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challenging. MAVs, such as trucks, buses, military vehicles, and multi-purpose vehicles, require

i . th
sophisticated control techniques to increase the stability and ride comfort of such vehicles. This Published - 207 Sept. 2024

paper provides a comprehensive review of standalone control systems and integrated control KEYWORDS

systems (ICSs) for the steering, driving/braking, and suspension systems of MAVs, with a particular Integrated chassis control
focus on the optimal tyre force distribution (TFD) in ICSs for MAVs. It also discusses various Optimal tyre force distribution
objective functions and optimisation methods used for the TFD. The findings indicate that optimising Ride comfort

TFD significantly improves the stability of MAVs. As such, future studies may consider examining Trajectory tracking
optimising three-axis TFD for MAVs to further improve vehicle stability. Vehicle stability

1. INTRODUCTION

The concept of multi-axle vehicles (MAVS), including various types of vehicles such as trucks, buses, military
vehicles, and multi-purpose vehicles, has significantly shaped the landscape of modern transportation. Unlike a two-axle
vehicle, an MAYV is purposely built to carry larger loads, navigate challenging terrain, and perform specialised tasks.
These characteristics of MAVs have made the designing of vehicle control systems more challenging. Vehicle control
systems can be categorised as standalone control systems (SCSs) and integrated control systems (ICSs). Standalone
control systems (SCSs), which refer to individual control systems that operate independently, focus on specific functions
in the performance of a vehicle [1]. Standalone control systems (SCSs) comprise the steering, driving/braking, and
suspension control systems, where the steering system is developed to control the direction [2], the driving or braking
system to improve the longitudinal performance [3, 4], and the semi-active suspension (SAS) or active suspension (AS)
system to minimise ride discomfort [5, 6] of the vehicle. However, SCSs may have limitations compared to ICSs, which
are becoming increasingly common in modern vehicles for improved vehicle stability and ride comfort.

The ICSs discussed in the present paper include the integrated control of the steering and wheel torque, suspension
and wheel torque, and steering and suspension systems. Several studies have been undertaken on the use of integrated
steering and wheel torque control systems to achieve improved vehicle stability and trajectory tracking [7-9]. In this type
of integration, tyre forces are applied longitudinally and laterally to increase vehicle stability. The integration of
suspension and wheel torque, as studied by Chen et al. [10] and Li et al. [11], improves vehicle performance and comfort,
while integrated steering and suspension systems are designed to increase vehicle stability and comfort [12]. The use of
the optimal tyre force distribution (TFD) in an ICS can further improve vehicle stability by preventing tyre force
saturation. An optimal TFD minimises either tyre force usage [3, 13] or tyre workload [11, 14] to prevent the vehicle
from becoming unstable. In other studies, the optimal TFD is used to minimise the dissipation of tyre energy [15, 16]. In
these optimal distribution methods, tyre forces are allocated to achieve stability or reduce energy dissipation. The optimal
three-axis TFD for MAVSs, especially to extend vehicle stability, can be explored.

This paper is aimed at reviewing the control strategies for MAVs to enhance vehicle stability, trajectory tracking, and
ride comfort. Both SCSs and ICSs will be reviewed in depth for steering, driving/braking, and suspension systems in
MAVs, with a particular emphasis on the optimisation of the TFD within ICSs. This paper will also discuss various
objective functions and optimisation methods for the TFD. The remainder of the present paper is organised as follows:
Sections 2 and 3 present the vehicle dynamics and tyre models, respectively. The SCSs for steering, driving/braking, and
suspension in MAVSs are presented in Section 4. Section 5 presents the ICSs for these systems, and Section 6 discusses
the methods for obtaining the optimal TFD. Section 7 presents the future direction for the optimisation of three-axis tyre
forces in MAVs, while the conclusions are provided in Section 8.
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2. VEHICLE MODELLING

Vehicle modelling is a fundamental part of vehicle dynamics control as it plays an essential role in understanding and
simulating the dynamic behaviour of MAVs. This section introduces the various vehicle models used in this field of study.
A summary of three- and four-axle vehicle models is included in Tables 1 and 2, respectively.

Table 1. Two-degrees-of-freedom (2-DOF), 3-DOF, 9-DOF, 18-DOF, and 24-DOF models for three-axle vehicles

DOF  Motion Reference
2 Vehicle body: lateral and yaw [11, 17-29]
3 Vehicle body: longitudinal, lateral, and yaw [30, 31]
9 Handling model [32-35]

Vehicle body: longitudinal, lateral, and yaw
Wheel: rotational

Ride model [36]

Vehicle body: vertical, pitch, and roll
Wheel: vertical

11 Vehicle body: lateral, vertical, yaw, pitch, and roll [12]
Wheel: vertical

18  Vehicle body: longitudinal, lateral, vertical, yaw, pitch and roll [11, 1720, 37-41]
Wheel: rotational and vertical

24 Vehicle body: longitudinal, lateral, vertical, yaw, pitch and roll [22, 42]

Wheel: rotational and vertical
Steering: 6-DOF

Table 2. 2-DOF, 3-DOF, 11-DOF, and 22-DOF models for four-axle vehicles
DOF  Motion Reference
2 Vehicle body: lateral and yaw [3,9, 43-57]
3 Vehicle body: longitudinal, lateral, and yaw [4]

11 Handling model
Vehicle body: longitudinal, lateral, and yaw [58-62]
Wheel: rotational
Ride model
Vehicle body: vertical, pitch, and roll [6, 63, 64]
Wheel: vertical

22 Vehicle body: longitudinal, lateral, vertical, yaw, pitch, and roll
Wheel: rotational and vertical

2.1  Three-Axle Vehicle Model
2.1.1 2 DOF vehicle model

[46, 48, 65-68]

Figure 1 depicts a simple 2-DOF vehicle model, which is useful for studying the dynamics of a vehicle’s handling.
This simple vehicle model comprises the lateral and yawing motions of a vehicle, which may be used to examine its
handling characteristics. The steering angles at the front, middle, and rear axles, indicated by J, dm, and dr, respectively,
are used as the inputs for this model. The vehicle velocity along the longitudinal axis is assumed to be constant. In Egs.
(1) and (2), as well as Figure 1, Fy; is the lateral tyre force of axle i.

