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Abstract

This study investigates the issue of fault-tolerant motion control in the distributed chassis
system (DCS) subject to degradation in independent steering actuators. First, the dynamic
behavior of the independent steering system is analyzed to establish a fault-dynamics model
for independent steering. The steering powertrain degradation coefficient is then mapped
to the contraction of the feasible tire-force region. Subsequently, the model predictive
controller (MPC) is designed to solve for the required generalized forces/torques. Moreover,
along the direction of the generalized demand force vector, the boundary values for the
current cycle are obtained and used to correct the generalized demand force. Finally,
an adaptive weighting scheme for the tire force distribution objective function, which
accounts for degradation coefficients, is proposed. Sequential quadratic programming
(SQP) is employed to achieve optimal utilization of tire forces. Simulation studies for
different steering degradation scenarios and road conditions are conducted using a CarSim
2019 and Simulink 2021B co-simulation platform. The simulation results demonstrate
that the proposed integrated chassis motion controller maintains excellent motion control
performance even under independent steering actuator degradation.

Keywords: integrated autonomous wheel module; independent steering actuator
degradation; generalized demand force boundary; tire feasible domain; fault-tolerant
motion control

1. Introduction
With the rapid advancement of X-by-wire technology, motor technology, and auto-

motive intelligence, electric vehicles are progressively replacing traditional mechanical
linkages with X-by-wire control systems [1], which improve the chassis system’s perfor-
mance in handling [2], energy-saving control [3,4], and active safety [5], and provide an
advanced actuation platform for automated driving in mixed traffic—for example, in
social interaction-aware scenarios [6], lane-change interactions with asymmetric driving
aggressiveness [7], and interaction scenarios between automated vehicles and cyclists [8].

However, the elimination of mechanical linkages and the introduction of more complex
vehicle electrical systems significantly increase the failure rate [9–11], particularly during
high-intensity or prolonged driving under complex and variable road conditions [12].
Therefore, the implementation of fault-tolerant control (FTC) is essential to ensure the
reliability and safety of vehicle operation, maintaining stability and controllability even in
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the presence of component failures and thereby preventing severe unstable maneuvers [13].
This need for enhanced safety has stimulated the development of distributed chassis sys-
tems (DCS). A typical example is the distributed-drive electric vehicle, in which propulsion
is provided by hub motors, while the steering system still retains a conventional steering
trapezoid. As a more advanced DCS configuration, the integrated autonomous wheel
module (IAWM) vehicle achieved four-wheel independent drive (4WID) and four-wheel
independent steering (4WIS) [14,15], thereby offering a higher degree of hardware redun-
dancy that is especially attractive for fault-tolerant control. Building on this architecture,
we develop a steering fault-tolerant control strategy for IAWM vehicles in this work.

1.1. Related Work and Motivation

Most existing steering FTC studies focus on active steering systems. From a control
perspective, these studies can be broadly classified into three categories: (i) actuator-level
FTC; (ii) robust-control approaches, which treat faults as the uncertainties in the DCS; (iii)
control allocation methods, which actively coordinate the capabilities of DCS actuators.

For the first category, Fekih et al. [16] proposed an adaptive controller with look-
ahead technology to address automatic steering under actuator failure. Huang C et al. [17]
proposed a predictive fault-tolerant control algorithm. This algorithm is based on sensitivity
estimation and exponential forgetting recursive least squares, aiming to maintain superior
steering performance under various actuator faults. Nevertheless, the limitations of this
approach become apparent in the event of irreversible actuator failures.

For the second category, faults are treated as disturbances or uncertainties, and ro-
bustness is enhanced at the controller level. Guo et al. [18] proposed a robust H∞ FTC
system for four-wheel steering vehicles that addresses actuator failures and parameter
uncertainties. Cao et al. [19] established a fault model, then developed a linear parameter-
varying robust H∞ controller. Polyakov [20] developed fixed-time stabilization methods
for linear systems with bounded matched uncertainties. Ning and Han [21] proposed
prescribed finite-time consensus tracking protocols for multi-agent systems under bounded
uncertainties. Tong et al. [22] considered the effects of parameter variations and actuator
failures on the system and proposed a sliding mode variable structure controller to achieve
FTC. Jing et al. [23] proposed a novel integration of T-S fuzzy modeling with an adaptive
event-triggering mechanism to achieve robust fuzzy passive fault-tolerant control under
actuator failure scenarios. However, the second approach can only address failures that
are predefined in the controller design, resulting in relatively conservative controller per-
formance. Consequently, it is frequently employed in scenarios where elevated system
precision is not a prerequisite.

