals to an
Arduino microcontroller to determine the rotation direction
and steering angle within +35°, facilitating wheel speed
adjustments. The accelerator pedal uses a contactless Hall
sensor, producing a voltage signal ranging from 1.1 V to
4.8 V, corresponding to vehicle speeds of 0~4.17 m/s
(0~15 km/h). This signal is sent to the controller, ensuring
rapid and precise response to driver input.

2.2. Ackermann model
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Figure 2. Model for an independent four-wheel
drive electric vehicle

The model depicted in Figure 2, four wheels rotate an
instantaneous center (O) during a turn. The instantaneous
center O is precisely determined by the vehicle’s steering
angle (§), with curves illustrating the trajectories of the outer
and inner front wheels as the vehicle changes direction. The
axes of all wheels intersect at the center O to ensure the
vehicle turns without lateral slip. The turning radius R is

calculated from the vehicle’s center to O as follows:

R= L
tan(o)

Turning radii of the inner rear wheel (R3) and outer rear
wheel (R,) are expressed as:

)

R-gD__L__D
2 tan(o) 2 (10)
R4=R+2: L +2
2 tan(o) 2

Steering angle § is assumed to be known in advance,
ranging from 0° to 35°. In this study, to simplify the model
for small, low-speed electric vehicles, the distance between
the two front wheels is assumed to be equal to the distance
between the two rear wheels, the steering angles of the
individual front wheels are calculated as follows:

0, = arctan(i)
R, (11)

0, = arctan(i)
R4

By substituting Eq. (10) into e Eq. (11), we obtain

0, = arctan _Lsin()

L—Esin(§) (12)
0, = arctan _Lsin®)

L+ 5 sin(9)

The turning radii of the inner front wheel (R;) and the
outer front wheel (R,) are calculated as Eq. (13):
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R = .L
sin(4,)
L
> sin(8,)

When rotating an instantaneous center O, the entire
vehicle including wheels, the chassis, and others are
considered a single rigid body. During rotating, all points
on the rigid body shares the same angular velocity (w),
including the wheels, regardless of their distance from the
center of rotation. The velocities of the inner front wheel
(V1), outer front wheel (V,), inner rear wheel (V3), and outer
rear wheel (V,) are calculated as Eq. (14):

(13)

V=R =V
R
R
V=R, =V L (14)
V,=oR, =V
R
R
Vi=oR =V -t

The study did not take into account steering dynamics
and control; The steering angle is assumed to be known and
used as an input to calculate wheel speed according to the
Ackermann model.

3. Simulation and Experiment

The independent all-wheel drive system for electric
vehicles is simulated as illustrated in Figure 3, consisting of
four independent control rings. The set speed is calculated at
the central speed controller (Figure 4) and transmitted to the
BLDC motor control blocks, which are built on the model of
Mahmud et al. [14], using a feedback signal from the Hall
sensor. In this system, each wheel is controlled by a discrete
PID controller deployed on the Arduino Mega 2560
microcontroller to ensure that the actual speed follows the
set value. The PID controller calculates the speed deviation
and adjusts the control signal sent to the BLDC driver
according to the control laws show in Eq. (15):

GPID(Z) :KP +Kz]; Zl_ +Kd al 1 (15)
1+ NT,

z—

The PID factors are calibrated using a trial-and-error
method based on the stepping response of the 36 V —
350 W BLDC motor to achieve a stable response and small
speed deviation.

Figure 5 shows us the motor load torque when the
motor is working under two conditions. The first condition
is when the vehicle is moving in a line at 15 km/h, which
you can see in Figure 5(a). The second condition is when
the vehicle is going up a slope of 5 degrees at 5 km/h,
shown in Figure 5(b). At 15 km/h, the required load torque
is 6.32 Nm, while the motor maintains an average torque
of 6.38 Nm with a peak value of 21.01 Nm, indicating a
sufficient torque reserve. During the 5° slope climbing
condition, the required load torque increases to 13.62 Nm,

and the average motor torque reaches 13.66 Nm, with a
maximum value of 32.44 Nm, confirming adequate
traction capability. Short-term negative and oscillatory
torque observed in both cases is attributed to
electromagnetic transients and does not affect the overall
traction performance, as the average motor torque
consistently exceeds the required load torque.