¥

Figure 1. A 2-DOF vehicle model
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The following two equations were used to set the lateral and yaw motions of a vehicle:

mV(B + y) = F,; cos & + F, cos &y, + Fy3 cos d, (D)

Izy = [¢F); cos 6 + L, Fy, cOSs 8,y — 1. F 53 COS 6, 2
where, £ is the sideslip angle, y is the yaw rate, m is the mass of the vehicle, and I, is the moment of inertia for yaw.
2.1.2 9-DOF vehicle model

The 9-DOF vehicle models discussed here are often referred to as vehicle handling models. The 9-DOF model depicted
in Figure 2 provides a more advanced and detailed mathematical representation of vehicle handling dynamics than a 2-
DOF model. The steer angles and driving/braking wheel torque were used as inputs in the 9-DOF vehicle model. This
model includes not only the longitudinal, lateral, and yawing motions of a vehicle but also the rotating motion of each
wheel [32, 34].
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Figure 2. 9-DOF planar vehicle model

The steer angles of the first, second, and third axles are indicated by 61, ir, 21, d2r, a1, and dar. The steer angles of
both wheels on the same axle were considered to be identical. The longitudinal and lateral tyre forces are denoted by Fyij
and Fy;, respectively. The subscripts i and j (i axle numbers = 1, 2, and 3) and (j, wheel positions = r, right, and I, left).
Figure 3 provides a schematic of the wheel dynamics, where lyij is the moment of inertia of the wheel, wyij is its rotational
speed, Tuwijis its torque, and rjis its radius.

Vehicle Motion
—_

Faij
Figure 3. Schematic of the wheel dynamics

2.1.3 18-DOF vehicle model

The 18-DOF model depicted in Figure 4 includes the translational motions in the longitudinal, lateral, and vertical
directions as well as the yawing, rolling, and pitching motions of the body of the vehicle and the rotating and vertical
motions of its wheels. The steer angles, wheel torques, and elevation of the vertical road profile were all inputs to the 18-
DOF model. For the first, second, and third axles, two wheels on the same axle were considered to have identical steer
angles. In addition, the tyres were assumed to be in continuous contact with the ground. Similar models were used by
Kim et al. [26] and Nah et al. [42], but with an added 6-DOF steering system.
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Figure 4. 18-DOF vehicle model

In Figure 4, the tyre longitudinal, lateral, and vertical forces are denoted as Fij, Fyij, and Fj, respectively, while the rolling
angle, pitching angle, and yaw velocity are represented as ¢, 6, and y, respectively. Z; is the displacement of the wheel’s
mass, while wwij is its rotational speed.

2.2 Four-Axle Vehicle Model
2.2.1 2-DOF vehicle model

Figure 5 illustrates a single-track vehicle that has 2-DOF. The model considers the lateral and yawing motions of a
vehicle. The first two axles were steerable and the steering angles of these axles, namely, J1 and d-, respectively, were
used as inputs in the vehicle model. The speed of the vehicle was kept constant. In Figure 5, Fy; is the lateral tyre force,
and i =1, 2, 3, and 4, indicating the first, second, third, and fourth axles, respectively. The lateral and yaw equations of
motion were written as follows:

mV(,B + y) =Fy1c056;+ Fyc086, +Fy3+F, 3

IZ}} = llel Cos 51 + leyz Ccos 62 - l3Fy3 - l4Fy4 (4)
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Figure 5. 2-DOF vehicle model

Each tyre in this single-track vehicle model represents two tyres on the same axle, and the black and white circle represents
the centre of gravity (CG) of the vehicle. The CG is located between the second and third axles. The distances from the
first, second, third, and fourth axles to the CG of the vehicle are given as I, Iz, I3, and 1, respectively. All these forces are
depicted in red arrows.

2.2.2 11-DOF vehicle model

The 11-DOF vehicle models included in the present paper may be categorised as vehicle handling and ride models.
Figure 6 presents an 11-DOF vehicle handling model. This vehicle handling model is more complex than a 2-DOF vehicle
model because the 2-DOF model includes only lateral and yawing motions, while the 11-DOF model includes the
longitudinal, lateral, and yawing motions of the body of the vehicle and the rotational motion of each wheel [59, 69]. The
11-DOF model assumes motion on the horizontal plane. The inputs in the 11-DOF handling model were the steer angles
of the front two axles and the wheel torques of all the axles. The steer angles at the first and second axles are denoted by
Ju, o1r, 021, and Jyr, respectively. For the front two axles, two wheels on each axle had the same steer angle. The tyre
longitudinal and lateral forces are denoted by Fy;j and Fy;j, respectively. The subscripts i and j (i, axle number = 1, 2, 3
and 4) and (j, wheel position = r, right and 1, left).
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Figure 6. 11-DOF planar vehicle model

The 11-DOF vehicle model (Figure 7) comprises the heave, pitching, and rolling motions of the body of the vehicle
and the vertical movements of each of its wheels [70]. The input to this model is the road's vertical profile elevation.
Hudha et al. [63] considered the firing reaction force at the weapons’ platform of a light armoured vehicle as an additional
disturbance.

Vehicle Motion
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Figure 7. 11-DOF vehicle ride model

2.2.3 22-DOF vehicle model

The 22-DOF vehicle model, depicted in Figure 8, is comprised of the translational motions in the longitudinal, lateral,
and vertical directions and the yawing, rolling, and pitching motions of the body of the vehicle, as well as the vertical and
rotating movements of each wheel. Similar models were used by Liu and Zhang [55], Zhao and Zhang [65], and Zhifu et
al. [66].
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Figure 8. 22-DOF vehicle model
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The inputs in the 22-DOF model were the steering angles, driving/braking wheel torques, and road vertical profile
elevation. The steering angles inputted for the steerable axles on both sides of the body of the vehicle were the same for
each axle. The tyres are considered to be in contact with the road all the time. The tyre longitudinal, lateral, and vertical
forces are denoted by Fuj, Fyij, and F respectively. The rolling and pitching angles and the yawing velocity are
represented as ¢, 6, and y, respectively. The Zyj is the displacement of the wheel’s mass, while wwij iS its rotational speed.

