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Abstract. This study presents the development of a traction control system (TCS) for a four-wheel electric
unmanned ground vehicle (UGV) with four in-wheel motors and a passive articulated joint. Because the vehicle
has no dedicated steering mechanism, turning is achieved by differential wheel-speed control, while the
articulation angle develops passively from wheel-ground interaction. The proposed TCS combines kinematic
wheel-speed allocation, quasi-static load-based traction redistribution, speed-error feedback and slip reduction in
a low-cost embedded architecture based on Raspberry Pi Zero 2 W, dual IMUs, CAN telemetry and a four-channel
digital-to-analog converter. For the investigated vehicle geometry, the maximum articulation angle of 30 deg
corresponds to a minimum turning radius of 1.87 m, with outer and inner wheel path radii of approximately
2.30 and 1.40 m, respectively. The slip controller maintains full command up to a slip ratio of 0.15 (15%) and then
progressively reduces wheel command as slip increases. Steering tests confirmed stable left-right wheel-speed
differentiation under a maximum wheel-speed limit of 1.4 ms!, while the acceleration channel increased command
when measured wheel speed fell below the reference. The developed TCS provides a practical basis for further
field validation of passively articulated electric UGVs on soft and uneven terrain.
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Introduction

Unmanned ground vehicles are increasingly used in agricultural operations, where soft soil, uneven
terrain and tight manoeuvring place strong demands on traction management [1-5]. Recent studies on
agricultural and off-road UGVs have addressed coordinated torque distribution, differential steering,
path tracking and stability control for six-wheel independent-drive platforms, skid-steer robots and
articulated vehicles [3-8]. Parallel work has improved trajectory tracking for agricultural robots and
demonstrated the importance of accurate attitude and velocity estimation from IMU and wheel-sensor
data [9-15]. In addition, wheel-load estimation and terrain interaction analysis have been used to
improve traction allocation and mobility on soft ground and slopes [16-18]. Thus, the current state of
the art increasingly combines distributed electric drive control with vehicle-state estimation and traction-
oriented control logic.

Despite this progress, limited attention has been paid to compact four-wheel electric UGVs with
passive articulation and no dedicated steering actuator. In such vehicles, steering must be produced
electronically by left-right wheel-speed differentiation, while the articulation angle is not directly
controlled and develops from wheel-ground interaction. As a result, reference wheel speeds, section-
wise load redistribution and slip limitation must be solved simultaneously rather than as separate control
problems.

The aim of this study is to develop and evaluate a traction control system (TCS) that converts speed
and curvature inputs into wheel-specific commands for differential steering, speed tracking and slip
reduction. The developed implementation combines a simplified kinematic steering model with section-
wise attitude sensing in embedded architecture suitable for a compact electric UGV.

Materials and methods

UGV is electric, equipped with four motors, passively articulated and lacks an active steering
mechanism, so steering must be accomplished by differential steering. Torque is provided by four BLDC
in-wheel motors with individual ND72300 motor controllers. The system is supplied by a 48 V battery
pack. A 12 V power supply powers a USB hub and a 5 V power supply powers a Raspberry Pi Zero 2
W, which serves as the TCS controller, and a Raspberry Pi 5, which serves as the central control unit.
The USB hub allows data transfer between the TCS controller and the front and rear IMUs, which are
OpenLog Artemis IMUs. The TCS controller is connected to a four-channel MCP4728 digital-to-analog
converter, which provides throttle command signals to the motor controllers. Fig. 1 presents the
electrical schematic of the UGV.
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Fig. 1. UGV electrical schematic: 1 — four-channel DAC;
2 — throttle signal line; 3 — throttle ground line

The motor controllers enable CAN bus communication. This allows the TCS controller to read
telemetry such as wheel speed, torque, voltage and phase current, and to transmit messages for motor
direction and speed modes. IMUs are equipped with accelerometers and gyroscopes. Their data enable
acquisition of section attitudes needed for articulated-vehicle state estimation, while wheel speed and
controller telemetry provide a practical low-cost basis for feedback control and logging [12-15; 24]. The
TCS controller logs telemetry data, inputs and IMU data into a SQLite database for further analysis. Fig.
2 depicts the TCS logic diagram.
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Fig. 2. TCS logic diagram

The vehicle consists of a front and a rear section, each carrying one left and one right driven wheel.
Because neither steerable wheel knuckles nor an actuated articulation joint are available, a turn is
generated by increasing wheel speeds on one side and reducing them on the other. The articulation angle
is therefore a passive state variable resulting from wheel-ground interaction rather than a directly
actuated control input. The control strategy contains three stages: first, reference speed and steering
curvature are converted into left and right wheel-speed references using the vehicle geometry; second,
front and rear IMU pitch and roll data are used in a quasi-static model to estimate wheel-load bias
factors; third, measured wheel speeds are used to form the speed-feedback and slip-reduction terms. The
final command for each wheel is obtained as the product of the load-share command, the acceleration
command and the slip-reduction command, after which a rate limiter smooths the output before
transmission through DAC.
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The traction distribution model assumes that the centres of mass of both sections are at equal height
and equally spaced from the articulation joint. This quasi-static representation is appropriate for low-
speed maneuvering and allows the controller to bias traction according to section pitch and roll, which
are key indicators of load transfer and terrain interaction [12; 16-18]. Fig. 3 defines the principal
dimensions and mass locations used in the simplified vehicle model, and Table 1 lists the main

characteristics of the UGV.
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Fig. 3. UGV kinematic scheme of turning a) and side view b) with principal dimensions

Figure 3a shows the kinematic scheme of turning an articulated UGV, each wheel of which is given
a corresponding speed Ve, Vir, Var and Vze depending on the turning radius R and slippage. The
kinematic center of the UGV, point C, makes a turn around the turning center, point O. The angles of
rotation of the half-frames are denoted as ar and ag, and the radii of movement of the inner and outer
wheels are R;, and R,., respectively.