Figure 3. PID control simulation of independent four-wheel
drive system
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Figure 5. Motor load torque simulation results
a) Vehicles running at a maximum speed of up to 15 km/h on a
straight line; b) Vehicles running at a speed of Skm/h and
a slope of 5 degrees
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Figure 6. Simulates the rotation speed of four motors when
the steering angle changes
a) Skm/h; b) 10km/h; ¢) 15km/h

The independent four-wheel drive system is simulated
at three speeds of 5 km/h, 10 km/h and 15 km/h with a
driving angle that varies from 0°-35°. The simulation
results in Figure 6 show that the PID controller maintains
a stable speed of the wheels. During the straight travel
phase, all four wheels adhere to the set speed, only a single
large fluctuation appears when starting. When the steering
angle increases from 0°-20°, the speed of the inner wheel
decreases and the outer wheel increases according to the
kinematic requirements, the control system responds well
even though the setting speed changes quickly. In the
20°-35° zone, the amplitude varies more but the wheels
keep up with the set speed without significant deviation.

After the elimination of the start-up phase, the system
clearly demonstrates stability throughout the entire
steering process. At 5 km/h (Figure 6(a)), the fluctuation is
small (1-7 rpm) and the gripping speed is smooth.
At 10 km/h (Figure 6(b)), the oscillation remains within
1-7 rpm and is frequently around 4.7-5.2 rpm. At 15 km/h
(Figure 6(c)), the oscillation increases to 13—30 rpm and
fluctuates frequently around 6.7-9.7 rpm, but remains
within the permissible limits. These results show that the
PID controller maintains effective traction at all three

speed levels and under conditions of constantly changing
steering angles.

To evaluate the feasibility of the model, a prototype
electric vehicle was assembled, as shown in Figure 7(a).
Figure 7(b) presents a general focus on the independent all-
wheel drive system, making no mention of the steering
system, steering angle sensors, or accelerator pedal sensors
provided to the controller to regulate the rotational speed
of the four independent motors. Speed of wheel based on
hall signals were measured by a Hantek 6022BL device
and exported data in Excel file. MATLAB was used for
data processing and graphing and then compared with the
simulation data.
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Figure 7. Structure of 4WD electric vehicle and
control system schematic

a) Structure of 4WD electric vehicle; b) Control system schematic

The experiment was carried out 5 times according to
three set speeds of 5, 10 and 15 km/h, the steering angle
was changed in three stages: 0°, 0-20° and 20-35°. The
actual average speed values of the wheels are summarized
in Table 2. When the car is driving straight, the measured
average speed is very close to the set value, at 5 km/h it
is 75.01-75.40 rpm compared to 75 rpm and at 10 km/h it
is 148.83-149.40 rpm compared to 149 rpm. As the
steering angles increase to 20° and 35°, the speed of the
wheels changes in accordance with Ackermann's law, in
which the inner wheel decreases and the outer wheel
accelerates. Although the average speed of the wheels
closely follows the set value, the instantaneous speed
fluctuation of each wheel is still relatively large, which is
evident from the measurement results represented in
Figure 8.
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Table 2. Average speed of each motor 5 measurements

Steering Angle 0° 20° 35°
5 km/h
Set speed of rear inner wheel 75 66 58
Set speed of rear outer wheel 75 83 92
Set speed of front inner wheel 75 71 78
Set speed of front outer wheel 75 88 106
Inner rear wheel speed 7540 6573  57.70
Outer rear wheel speed 7503 8262  92.05
Inner front wheel speed 75.01 7123 7176
Outer front wheel speed 75.06  88.17 106.59
10km/h
Set speed of rear inner wheel 149 131 115

Set speed of rear outer wheel 149 167 183
Set speed of front inner wheel 149 142 155
Set speed of front outer wheel 149 176 211