3. TYRE MODELS

A tyre model provides equations with which to determine the TFD in longitudinal and lateral directions. There are
two types of tyre models: analytical and empirical. A tyre model comprises three inputs, namely, longitudinal slip ratio,
slip angle, and tyre vertical force.

3.1  Dugoff’s Tyre Model

Dugoff’s tyre model is an analytical tyre model that was used in previous works on MAV's stability control systems
[15, 32, 43]. This model assumes that the tyre contact patch has a uniform vertical pressure distribution [71]. It has a few
parameters, namely, longitudinal stiffness, lateral stiffness, and tyre-road friction coefficient [72, 73]. It allows for the
computation of tyre forces in the longitudinal and lateral directions during simultaneous acceleration/braking and
cornering [74]. These tyre forces are more directly linked to the tyre-road friction coefficient. These forces can be given
as:

Oxii
inj =C, > f 5)
1= 0y
_ tan aij
Fyij = —Cal_i%f @) (6)

where, the lateral stiffness of a tyre is denoted as C, and its longitudinal stiffness is denoted as C,. The parameter 1 was
defined as follows:

Hinj(l - Uxij)

A=
7
2\/(Ca(fxij)2 + (C, tan aij)z (7)
and
_(@-M2 , ifa<i1
f) = { 1 , otherwise (8)

where, u is the road coefficient of friction and 1 is a nondimensional variable.
3.2  Magic Formula Tyre Model

An example of the empirical tyre model is the Magic Formula tyre model [75]. Previous studies have used this model
for MAVs [76-78]. This tyre model can determine the longitudinal and lateral forces on the tyre, as well as the alignment
moment [79] and is more accurate than Dugoff’s tyre model but requires more parameters. The mathematical equation of
this model is expressed as:

y(x) = d sin{c arctan[bx — e(bx — arctan(bx))]} 9

where, y is either the TFD in the longitudinal or lateral direction in a pure slip condition and x is the longitudinal slip ratio
or slip angle of a tyre. Meanwhile, b, c, d, and e are the tyre parameters that were derived from tyre testing data.

4. STANDALONE CONTROL SYSTEMS (SCSS) FOR VEHICLES WITH MORE THAN TWO
AXLES

Standalone control systems (SCSs) can be categorised into steering, driving/braking, and suspension control systems.
The major goal of these control systems is to enhance the driving/braking performance, stability, manoeuvrability, and/or
ride comfort of a vehicle. This section reviews previous works on SCSs. Table 3 lists the types of SCSs, control strategies,
number of axles, and vehicle configurations that have been examined.

Table 3. Standalone control systems (SCSs) for multi-axle vehicles (MAVS)

Standalone Control Control Strategy No. of

Actuation Layout References

System (SCSs) Axles

Steering LOR 3 WS [17]
LQR-I 3 6WS [22]
MFVS 3 4WS [20]
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Table 3. (cont.)
Standalone Control No. of

System (SCSs) Control Strategy Axles Actuation Layout References
Steering AISMC 4 8WS [80]
MPC 5 10WS [43]
LOR 5 10WS [57]
SMC-STC 6 12WS [81]
Driving/Braking PI-SMC 3 6WID [20, 96]
I-SMC and PID 3 6WID [35]
SMC 3 6WID/B [40, 84, 85, 97]
PID 4 8WID/B [68]
SMC 4 8WID/B [4, 65, 69, 86]
F-SMC 4 8WID/B [3]
SMC 4 8WID/B [87]
ISMC 4 6WID/B + 2AMT [88]
PID 4 8WID/B [48]
LQR 4 8WID/B [14]
Suspension FLC 3 SAS [89]
LQG 3 SAS [90]
FLC and SH 4 SAS [6]
ADRC 3 AS [5]
FLC 3 AS [27]
FLC-PID 3 AS [91]
SA 4 AS [63]

4.1  Steering Control

An active steering control (ASC) system is a type of SCS that enhances the manoeuvrability and stability of a vehicle.
Studies have been carried out on ASC strategies for two-axle vehicles. Active steering control (ASC) strategies have also
been considered for MAVs. An et al. [17] studied a linear quadratic regulator (LQR) control method for a vehicle with
six-wheel steering (6WS) to improve its manoeuvrability. The vehicle yaw velocity and sideslip angle were controlled to
match the desired vehicle model, whereas the target yaw velocity and sideslip angle were provided by assuming it was a
2-DOF model. The simulation that was performed using an 18-DOF vehicle model for the J-turn test demonstrated that
the control system achieved a smaller turning radius and better stability compared to a passive vehicle. The simulation
result was confirmed when an experiment was conducted on a scaled-down 6WS vehicle. In another study, similar to the
one conducted by An et al. [17], an LQR controller was designed with integral control (LQR-I) for a 6WS vehicle to
achieve improved manoeuvrability by coordinating the steering angles [22]. This control strategy used LQR-I and an
estimator to achieve both the target yaw velocity and a sideslip angle of zero. The evaluation of the control performance
through vehicle handling manoeuvres using an 18-DOF vehicle model showed improvement compared to the results
obtained by Huh et al. [38] and vehicles with ASC at the first axle.