Table 1
UGYV characteristics

Parameter Symbol | Value
Centre of mass height z 0.48 m
Mass of front section my 160 kg

Mass of rear section my 190 kg
Section length / 0.50 m
Track width t 0.87 m
Wheel radius r 0.18m

The inputs for TCS are reference speed and steering curvature. This allows the UGV to follow a
stable path at a desired speed. Because the vehicle sections are symmetrical in width and length, the
turning geometry can be represented by inner and outer wheel paths, which is consistent with articulated
and differential-steered vehicle kinematics described in previous studies [6-8; 22; 23].

The maximum articulation angle of the UGV is 30 deg. This sets the minimum turning radius at
1.87 m, with approximately 2.30 m for the outer wheels and 1.40 m for the inner wheels. As the input
controls the vehicle speed and curvature, the corresponding inner and outer wheel reference speeds are
calculated [6; 8; 22; 23].

Wheel load is estimated using a quasi-static model that accounts for the section masses and the
measured pitch and roll angles. As the section pitch increases, longitudinal load shifts between the front
and rear sections, while the section roll redistributes the load between the left and right wheels. Similar
use of vehicle dynamics and wheel-ground interaction information has been reported for terrain
assessment and traction analysis in off-road agricultural robots [16-18].

Dividing the wheel load by the total vehicle mass gives a proportional estimate of the traction
available for each wheel. Normalizing these values by the average wheel load yields a biasing factor
that preserves the overall command level while redistributing it across the wheels. The final throttle
command for each wheel is the product of the load-share command, the acceleration command and the
slip-reduction command. Slip reduction is only activated when the slip ratio exceeds the configured
target, which is consistent with slip-optimisation approaches used in traction-energy balancing and
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distributed-drive controllers [3; 19-21]. The acceleration command takes the normalized speed request
and adds the normalized speed error multiplied by the configured feedback gain. A rate limiter is applied
to the final wheel commands to prevent abrupt changes that could induce additional slip or oscillation
in low-traction conditions [3; 19-21].

Results and discussion

Fig. 4 shows the law by which the developed system handles the slip limitation. The controller
actively counteracts slip up to 15%, and then gradually reduces the activity as the slip increases. When
slip becomes excessive, the counteraction is reduced, and the torque is reduced also. This confirms that
the controller limits slip without penalizing normal rolling [3; 19; 20]. Fig. 5 shows successful
differential steering. For testing, maximum wheel speed was set a 1.4 m-s”. This also limits the
maximum reference speed. If the reference speed for left or right wheels would exceed the maximum, a
new reference speed is calculated which sets the maximum speed of the outer wheels to 1.4 m's™. The
controller splits the reference speed into left and right wheel commands so that one side accelerates
while the other is reduced. This wheel-speed asymmetry enables turning without a mechanical steering
linkage or actively actuated articulation, confirming that the kinematic steering model produces feasible
wheel-speeds for articulated and differential-drive agricultural vehicles [6-8; 22; 23].
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Fig. 4. Wheel slip control command value Fig. 5. UGV left and right wheel speeds based on
steering input

Fig. 6 compares the acceleration gain command with the throttle input. The two curves follow the
same overall trend, but the acceleration gain is adjusted by the speed-feedback term. As a result,
command generation is not open-loop: it increases when the actual wheel speed falls below the reference
and decreases when tracking is already adequate [20; 21].
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Fig. 6. Input throttle and acceleration command

Taken together, Figs. 4-6 show that the developed TCS performs its three main functions: slip
limitation, differential steering and speed-error compensation. The present results are based on logged
internal signals, so they validate the implemented control logic rather than full vehicle performance
under all terrain conditions.

Field tests are still required to tune the acceleration feedback and slip-reduction coefficients and to
quantify the benefit of load-aware traction distribution during demanding maneuvers, such as climbing
a 15 deg ramp into a mobile charging station. Additional tests should compare the proposed controller
with a baseline controller without load redistribution.
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Conclusions

1. A traction control system was developed for a passively articulated electric UGV with four in-wheel
motors using CAN telemetry, two IMUs, a Raspberry Pi Zero 2 W and a four-channel DAC
interface.

2. The novelty of the research is the combination of a simplified kinematic steering model for a four-
wheel UGV without steerable wheels or an actuated articulation joint, section-wise attitude sensing
of the front and rear bodies, and load-aware traction redistribution integrated with slip limitation.
Tests of the studied UGV showed that a 30 deg articulation limitation corresponds to a minimum
turning radius of 1.87 m, with approximately 2.30 m and 1.40 m outer and inner radii of the wheel
trajectory, respectively.

3. Studies have shown that the developed system maintains full control up to 15% slippage, and
steering tests have confirmed the necessary differentiation of the speed of the left and right wheels
and the limitation of the maximum wheel rotation speed of 1.4 m-s™".

4. The developed system validates the intended control logic and provides a basis for further field
experiments. Future work should quantify the vehicle performance on slopes and uneven terrain,
including comparison with a baseline controller without load redistribution and tests of demanding
manoeuvres.
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