For the third category, Li et al. [24] established a steering angle allocation method
based on the position of the faulty wheel, which was successful in achieving effective
control of vehicle motion. Hu et al. [25] proposed a novel adaptive multivariable super-
twisting control algorithm for differential drive assisted steering, ensuring vehicle safety in
the event of active-steering motor failure. Faïza et al. [26] enabled the vehicle to navigate to
the emergency lane during steering system failures by appropriately allocating steering
angle and wheel braking torque. Chen et al. [27] employed a nonsingular terminal sliding
mode controller to regulate front wheel drive torque, tracking the desired front road wheel
angle while accounting for the coupling characteristics between steering angle and drive
torque. Wu et al. [28] adapted a tube-based MPC to maintain path tracking performance
through direct yaw rate control. Zhao et al. [29] proposed a centralized fault prevention
control method based on MPC that incorporates a motor thermal model. These works
clearly demonstrate the potential of using actuator redundancy in DCS to reallocate control
tasks under steering faults.
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However, relatively little work has focused on fault-tolerant control for IAWM ve-
hicles [14]. Existing steering FTC studies for over-actuated EVs typically use simplified
fault representations [30–32]. For example, they often omit the post-fault dynamics of
independent steering actuators and treat faults as exogenous disturbances, or they neglect
the faulty wheel’s potential contribution to vehicle motion and idealize its steering angle
as locked after failure. Consequently, these approaches neither quantify how degraded
actuator capability constrains the achievable tire forces nor provide a systematic way to
exploit the remaining steering authority of degraded wheels together with healthy actu-
ators to maintain vehicle stability and tracking. In IAWM vehicles, where each wheel
has both distributed drive and independent steering, actuator degradation can reshape
the attainable generalized force and moment set. This motivates the development of an
integrated FTC framework for IAWM vehicles that combines generalized-force boundary
computation with tire-force feasible-region analysis under steering-actuator degradation.

1.2. Contributions and Paper Organization

The contributions of this paper are summarized as follows:

(i) A fault-inclusive steering dynamics model is developed and analyzed by explicitly
incorporating steering motor torque degradation coefficients into the independent
steering system. This model establishes a quantitative mapping from the degradation
coefficients to the contraction of the corresponding tire-force feasible domain.

(ii) A tire-force allocation method is proposed based on the contracted feasible domain.
Within each control cycle, the demand generalized force is initially solved under one-
dimensional generalized force/torque boundary constraints. Subsequently, boundary
optimization is performed to obtain the boundary values along the direction of the
current demand generalized force vector, thereby correcting the demand generalized
force, eliminating infeasibility or abrupt switching problems that occur in conventional
tire-force distribution.

(iii) An adaptive target weighting scheme is proposed, involving the steering fault factor
into the weighting component of the tire force distribution objective function, which
enables management using the same optimization objective function before and after
faults occur. Ultimately, the SQP algorithm is employed to solve this optimization
problem, yielding the target tire forces.

The remainder of this paper is organized as follows: Section 2 introduces the DCS
chassis architecture and system models employed in the control software design. Section 3
develops an integrated chassis fault-tolerant motion controller that accounts for actuator
failure constraints. Section 4 presents simulation results. Section 5 concludes the paper.

2. System Structure and Related Models
This section first presents the structure of the IAWM vehicle and then introduces

four related models: The first model is a three-degree-of-freedom planar vehicle dynamics
model with longitudinal and lateral tire forces as inputs, which characterizes the coupled
longitudinal-lateral-yaw motion of the vehicle body. The second model is a steering
dynamics model based on an independent steering mechanism, describing the relationship
among the steering actuator’s output torque, tire forces, and wheel steering angle. The third
model is a fault-domain model that maps the steering actuator degradation coefficient to a
contraction of the tire force feasible domain, thereby quantifying how failures reduce the
available tire forces. The fourth model describes the transformation relationship between
tire forces in the tire coordinate system and those in the vehicle coordinate system.
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2.1. Structure of the Vehicle

The electric vehicle chassis used in this paper consists of the vehicle body and four
IAWMs. The structural design of the IAWM and vehicle is illustrated in Figure 1. The IAWM
is equipped with a kingpin steering system, a hub-motor direct-drive system, mechanical
friction braking, and a double wishbone suspension. Hub-style outer-rotor motors are
used to drive the wheels and provide regenerative braking torque. The wheels are steered
independently by motors mounted on the kingpin axis. The hub motor and friction braking
system together respond to braking requests for each wheel. The well-established double
wishbone suspension is used to connect the IAWM to the vehicle body.