Kang et al. [20] designed a model-following variable structure (MFVS) controller to regulate the steer angles of the
first and last axles of a vehicle with three axles. This controller uses feedback and feedforward controllers to improve the
steer characteristics of an uncertain and nonlinear vehicle model. The controller can improve the steering characteristics
on different road conditions compared to vehicles with active front steer and front and rear wheels with fixed control
laws. Ahmed et al. [80] proposed an ASC at the third and fourth axles of an eight-wheel vehicle to enhance its lateral
stability in rough terrain by combining it with an adaptive integral sliding mode controller (AISMC). An AISMC is used
to design controllers with disturbance resistance and to reduce lateral displacement error, sideslip angle, and yaw velocity.
A simulation was used to assess the performance of the AISMC and LQR during a double-lane change manoeuvre. The
AIMSC controller showed better vehicle manoeuvrability and stability than the LQR.

The steering angles were optimised using an LQR with adaptive weighting. The findings showed that this controller
outperformed an LQR with a constant weighting matrix with regard to driver steering effort and yaw velocity. Xu et al.
[81] used the sliding mode control (SMC) and super-twisting control (STC) approaches to regulate the steer angles of the
last four axles to enhance the trajectory tracking capability at low velocities and vehicle stability at high velocities for
12WS vehicles. The approach of Xu et al. [81] outperformed the LQR and SMC approaches in improving path tracking
and vehicle stability.
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4.2 Driving or Braking Control

Longitudinal vehicle dynamics is the study of vehicle dynamics in a longitudinal direction. Longitudinal vehicle
dynamics focusses on acceleration and braking performance. Longitudinal vehicle control is the control of the vehicle
dynamics in a longitudinal direction during acceleration and braking. For example, the traction control system regulates
the tyre's longitudinal slip ratio during acceleration to increase the traction between the tyre and the road. Meanwhile, an
antilock braking system (ABS) regulates the longitudinal slip ratio to prevent wheel lock-up. This system reduces the
stopping distance and maintains vehicle steerability. The direct yaw moment control (DYC) uses the yaw moment
produced by the difference between the tyre driving/braking forces on both sides of the vehicle body to turn the vehicle.
Next, the TFD algorithm distributes this desired yaw moment to the driving/braking tyre forces. Kang et al. [24] designed
a skid-steering controller using a six-wheel independent drive (6WID) to increase the stability and trajectory-tracking
capability of the vehicle. The system consisted of path tracking, velocity, and vehicle stability controllers. A proportional -
integral (P1) controller was designed to follow the target velocity. The vehicle stability controller employed an SMC to
increase the vehicle's handling performance, whereas the path tracking controller used the optimal finite preview control
method to follow the target path. Simulations and experiments were performed to demonstrate that the controllers were
capable of enhancing the stability and trajectory tracking of the vehicle.

Similarly, Zhang et al. [35] developed a skid-steering controller for vehicles using a 6WID to increase the stability
and manoeuvrability of the vehicles. An integral sliding mode control (I-SMC) computed the longitudinal force of the
target vehicle based on the longitudinal velocity error. A proportional-integral-derivative (PI1D) controller computed the
target yaw moment based on the error between the target and the actual yaw rates. This study used the minimisation of
the weighted square sum of the used tyre force usage for the TFD. The experimental test result demonstrated that this
controller performed better in terms of manoeuvrability and stability compared to previous papers [13, 82]. Nah et al.
[40] developed a torque distribution controller for skid-steering vehicles that uses a six-wheel independent driving/braking
(6WID/B) to improve the manoeuvrability of the vehicle on uneven roads. SMC was utilised to trace the target
longitudinal speed profile and target yaw velocity. The friction circle estimation determines the target wheel torque. The
results of the simulation demonstrated that the SMC, when combined with friction circle estimation, may enhance vehicle
manoeuvrability over terrains better than a proportional distribution method.

Li et al. [93] studied a coordinated DYC and ABS for 6WID/B vehicles to increase vehicle stability and reduce the
braking distance. Compared with the previous study [93], Lu et al. [84] used the same vehicle configuration and
coordinated DY C and ABS, with a focus not only on increasing vehicle manoeuvrability and stability but also on reducing
the propensity of rollover. The likelihood of the vehicle undergoing rollover was provided by the load transfer ratio (LTR),
which is defined as the difference between the tyre vertical forces on both sides of the vehicle divided by the total vehicle
weight. A friction estimation approach was utilised for the road friction coefficient estimation. An optimal longitudinal
slip ratio was determined using this estimated coefficient of friction and the Burckhardt model. This optimal slip ratio
was used as the desired slip ratio for the ABS, which was tracked using the SMC. A DYC was employed to enable
independent braking control and to generate yaw moment, thereby enhancing vehicle stability and the propensity for
rollover. Hardware-in-loop (HIL) experiments were conducted. The results revealed that the controller was capable of
keeping both the vehicle yaw rate and roll angle within safe limits. Zheng et al. [85] used a similar approach, but with a
different mathematical equation for the LTR.

Ali et al. [68] designed a DYC system to prevent rollover in an eight-wheel independent driving/braking (8WID/B)
vehicle. The desired longitudinal force of the vehicle was calculated by considering the longitudinal acceleration
command from the driver and the longitudinal deceleration generated by a potential field function. The target yaw
moment, based on the error between the target and actual yaw rates, was determined by a PID controller. An optimal tyre
force distributor provided the wheel torque commands by minimising the square sum of the tyre workload, based on the
target longitudinal force and yaw moment of the vehicle. The simulation tests demonstrated that this controller was
capable of preventing rollover.

SMC has been used to enhance the manoeuvrability and stability of 8WID/B vehicles [3, 65, 69, 86-88]. There are
two approaches for the DYC, one using the optimal TFD method and the other using a heuristic method [13, 65]. The
experimental and simulation results of both approaches demonstrated that the use of an optimal TFD for the DYC can
improve vehicle stability. Apart from that, a fuzzy-sliding mode control (F-SMC) [3], dual SMC controller [87], and I-
SMC [88] can also be used to increase the stability of a vehicle. Other approaches, such as the use of a PID and LOR,
have been utilised to determine the desired yaw moment. Ragheb and EI-Gindy [48] used a PID controller to calculate
the target yaw moment to enhance vehicle stability. Omar and El-Gindy [14] developed an LQR controller to determine
the target yawing moment to follow the target path and maintain vehicle stability.