Inner rear wheel speed 149.40 130.37 114.87
Outer rear wheel speed 148.83 167.38 183.43
Inner front wheel speed 148.99 141.80 155.18
Outer front wheel speed 148.88 176.20 212.12

15km/h

Set speed of rear inner wheel 224 197 173
Set speed of rear outer wheel 224 250 275
Set speed of front inner wheel 224 213 233
Set speed of front outer wheel 224 263 317

Inner rear wheel speed 22396 196.75 172.14
Outer rear wheel speed 22423 250.11 275.73
Inner front wheel speed 22449 213.14 23320
Outer front wheel speed 22329 263.42 318.79

Figure 8 presents the experimental results at three
velocity levels. At 5 km/h (Figure 8(a)), the speed of the
wheels fluctuates greatly, especially during the transition
from straight to turning, with an amplitude of about
20-30 rpm, but the trend still follows the set speed. As the
velocity increases to 10 km/h (Figure 8(b)), the frequency
of feedback from the Hall sensor increases, making the PID
controller more stable, and the amplitude of the oscillation
decreases to about 10—15 rpm. At 15 km/h (Figure 8(c)),
the system works steadily, the speed of the wheels changes
smoothly when turning, and the oscillation decreases.

Comparison with the simulation results in Figure 6
shows that the speed fluctuations in the experiment are
significantly larger than in the simulation, especially in the
low-velocity region. The main cause comes from the low
resolution of the Hall sensor (26 pulses/cycle) combined
with a sampling cycle of 500 ms, which reduces the speed
measurement accuracy at low speeds and causes fluctuations
in the PID control signal. Meanwhile, the simulation does
not take into account sensor noise, measurement delays, and
sampling limits, so it reflects more ideal conditions. As the
speed of the vehicle increased, the measurement accuracy
improved, making the experimental results at 10 km/h and
15 km/h close to the simulation. Although oscillations exist
at low velocities, the trend of distributing speed between
wheels during rotation is still consistent with the proposed
kinematic model.
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Figure 8. Experimental results of the independent four-wheel
drive system: a) Skm/h, b) 10km/h, c) 15km/h

4. Conclusion

This study experimentally and numerically validates an
independent all-wheel drive system for low-speed electric
vehicles, in which each wheel is independently controlled
based on the Ackermann kinematic model using 350 W in-
wheel BLDC motors and PID controllers. Strategies for
torque coordination control and high-level supervisory
control for wheel slip control and dynamic stabilization
under extreme operating conditions are beyond the scope
of this study and will be considered in subsequent work.
The experimental results show good agreement with
simulation, particularly at medium and high speeds. Larger
speed fluctuations are observed at low speeds due to the
limited resolution of the Hall sensors (26 pulses/
revolution) and a 500 ms sampling period. Despite these
limitations, the system achieves accurate wheel speed
distribution and stable vehicle motion, while future
improvements may be achieved through higher-resolution
sensors, advanced control methods. The results confirm the
feasibility of implementing simple PID control on low-cost
hardware for low-speed electric vehicles.
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List of symbols:
Fy Traction force
F; Grade resistance
F Rolling resistance
E, Aerodynamic drag
F; Inertial resistance
Cp Aerodynamic drag coefficient
A Frontal area of vehicle in square meters
v Vehicle speed corresponding, km/h
Total vehicle mass
g Gravitational acceleration
fr Rolling resistance coefficient
a Road slope angle
o The rotational mass factor
Z—Z The vehicle acceleration, m/s?
Prax Required power of the entire system
Vinax Maximum vehicle speed
W Angular velocity
Protor Power required for each motor
R Calculated from the vehicle’s center to O
Ry, Ry Ry R, Turning radii of inner front, outer .front, inner
rear, and outer rear wheel, respectively
ViV, Vs Vi Velocities of inner front, oute‘:r front, inner rear,
et and outer rear wheel, respectively
5,6,,5, Vehicle’s steering angle, steering aggle of inner
front, and outer front wheel, respectively
GPID( ;)  Transfer function of discrete PID controller
Ky Proportional gain
Ki Integral gain
Ka Derivative gain
Tg Sampling Cycle
Z Z Transform
N Differential filter coefficient
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