Figure 1. IAWM and vehicle.

2.2. Vehicle Dynamics Model

To derive the planar vehicle dynamics model, the following assumptions are intro-
duced: (i) The vertical motion of the vehicle body, as well as roll and pitch dynamics, are
neglected. (ii) The tire forces are treated as known inputs to the vehicle model.

Under assumptions (i)–(ii), the three-degree-of-freedom planar vehicle dynamics
model is obtained, as shown in Figure 2. This model includes longitudinal and lateral
linear degrees of freedom, as well as a rotational degree of freedom for yaw. The vehicle
dynamics equations [33], derived in the vehicle coordinate system using Newton’s second
law, are as follows:

m
( .
vx − vyωr

)
= ∑Fx = Fxv1 + Fxv2 + Fxv3 + Fxv4

m
( .
vy + vxωr

)
= ∑Fy = Fyv1 + Fyv2 + Fyv3 + Fyv4

Iz
.

ωr = ∑Mz =
B
2 (−Fxv1 + Fxv2 − Fxv3 + Fxv4) + l f

(
Fyv1 + Fyv2

)
− lr

(
Fyv3 + Fyv4

) (1)

where m is the mass of the vehicle; Iz represents the yaw moment of inertia; vx and
vy indicate the longitudinal and lateral velocities, respectively; ωr is the yaw rate; ∑Fx,
∑Fy and ∑Mz denote the generalized longitudinal force, generalized lateral force, and
generalized yaw moment of the vehicle in the vehicle coordinate system, respectively; Fxvi

and Fyvi(i = 1, 2, 3, 4) represent tire longitudinal forces and tire lateral forces in the vehicle
coordinate system, respectively; B denotes the wheel track; l f and lr are the distances from
the center of mass to the front and rear axles, respectively. In the following text, the index
i(i = 1, 2, 3, 4) is used to distinguish the four wheels defined in Figure 2.
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Figure 2. Vehicle plane dynamic model. The arrows in the figure indicate the positive directions of
the vehicle coordinate system.

2.3. Independent Steering System Model

Compared to traditional electric power steering systems, the independent steering
system (ISS) replaces the torque applied by the steering knuckle arm on the kingpin with
the output torque from a reduction motor mounted on the kingpin. Therefore, the dynamic
model for the ISS can be constructed by referencing the electric power steering system [34].
The ISS dynamic equation obtained from Figure 3 is as follows:{

Jsi
..
δi + Bsi

.
δi + Tf ri + Tami = Tsi

Tami = Tayi + Taxi + Tazi + Tati
(2)

where Jsi and Bsi are the moment of inertia and the damping coefficient around the kingpin,
respectively; Tf ri is the friction moment around the kingpin; Tami is the aligning moment
generated by tire forces at the kingpin axis; Tsi is the output torque of the steering power-
train; Tayi, Taxi, Tazi and Tati indicate the lateral tire force aligning moment, longitudinal
tire force aligning moment, vertical tire forces aligning moment, and tire elastic aligning
moment, respectively; and δi is the road wheel angle.

Figure 3. Independent steering dynamics analysis.
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By considering the wheel alignment parameters, Tayi, Taxi and Tazi are obtained by
computing the moments of the tire longitudinal, lateral, and vertical forces about the
kingpin axis. 

Tayi = Fyirwi sin τi cos σi

Taxi = Fxirσi cos τi cos σi

Tazi = Fzi(rσi + rwitanσi) cos σi sin σi cos τi sin δi

(3)

where Fxi, Fyi and Fzi are the tire longitudinal forces, tire lateral forces, and tire vertical
forces in the tire coordinate system, respectively; rwi is the effective rolling radius of the
tire; τi is the kingpin caster angle; σi is the kingpin inclination angle; rσi is the kingpin
offset distance.