4.3  Suspension Control

Suspension systems are designed to provide good ride comfort and vehicle handling performance. Ride comfort is a
fundamental aspect of the suspension system that provides occupants with a smooth and pleasant ride experience. The
suspension system also influences the vehicle handling characteristics. Passive suspension systems can be tuned to
achieve a balance of good ride comfort and vehicle handling. Semi-active suspension (SAS) or AS systems can further
increase the ride comfort and handling performance. An SAS system uses a variable damper to increase ride comfort and

journal.ump.edu.my/ijame 11670



M.S.M. Zakaria et al. | International Journal of Automotive and Mechanical Engineering | Vol. 21, Issue 3 (2024)

vehicle handling. A magnetorheological (MR) damper, which is an example of a variable damper, uses MR fluid [89, 90].
Variation of the applied magnetic field can alter the viscosity, thereby modifying the damping force. Another type of
variable damper is a variable orifice damper [91, 92], where the diameter of the orifice is varied to change the damping
force. Various control strategies using SAS dampers have been studied. Li and Nguyen [89] implemented a fuzzy logic
control (FLC) for the SAS to increase the ride comfort of a six-wheel vehicle. The damping coefficient was adjusted
according to the displacement and velocity measurements.

Also, to improve the ride comfort, Li et al. [90] used a linear-quadratic-Gaussian (LQG) controller for SAS. Trikande
et al. [6] developed a skyhook and FLC for the SAS to enhance road holding and ride comfort when firing a calibre
projectile from the gun of an eight-wheel military vehicle. An AS is a kind of suspension system that utilises an electronic
control actuator to increase ride comfort and stability performance. Different control strategies using an AS have been
investigated in previous studies. Zhu et al. [5] designed a controller for a six-wheel rescue vehicle equipped with an AS
to increase the vehicle attitude stability. In [27], an AS was developed for the middle axle of a vehicle with three axles to
increase vehicle stability. The AS functioned to change the vertical and lateral forces due to road conditions, thereby
regulating the yaw moment. FLC was utilised to determine the target actuation force. Bai et al. [91] designed an AS with
an FLC-PID controller to reduce the heave acceleration of vehicles. Hudha et al. [63] developed a stability augmentation
system using an AS for an eight-wheel military vehicle to enhance ride comfort under disturbances caused by road
irregularities and turret reaction forces.

5. INTEGRATED CONTROL SYSTEMS (ICSS) FOR VEHICLES WITH MORE THAN TWO
AXLES

As discussed in the preceding section, the performance of SCSs is limited and can be further enhanced through ICSs.
Integrated control systems (ICSs) are categorised into steering and driving/braking control, suspension and
driving/braking control, and steering and suspension control systems. Table 4 depicts the various categories of ICSs,
control strategies, number of axles, and vehicle configurations.

Table 4. Integrated control systems (ICSs) for multi-axle vehicles (MAVS)

Isr;t;zt%rr?]tse?l (C::g;\)t rol Control Strategy IX?('I;)J Actuation Layout References

Steering and . Driving/

Driving/ Braking Steering Braking
LTV-MPC 3 WS 6WID/B [31]
MFAC, FLC, and PID 3 4WS 6WID/B [82]
MFPC 3 2WS 6WID/B [99]
SMC 3 4AWS AWID/ 6WIB [58]
I-SMC 3 WIS 6WID/B [15]
SMC and PID 3 WIS 6WID/B [26]
SMC and PID 3 4AWS 6WID [71
SMC and PID 3 6WS 6WID/B [42]
SMC and PID 4 4AWS 8WID/B [53]
SMC 4 8WS 8WID/B [100]
SMC 4 4WS 8WID/B [51]
PID 4 4WS 8WID/B [8]
Pl 4 2WS 8WID/B [101]
LQOR 4 2WS 8WID/B [102]
LPV H. 4 8WS 8WID/B [9]

Suspension and . Driving/

Driving/ Braking Suspension Braking
SMC-PID 3 AS 6WID/B [10]
SMC 3 SAS 6WID [11]

Steering and . .

Suspension Steering Suspension
SMC and H. 3 6WS AS [103]
SMC and LQR 3 6WS AS [12]
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5.1 Integrated Steering and Driving or Braking Control

The integration of the steering and driving/braking control systems has been proven to enhance vehicle stability. This
integration utilises the available friction force to improve the limited performance of SCSs. Numerous works have
investigated the combination of the steering and driving/braking controls for MAVs. Dong et al. [31] designed a linear
time-varying model predictive controller (LTV-MPC) to coordinate the ASC and DYC of 6WS and 6WID/B vehicles.
Jiang et al. [82] developed a control system that combined the steer angle control of the first and third axles, DYC, and
speed control for a 6WID/B unmanned ground vehicle with an adjustable wheelbase to enhance the heading angle tracking
under low-speed conditions [99]. A model-free adaptive control (MFAC), FLC, and PID controller were utilised to
compute the reference steer angle, direct yaw moment, and longitudinal vehicle force, respectively. In another study by
Jiang et al. [104], a path-following controller for a 6WID/B vehicle with an ASC at the first axle was designed using a
model-free predictive control (MFPC) method to enhance vehicle stability at high speeds.

SMC is a popular control strategy used to enhance vehicle stability for both three- and four-axle vehicles [7, 100]. Liu
et al. [69] designed an SMC to control the speed of a three-axle electric bus using an independent drive at the last two
axles of a 6WIB and the ASC strategy at the rear axle while employing the estimated tyre vertical forces to enhance the
vehicle stability. Du et al. [15] investigated the coordinated control of six-wheel independent steering (6WIS) and
6WID/B vehicles to increase vehicle stability and trajectory tracking performance. The trajectory tracking controller used
three SMC controllers to follow the target longitudinal and lateral velocities and target yaw rate. Nah et al. [26] designed
a controller for 6WIS and 6WID/B vehicles to improve vehicle manoeuvrability in case of fault-tolerant driving. The PID
and SMC controllers were developed to determine the target longitudinal vehicle force and yaw moment, respectively.
Kim et al. [42] employed a PID as the speed controller and the SMC as the vehicle stability controller to compute the
direct yaw moment.