In the longitudinal direction, the tangential tire force acts at a point behind the center
of the contact patch, and this longitudinal offset is referred to as the pneumatic trail.
In the lateral direction, tire sideslip causes the application point to be displaced from
the longitudinal centerline of the patch, and these longitudinal and lateral deformations
together generate an elastic aligning moment. Therefore, Tati is described as shown in
Equation (4). {

Tati = rpiFyi − yciFxi

yci = Fyi/Cαi
(4)

where rpi is the pneumatic trail; yci is the lateral translating deformation of the carcass; and
Cαi represents the cornering tire stiffness.

2.4. Mapping Model of ISS Degradation to the Tire Force Feasible Region

Current research has categorized failures in steering system actuators [35,36], pri-
marily including lock-in-place failure, loss of output effectiveness, and floating actuator
failure. By combining the power transmission route along the kingpin axis during the
generation of road wheel angle, it can be observed that the causes of lock-in-place failure
primarily stem from motor electrical faults and mechanical failures, such as interturn short
circuits or abnormal structures in mechanical transmission components. When an electrical
fault occurs, the electrical energy input to the motor cannot be effectively converted into
mechanical energy and is almost entirely dissipated as heat. Upon detecting a tempera-
ture rise, the MCU triggers the predefined torque-limiting logic in the software, meaning
the higher the temperature, the lower the motor’s output torque becomes until thermal
shutdown occurs or the MCU actively disables itself. On the other hand, mechanical
structure abnormalities are often caused by long-term fatigue or instantaneous impacts.
These can be equated to a sudden increase in transmission chain friction, manifesting
as a persistent and measurable lag in motor speed response—that is, a reduction in the
net torque driving the road wheel steering. Thus, lock-in-place failure can be equated to
loss of output effectiveness. For floating actuator failure, its essence lies in the external
reaction torque acting on the wheel exceeding the maximum controllable torque available
in the current state, thereby disrupting torque equilibrium and causing unintended wheel
displacement. Consequently, the failure can be logically equated to a degradation in the
motor’s output torque capability, which fails to meet closed-loop control requirements. In
summary, these common faults can be characterized by setting the decay coefficient of the
motor’s maximum output torque. Degradation scenarios account for a significantly higher
proportion of steering actuator failures than complete failure, and implementing reason-
able risk warnings and compensatory strategies during the degradation failure conditions
can reduce the probability of complete failure. Thus, the following context will focus on
degradation scenarios for steering actuators.

The ISS model is simplified under the following assumptions so as to facilitate the
controller design presented in the subsequent sections:
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(i) To facilitate controller design, the actuator degradation coefficient is mapped to the
steady-state boundary of the feasible tire-force domain. Furthermore, since the road-
wheel steering motion is predominantly confined to low-frequency motions, the
inertia and viscous damping torques associated with the steering rate are neglected.

(ii) Existing tests indicate that the friction moment around the kingpin does not exceed
5 Nm [37], which is significantly smaller than the tire force aligning torque or tire
elastic aligning torque. Thus, it is neglected in subsequent analyses.

(iii) Considering the small magnitude of lateral translating deformation of the carcass
caused by tire sidewall deflection [38], this effect is also neglected.

(iv) To avoid boundary contraction errors due to model uncertainty, the decay of the
pneumatic trail with the tire lateral deflection angle [38] is ignored, and the pneumatic
trail at zero lateral sideslip angle is directly used.

Finally, introducing the degradation coefficient κi ∈ (0, 1) into the ISS steady model,
Equation (5) can be obtained as follows:

Fxirsxi + Fyirsyi + Fzirszi = κiTmaxi

rsxi = rσicosτicosσi

rsyi = rwisinτicosσi + rpimax

rszi = (rσi + rwitanσi)cosσisinσicosτisinδi

(5)

where Tmaxi is the maximum output torque of the steering powertrain, and rsxi, rsyi and
rszi denote the moment arms of the longitudinal, lateral, and vertical tire forces about the
kingpin axis, respectively. rpimax is the maximum value of the pneumatic trail.

By organizing the actuator saturation described in Equation (5) and the tire friction
circle, the feasible domain for tire force correction can be derived, as shown in Figure 4. The
red line (Actuator fault) denotes the actuator-fault constraint boundary, and the black curve
(Friction-circle) denotes the tire–road friction-circle boundary, while the arrows indicate
that the region between these boundaries is the feasible tire-force domain.

Figure 4. Tire force corrected feasible region (first quadrant).

2.5. Coordinate System Transformation

The conversion method from the tire coordinate system to the vehicle coordinate
system is illustrated as follows:{

Fxνi = Fxi cos δi − Fyi sin δi

Fyνi = Fxi sin δi + Fyi cos δi
(6)
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3. Integrated Chassis Fault Tolerant Motion Controller Design
This paper presents an integrated chassis fault tolerant motion controller, illustrated in

Figure 5. The controller comprises two components: a generalized force/moment generator
and a tire force allocation and control system.

Figure 5. Structure of the integrated chassis fault tolerant motion controller.

The generalized force/moment generator firstly takes the target values of longitudinal
vehicle speed, vehicle sideslip angle, and yaw angular velocity, along with actual vehicle
feedback, as inputs. Subsequently, based on the optimization problem J1, the MPC-based
controller uses the one-dimensional maximum values to construct three-dimensional con-
straints and computes the driver’s control demands in the longitudinal, lateral, and yaw
directions of the vehicle at the current control step. These demands define the search
direction for the next optimization stage. Under the tire friction-circle and faulty-actuator
constraints, the controller then formulates the optimization problem J2 and solves it to
obtain the boundary values of the generalized forces and yaw moment within the phys-
ically feasible region. Finally, it compares the driver-demanded generalized forces and
yaw moment at the current step with these boundary values and adjusts them accordingly,
yielding an implementable, fault-tolerant generalized force/moment command.

The module for tire force allocation and control converts implementable generalized
force/moment into hub motor moments and road wheel angles, comprising both tire
force allocation from generalized correction forces and tire force control. In the tire force
allocation stage, the desired tire forces are obtained by solving the optimization problem
J3. The steering actuator fault factor is explicitly embedded in the objective function of
J3, so that the influence of the faulty steering actuator on the available tire-force domain
is reflected. At the same time, J3 incorporates the vehicle’s longitudinal, lateral, and yaw
dynamics together with the actuator limits and the tire friction ellipse. An SQP algorithm
is used to solve J3 and compute the target tire-force command for each wheel. Within
the tire force control model, the target longitudinal tire force is mapped to the hub motor
moment using the wheel rotation dynamics model. The target lateral tire force is mapped
to the tire slip angle via the tire side inverse model, which is then converted into the road
wheel angle.
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3.1. Generalized Force/Moment Generator

The vehicle’s desired longitudinal velocity is derived based on the driver’s acceleration
and deceleration requests. To meet the driver’s desired yaw response, the desired yaw
rate is calculated using a single-track model. Concurrently, the vehicle’s motion posture
is constrained by the road surface friction coefficient to determine the upper limit of the
absolute value of the yaw rate.

vxd = vx0 +
∫ t

0 axd(p)dp
ωrd = vxd(δ1+δ2)

2L(1+Ksv2
xd)

, |ωrd| ⩽ ηµg/vxd

βd = 0

(7)

where vxd, βd and ωrd represent the target values for longitudinal vehicle speed, vehicle
sideslip angle, and yaw angle velocity, respectively; vx0 is the initial value of the longitudi-
nal speed; axd is the given value of the longitudinal acceleration; L is the vehicle wheelbase;
Ks is the understeer gradient; η is the dimensionless coefficient used to compensate for
model uncertainty; µ is the road adhesion coefficient; and g is the gravitational acceleration.

Equation (1) is discretized as:
νx(k + 1) = νx(k) + ∆t

(
∑ Fx

m + νyωr

)
νy(k + 1) = νy(k) + ∆t

(
∑ Fy

m − νxωr

)
ωr(k + 1) = ωr(k) + ∆t ∑ Mz

Iz

(8)

where ∆t is the sampling period, and k is the current sampling time.

Set the state vector, x =
[
νxνyωr

]T
.

Set the input variable, u =
[
∑ Fx + mνy0ωr0 ∑ Fy − mνx0ωr0 ∑ Mz

]T , where vx0, vy0

and ωr0 are the longitudinal velocity, lateral velocity, and yaw rate at the current moment,
respectively.