An approach similar to the work by Kim et al. [42] was proposed for a vehicle with steering control at the first and
second axles of an 8WID/B vehicle [53]. Zhang et al. [100] proposed an ICS that coordinates the differential braking and
ASC at the second, third, and fourth axles to enhance roll and yaw stability. SMC was utilised to determine the target
lateral force of a vehicle and its yaw moment. The proposed ICS provided better stability than a standalone differential
braking system and ASC. Chen et al. [51] designed a coordinated control of the ASC at the first and second axles and
DYC of an 8WID/B to enhance vehicle stability. Sliding mode control (SMC) was developed to determine the desired
longitudinal and lateral vehicle forces and yaw moment by tracking its velocity profile, sideslip angle, and yaw velocity.

Various control strategies, including PID, LQR, and linear parameter varying H-infinity (LPV-Hoo) controllers, have
been implemented in the integrated steering and driving/braking control for four-axle vehicles. Li et al. [8] employed a
PID controller to determine the target longitudinal force for the speed controller and the target direct yaw moment for the
yaw rate controller of a vehicle. Tan et al. [101] designed a coordinated control system, including the ASC at the fourth
axle and DYC, to improve path tracking and vehicle stability. Proportional-integral (P1) controllers were utilised to
compute the target drive torque and steering angle. To improve vehicle stability, Luo et al. [102] used an LQR controller
to determine the target steer angle at the fourth axle and the target direct yaw moment. D’Urso and E1-Gindy [9] proposed
the coordinated control of an ASC at the third and fourth axles of an 8WID/B vehicle to enhance vehicle stability and
decrease the turning radius. An LPV-H., controller was used to compute the steering angle at the fourth axle and the direct
yaw moment.

5.2 Integrated Suspension and Driving or Braking Control

The incorporation of an AS or SAS system with the driving/braking control is effective in achieving both vehicle
stability and comfort. For instance, to increase the stability of a vehicle, the integration of the AS or SAS with a DYC is
known to provide better performance compared to using a DY C alone. When the DY C and steering systems are integrated,
aggressive driving/braking and steering may lead to unwanted pitching and rolling motions. These motions can be reduced
by using an AS or SAS system to enhance ride comfort. Li et al. [11] designed a controller that integrated the yaw motion
and attitude controllers for vehicles with an SAS and 6WID to enhance vehicle stability. The yaw motion controller used
an SMC to compute the target yaw moment, while the attitude controller used an SMC to calculate the target roll and
pitch moments and vertical force. The yaw motion and attitude controllers give better stability compared to the use of a
yaw motion controller alone. Chen et al. [10] proposed a controller for integrated AS and 6WID/B vehicles with a variable
wheelbase to improve vehicle pitch stability. This controller utilised an SMC-PID with an extended state observer control
(ESO) to control the AS. The ESO was used to estimate the disturbance of the vehicle, while the SMC-PID was used to
adhere to the targeted pitch angle.

5.3  Integrated Steering and Suspension Control

Another type of system that can improve vehicle stability and ride comfort performance is an integrated steering and
suspension system. Zhao et al. [103] studied a coordination control system integrating AS and 6WS to enhance vehicle
stability and comfort. This system employs an H., controller for the steering mechanism and SMC for AS. The root mean
square values of the rolling angle, rolling acceleration, and yawing acceleration demonstrated significant improvements
with the proposed control method. In a similar approach, Chen et al. [12] designed a coordinated AS and 6WS controller
to increase ride comfort and vehicle stability. The controller used an SMC to trace the sideslip angle and yaw velocity of
the target vehicle, while an LQR controller was designed for the AS to improve the heave, pitching, and rolling motions
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of the body of the vehicle. The coordination of active steering and AS provides a lower rolling angle, rolling acceleration,

and yawing acceleration.

6. OPTIMAL TYRE FORCE DISTRIBUTION (TFD)

The optimal TFD determines how much longitudinal and lateral force at the tyres must be generated to attain the target
longitudinal and lateral vehicle forces and yaw moment. These vehicle forces and moments may be computed by the
controller for vehicle stability [106] or collision avoidance [107]. Table 5 shows the objective function, number of axles,
actuator layout, and solution method for different optimal TFD methods.

Table 5. Optimal tyre force distribution (TFD) for 2-, 3-, and 4-axle vehicles

Actuation Layout

o I . No. of — :
Description Objective Function Axles  Steering Driving/ Solution Ref.
Braking
Minimisation of the square sum 4 X2 4+ y2 2 4WIS 4WID/B LES [108]
of tyre workload J Z‘—Z‘
i=1 Zi
Minimisation of the weighted 4 X2 4 v2 2 4WIS 4WID/B LES [115,
square sum of tyre workload J= Z w; — 7 125]
i=1 i
Minimisation of the maximum G 2 4Ws 4WID/B GSM & [107,
tyre workload J =max—_; AlS 116]
L
Minimisation of the equalised 5 5 2 4WIS 4WID/B SQP [113]
tyre force usage Xi+Y
/= 2 4WS 4WI1D/B CVvX [114]
:ul L
Minimisation of the square sum X2 + y2 3 6WS 6WID/B LM [115]
of tyre workload J= ——
=
Minimisation]c t;f ;he weighted ; zz:WxiXiz + wy Y2 6 Wy X? 3 6WS 6WID/B LES [42]
square sum of tyre force usage =
| ’ L (mzy)? L (i)
Minimisation of the weighted o 2 3 Skid 6WID LES [11,
square sum of tyre workload J= Z w; Z—‘z Steering 20]
i=1 t
Minimisation of the weighted 6 X \2 3 Skid 6WID ASM [94]
square sum of tyre force usage J= Z w; (—é) Steering
= s BWIS 6WID/B LES [26]
Minimisation of the addition of X2+Y? 6 3 6WIS 6WID/B QP [15]
the square sum qf tyre force J= Z Wiz, +Z(Vszxi X? +Vszyzle)
usage and energy dissipation Hi i=1
Minimisation of the addition of 4 4WS 8WID/B SQP [55]
the square sum of_ the difference  j — Z(X wZ)? + ZX Fra
between longitudinal tyre force
and the maximum available tyre
force as well as the square sum of
the difference between the
longitudinal tyre force and the
desired longitudinal vehicle force
Minimisation of the weighted 8 X, \2 4 4Ws 8WID/B SQP [13]
12
square sum of tyre force usage J= Z Wyi (HiZi) AWS SWID/B WLS [46]
=t 4WS 8WID/B LES [53]
Minimisation of the square sum 8 X \2 4 4WS 8wWID/B WLS [3]
of tyre force usage =Z( ’)
y g =2z
Minimisation of the weighted 8 4WS 8WID/B LES [14]