Equation (8) is linearized as:{
x(k + 1) = Adx(k) + Bdu(k)
y(k) = Cdx(k)

(9)

where Ad =

 1 ∆tωr0 ∆tνy0

−∆tωr0 1 −∆tνx0

0 0 1

, Bd =

∆t/m 0 0
0 ∆t/m 0
0 0 ∆t/m

, Cd =

1 0 0
0 1 0
0 0 1

,

y is the system output.
To apply MPC [39], a new state variable is constructed as χ = [x(k)u(k − 1)]T .
The predictive model is further derived as follows:

χ(k + 1) =

[
Ad Bd

O I

]
χ(k) +

[
Bd

I

]
∆u(k)

ζ(k) =
[

Cd O
]
χ(k)

(10)

where I is the identity matrix, and O is a matrix that consists entirely of zeros,
∆u(k) = u(k)− u(k − 1).

During the optimization calculation of the vehicle’s generalized forces, the charac-
teristics of the friction circle and the output of the faulty actuator should be taken into
account. However, the coupled property of the vehicle’s generalized forces under tire
friction constraints is difficult to explicitly characterize, where one increases as others may
decrease [40]. This paper temporarily ignores this coupling and directly employs the upper
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and lower bounds of the single-dimensional generalized force as constraints. Consequently,
the simplified generalized force constraint is derived as:

−µmg ≤ ∑ Fx ≤ min(4Tdmax/rwi, µmg)
−µmg ≤ ∑ Fy ≤ µmg

|∑ Mz| ≤ µ(Fz1 + Fz2)
(

l2
f + B2/4

)
+ µ(Fz3 + Fz4)

(
l2
r + B2/4

) (11)

where µ is the road adhesion coefficient, and Tdmax is the maximum output torque of the
hub motor.

To achieve rapid convergence of state variables while imposing input constraints, the
optimization objective function is formulated as follows:

J1 =
Np

∑
i=1

∥∥∥ζ(k + i)− ζre f (k + i)
∥∥∥2

Q

+
Nc

∑
i=1

∥∆u(k + i)∥
2

R

+ ρcε2 (12)

where ζre f = [vxd 0 ωrd]
T , Q and R are the diagonal matrix with weighting factors, Np is

the prediction horizon, Nc is the control horizon, ε denotes a non-negative slack variable
introduced to soften the constraints, and ρc is the weighting factor for ε.

The optimal solution to the objective function defined by Equation (12) under the

constraints of Equation (11) is xJ1 =
[
∑ F J1

x ∑ F J1
y ∑ MJ1

z

]T
.

In each control cycle, the vehicle body controller exports a target generalized force
vector in generalized force space to track the driver’s intent. Since the tire friction circle
constraint and actuator saturation constraint form a convex feasible region, solving the
generalized force boundary is equivalent to solving a convex optimization problem. Firstly,
the generalized force delivered by the body controller is normalized to the desired unit
vector within the generalized force space. Subsequently, a boundary point is sought along
this direction within the convex constraints, thereby obtaining the maximum feasible
generalized force vector permitted under the current desired conditions. Based on this, the
objective function is formulated to minimize the cost in Equation (13).

J2 = ξ f x ∑ Fx + ξ f y ∑ Fy + ξmz ∑ Mz (13)

where ξ f x is the weight of the vehicle longitudinal resultant force in the generalized demand
force; ξ f y is the weight of the vehicle lateral resultant force in the generalized demand
force; and ξmz is the weight of the vehicle yaw moment in the generalized demand moment.
Their definitions can be expressed as follows:

ξ f x =
∣∣∣∑ F J1

x

∣∣∣/∥∥x J1
∥∥

2

ξ f y =
∣∣∣∑ F J1

y

∣∣∣/∥∥x J1
∥∥

2

ξmz =
∣∣∣∑ MJ1

z

∣∣∣/∥∥x J1
∥∥

2

(14)

where ∥·∥2 is the Euclidean norm of a vector.
From Equations (1) and (13), it is seen that Equation (13) can be rewritten as an affine

combination of lateral and longitudinal forces acting on each wheel’s tire in each control
cycle. Therefore, when formulating the constraints for this optimization problem, this
article directly employs tire force to describe the inequality constraints, as detailed below.{