square sum of tyre workload

X2+Y2 4
1=

Note: w;: Weighting Coefficient, w,;: Weighting Coefficient Longitudinal Direction, w,,;: Weighting Coefficient Lateral Direction,
F.q: Desired Longitudinal Vehicle Force, Vs,;: Tyre Longitudinal Slip Speed, Vg,,;: Tyre Lateral Slip Speed, LES: Linear Equation
System, GSM: Golden Section Method, AlS: Algebraic Solution, SQP: Sequential Quadratic Programming, LM: Lagrange Multipliers,
ASM: Active Set Method, and WLS: Weighted Least Square.
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6.1 Tyre Workload and Tyre Force Usage

In an optimal TFD, the maximum tyre workload or tyre force of the tyres is reduced to avoid tyre force saturation.
The tyre workload is the vector sum of the longitudinal and lateral tyre forces divided by the tyre's vertical load [116].

Mathematically, it can be given as [112]:
VXY (10)
L Zi

where, X; is the longitudinal Y; is the lateral, and Z;is the vertical forces acting on the tyre, respectively.

The tyre force usage is the vector sum of the longitudinal and lateral forces on the tyre divided by the maximum available
tyre force [117]. The tyre force usage, also known as the friction usage [114], u rate [113], and tyre workload rate [118],

can be written in mathematical form as:
2 2
VALY (11)

77- =
' WiZ;

where, y; is the road coefficient of friction of the tyre i.

According to the friction circle theory, the tyre force will not be saturated if the value of the tyre workload is less than
the value of the friction coefficient [119]. Tyre force saturation will not occur if the tyre force usage is <1 [120]. If the
tyre workload approaches the friction coefficient or the tyre force usage approaches 1, the vehicle will be unable to
generate additional tyre longitudinal and lateral forces when required by the stability controller or collision avoidance
controller. Therefore, the motion of the vehicle may become unstable.

6.2  Optimisation Problems and Solutions

This section describes the optimisation problems and solution methods for an optimal TFD. Different axle numbers
and actuation layouts were considered in this paper. The vehicles were categorised as having two axles and more than
two axles. Two-axle vehicles, which are the most studied for optimal TFD, are usually assumed to be a combination of a
4WID/B with either a 4WS or 4WIS. For vehicles with three axles, the actuation layouts that are commonly found in the
literature are a combination of 6WID/B with 6WS or 6WIS. There are considerable studies on 8WID/B with 4WS for
four-axle vehicles. A three-axle vehicle with skid steering will also be discussed in this section.

6.2.1 Vehicle with two axles

An optimal TFD for vehicles with two axles is more commonly studied compared to vehicles with more than two
axles. Mokhiamar and Abe [108] proposed the square sum minimisation of tyre workload for 4WIS and 4WID/B
distributions. Later, Mokhiamar and Abe [110] extended the optimisation problem to a weighted square sum minimisation
with the same actuation layout and LES as a solution method. Nishihara and Higashino [112] proposed a minimax
optimisation of tyre workload for 4WS and 4WID/B vehicles, which used the golden section approach to determine the
optimal direct yaw moment. Later, Nishihara [111] conducted a comparative study of different optimisation methods. The
comparison was made using a contour plot of the maximum tyre workload on a longitudinal-lateral acceleration plane. In
the study, the combination of a 4WID/B force distribution with either a 4WS or 4WIS was assumed. The results showed
that the envelopes of maximum tyre workload given by the minimax optimisation were considerably larger than those
given by the square sum minimisation method. In the proposed two-stage square sum minimisation method, the ordinary
square sum was determined in the first stage. In the next stage, the vertical forces on the tyre were determined using Eq.
(12):

Zinew = 2 12)

inew \/Wl (
where, Zi and W; are the vertical forces on the tyre and tyre workload, respectively, determined in the first stage. This
modified approach achieved larger envelopes of the maximum tyre workload compared to those given by the square sum
minimisation approach. Therefore, this modified approach achieves better vehicle manoeuvrability compared to the
ordinary square sum minimisation approach. Ono et al. [113] solved the optimisation problem by utilising sequential
quadratic programming (SQP) to achieve the minimum equalised tyre force usage between the four tyres while taking
into consideration a vehicle with 4WIS and 4WID/B. Park and Gerdes [114] investigated the minimisation of the equalised
tyre force usage between the four tyres of a 4WS vehicle with a 4WID/B actuation layout. The solution to this convex
optimisation problem was calculated offline by CVVX, a software for solving convex programmes [121].