F2
xi + F2

yi − µ2F2
zi ⩽ 0

Fxirsxi + Fyirsyi + Fzirszi ⩽ κiTmaxi
(15)
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The optimal solution to the objective function defined by Equation (13) under the

constraints of Equation (15) is xJ2 =
[
∑ F J2

x ∑ F J2
y ∑ MJ2

z

]T
. Further, solving the boundary

values of the generalized forces and moment xb =
[
∑ Fb

x ∑ Fb
y ∑ Mb

z

]T
can be expressed as:


∑ Fb

x = sgn
(

∑ F J1
x

)
· ∑ F J2

x

∑ Fb
y = sgn

(
∑ F J1

y

)
· ∑ F J2

y

∑ Mb
z = sgn

(
∑ MJ1

z

)
· ∑ MJ2

z

(16)

where sgn(·) denotes the sign function.
Based on generalized force boundaries derived from online real-time calculations,

the system performs single dimensional comparisons and corrections for demand forces:
once demand in any dimension exceeds its corresponding boundary, only that di-
mension is corrected while others remain unaffected. The schematic diagram of the
correction process is illustrated in Figure 6: the demand generalized force vector is

xJ1 =
[
∑ F J1

x ∑ F J1
y ∑ MJ1

z

]T
, with the envelope surface representing the generalized force

boundary. The corrected generalized force vector after generalized force boundary con-
straints is xJ2

m =
[
∑ Fxm ∑ Fym ∑ Mzm

]T . The difference between the two in generalized
force space is represented by a minimal quantity dθ, satisfying dθ → 0 . As boundary
values continuously update based on actuator fault severity and are embedded as hard
constraints within the upper-level controller, the generalized outputs at any given moment
are strictly confined within the feasible set of the lower-level system, preventing the tire
force optimization allocation process from introducing penalty terms through constraint
relaxation, thereby reducing control accuracy.

Figure 6. Generalized force correction process. Colors closer to red indicate a larger available
yaw moment.

3.2. Tire Force Allocation and Control

The execution of the vehicle’s target generalized forces relies on the vehicle’s under-
lying actuators. The tire force distribution module requires optimization to determine
target values for the hub motors and steering powertrain, continuously adjusting longi-
tudinal and lateral tire forces to ensure the vehicle follows the driver’s intent under all
operating conditions.
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Therefore, a performance metric is established as J3, fully coordinating the remaining
margin of all tire forces across the vehicle to maintain stable driving capability under
extreme conditions. The objective function is to minimize Equation (17).

J3 =
4

∑
i=1

Υi
F2

xi + F2
yi

µ2F2
zi

(17)

where Υi are weighted coefficients for tire load rate.
Based on the concept of the tire friction circle, the boundary of the tire resultant force

vector is determined by the product of the road surface friction coefficient and the vertical
load of each wheel. Simultaneously considering the actuator saturation constraint caused
by steering powertrain degradation coefficient, the calculation method for the weighted
coefficient of the tire load ratio for each wheel is defined as follows:

Υi = max

1,

(
r2

sxi + r2
syi

)
µ2F2

zi

κ2
i T2

maxi

 (18)

By introducing the equality constraints described in Equation (1) and the inequality
constraints described in Equation (15), and combining them with the objective function
described in Equation (17), a nonlinear programming problem, as shown in Equation (19), is
formulated to achieve the optimal allocation of tire forces. SQP offers reliable convergence
while robustly handling boundary constraints. Moreover, existing studies show that, when
combined with algorithmic differentiation and code generation, sparse QP/MQP solvers,
inexpensive approximate Hessians, problem simplification, and limited-iteration warm
starts, SQP-based controllers can satisfy real-time constraints on automotive ECUs [41].
Therefore, SQP is selected to solve for the optimal tire force.

min J3(FT)

s.t. hi(FT) = 0(i = 1, 2, 3)
gk(FT) ⩽ 0(k = 1, 2, . . . , 8)

(19)

where FT =
[

Fdxv1, Fdyv1, Fdxv2, Fdyv2, Fdxv3, Fdyv3, Fdxv4, Fdyv4

]T
is a vector containing the tar-

get tire forces expressed in the vehicle coordinate system, hi(·) and gk(·) represent the equal-
ity and inequality constraints associated with the tire-force allocation problem, respectively.