6.2.2 Vehicle with more than two axles

The optimal TFD has also been studied for vehicles with more than two axles. Kim et al. [115] utilised the square sum
minimisation of tyre workload for a 6WS vehicle with a 6WID/B system to allocate the target vehicle forces and target
yaw moment to the target tyre longitudinal and lateral forces. The optimisation problem was solved by the Lagrange
multipliers method [122], and the effects of the controller were demonstrated using TruckSim software. Kim et al. [42]
studied the weighted square sum minimisation of tyre force usage for a 6WS vehicle with 6WID/B and solved the problem
using the LES. The proposed approach yielded better vehicle stability than DYC.
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Skid steering changes the direction of a vehicle by using DY C [123]. Kang et al. [24] designed an unmanned ground
vehicle with skid steering using a 6WID force distribution and used an LES to solve the weighted square sum minimisation
of the tyre workload. The optimal TFD with slip control achieved better trajectory tracking performance compared to the
force distribution without slip control. Li et al. [11] used the same objective function for the TFD for 6WID and SAS to
improve vehicle stability. Zhang et al. [35] minimised the weighted square sum of the tyre force usage of a 6WID vehicle
and solved the optimisation problem using an active set method. The experiments demonstrated that their method
performed better in terms of handling and trajectory tracking compared to the methods proposed by [69] and [92]. Also,
by minimising the weighted square sum of the tyre force usage, Nah et al. [26] investigated a fault-tolerant driving control
system for a vehicle with 6WID/B and 6WIS while taking into consideration the failure to steer-by-wire system.

In the literature, the reduction in the energy dissipation caused by the tyre slip during the motion of a vehicle was
considered [124]. Du et al. [15] studied the optimal TFD by taking into account the tyre force usage and energy dissipation
for vehicles with 6WIS and 6WID/B to enhance vehicle stability and reduce energy losses. The solution to minimise the
addition of the square sum of the tyre force usage and the energy dissipation was obtained by using the quadratic
programming method. Liu et al. [16] proposed a controller for a 14WS vehicle while taking into consideration the failure
of the steering system of one of the axles to keep the vehicle stable when the trajectory was being tracked. The controller
distributed the steer angles of the remaining axles by lowering the tyre workload and energy dissipation.

Multiple studies have examined the optimal TFD for four-axle vehicles. Du et al. [55] studied the minimisation of the
addition of the square sum of the difference between the longitudinal tyre force and the maximum achievable tyre force
and the square of the difference between the sum of the longitudinal tyre forces and the desired longitudinal vehicle force
with the SQP method. Kim et al. [53] minimised the weighted sum of the squared tyre force usage for vehicles with 4WS
and 8WID/B, and this optimisation problem was solved using the LES. The simulation results indicated that the use of
the designated drive controller enhanced the vehicle's manoeuvrability when compared to a simple drive controller. Other
approaches, such as the SQP [13] and weighted least squares [46], have been utilised to solve the optimisation problem
with the same objective function. Zeng et al. [3] used the weighted least square method to decrease the square sum of the
tyre force usage, which increased vehicle stability and manoeuvrability. Omar and EI-Gindy [125] studied the
minimisation of the weighted square sum of the tyre workload for vehicles with 8WID/B and 4WS and solved the
optimisation problem using the LES.

7. THREE-AXIS TYRE FORCES OPTIMISATION IN MULTI-AXLE VEHICLES (MAVS)

Previous works on MAVs mostly concentrated on determining the optimal distribution of longitudinal and lateral tyre
forces. However, studies on two-axle vehicles investigated the optimal distribution of the three-axis tyre forces using two
different approaches. In the first approach, the roll stiffness distribution was used to control the vertical tyre forces for
vehicles with 4WIS and 4WID/B. Using this approach, Ono et al. [126] minimised the equalised tyre force usage among
the four tyres and showed that the vehicle achieved better limit performance. The objective function considered in their

study can be expressed as:
2 2
VXAV 13
WiZ;

In another approach, AS was utilised to control the vertical tyre forces. Luo et al. [127] optimised the longitudinal,
lateral, and vertical TFD for two-axle vehicles using AS. The optimisation problem was solved using a non-convex
method, and the effectiveness of their approach was validated through simulation and experiment by comparing it with
three other methods. Their research demonstrated significant enhancements in vehicle stability and ride comfort
performance. The following objective function was minimised in their study:

VX2 +Y? JX2+Y2 7.
Var <#> + w,.avg <# +W2.Var( 1’0)

J= —
HiZ; WiZ;

(14)
i
where, w1 and w, are the weights, Var is the variance, avg is average, and Zi,q is the static load of the tyre i. Meanwhile,
Nishihara and Sono [128] minimised the maximum tyre workload of four tyres by distributing the roll stiffness and AS
control. Equation (15) provides the objective function that was minimised:

X2+ Y7

J = max

0 (1= kz,)2Z? (15)

where k is a load-dependent coefficient. The effects of the optimisation of longitudinal and lateral tyre forces, the
optimisation of three-axis tyre forces using roll stiffness distribution, and the optimisation of three-axis tyre forces using
AS for vehicles with 4WS and 4WID/B were demonstrated through contour plots of the maximum tyre workload. The
results showed that the optimisation of three-axis tyre forces using AS produced the largest envelopes on a longitudinal-
lateral acceleration plane, indicating the best limit performance of the vehicle among the three optimisation problems.
The envelopes produced by the optimisation of three-axis tyre forces using roll stiffness distribution were the second
largest among these optimisation problems. For future research, the optimisation of the three-axis tyre forces can be
extended to vehicles with more than two axles. By considering the vertical TFD in addition to longitudinal and lateral
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TFDs in MAVs, further improvements in vehicle stability and ride comfort can be expected, hence achieving safer MAVs
with reduced discomfort.

8.  CONCLUSION

This paper presented a review of chassis control for MAVs. Control systems are designed to enhance vehicle stability,
trajectory tracking, and ride comfort performances. Chassis control systems can be classified as SCSs and ICSs. Integrated
control systems (ICSs), such as the combined steering and wheel torque, suspension and wheel torque, and steering and
suspension systems, have been found to provide better performance than SCSs. In an optimal TFD, a controller minimises
either the tyre force, tyre workload usage or the dissipation of tyre energy. In this optimal distribution method, the target
vehicle forces and yaw moment are allocated to the target tyre forces. To further increase vehicle stability for MAVS, the
optimal distribution of the three-axis tyre forces could be an interesting topic for study in the future.
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