By applying the coordinate transformation in Equation (6) in the reverse direction

for each wheel, the tire-frame force vector FTr =
[

Fdx1, Fdy1, Fdx2, Fdy2, Fdx3, Fdy3, Fdx4, Fdy4

]T

is obtained.
The target torque of the hub motor Tdi is determined by solving the following wheel

rotation dynamics equation:
Tdi = Fdxirwi + Iw

.
ωwhli (20)

where Iw denotes the moment of inertia of the wheel, and
.

ωwhli represents the angular
acceleration of the wheel.

Based on the Dugoff tire model [42], the tire side inverse model is derived, leading to
the following equation for the target value of the tire slip angles α:

αi =

atan
FdyiCsi

Cαi(Csi−Fdxi)
µFzi ⩾ 2FSqi

atan
Csi Fdyi F2

ziµ
2

4CsiCαi FSqi(µFzi−FSqi)−Cαi Fdxi F2
ziµ

2 µFzi < 2FSqi
(21)

where Csi is the longitudinal tire stiffness; FSqi =
√

F2
dxi + F2

dyi.
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The road wheel angles are calculated based on the vehicle body model definition
shown in Figure 2: 

δ1 = atan
( vy+ωr l f

vx−0.5ωr B

)
− α1

δ2 = atan
( vy+ωr l f

vx+0.5ωr B

)
− α2

δ3 = atan
(

vy−ωr lr
vx−0.5ωr B

)
− α3

δ4 = atan
(

vy−ωr lr
vx+0.5ωr B

)
− α4

(22)

4. Simulation Results and Analysis
To validate the feasibility of the proposed controller, a CarSim 2019 and Simulink

2021B Co-simulation environment was established. Two fault scenarios—diagonal wheel
and unilateral wheel steering failures—were selected to perform the lane change maneuver
(LCM). Based on recent studies [43] and Chinese-market specifications for compact electric
vehicles, the vehicle parameters used in the simulations are chosen as listed in Table 1.

Table 1. Simulation parameters.

Parameters Unit Values

Vehicle mass kg 1323
Acceleration of gravity m/s2 9.8

Moment of inertia of vehicle yaw kg · m2 1771
Wheel track m 1.48
Wheelbase m 2.60

Distance from center of mass to front axle m 1.06
Height of the center of gravity m 0.51

Rotational Inertia of the steer kingpin kg · m2 0.82
The diameter of the front and rear wheels m 0.596

Q - diag([1 × 104, 4 × 104, 6 × 104]) 1

R - diag([5 × 10−5, 1 × 10−5, 1 × 10−5]) 1

1 diag([a11, a22, . . . , ann]) represents a diagonal matrix with diagonal elements arranged in the order
a11, a22, . . . , ann.

In this simulation setup, the controller weights are tuned based on the principle
that a larger Q/R gives tighter tracking, whereas a larger R yields smoother and more
conservative control actions. Tuning proceeds in three steps. First, we tune the longitudinal
motion using pure acceleration/braking maneuvers, where lateral–yaw coupling can be
neglected. Next, we adjust the weight on lateral-velocity tracking, since lateral speed
constrains the feasible yaw-moment range. Finally, we refine the yaw-rate response.

Table 2 summarizes the proposed method and the comparison method mentioned in
this paper. In the comparison method, the generalized force/moment demand is computed
without considering the shrinkage of the generalized force/moment feasible domain. At
the allocation layer, the comparison method penalizes the tangential force of each tire using
the reciprocal of the product of the road adhesion coefficient and the corresponding vertical
load, while enforcing the tire friction-circle constraint only on a per-wheel basis. In contrast,
the proposed method incorporates the fault information to update both the admissible
vehicle force/torque range and each tire’s allowable force range, so that the optimization
is carried out within a fault-aware feasible region. This enables the allocator to maintain
feasibility and safety even when the steering or driving actuators are degraded.
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Table 2. Descriptions of the proposed method and the comparison method.

Method Type Corresponding Description

Comparison method Standard tire optimization allocation
that does not consider fault information

Proposed method Tire forces allocation that uses fault information to update
the vehicle force/torque limits and the tire force limits

4.1. Diagonal Steer Wheel FTC Under High-Friction Road Conditions

The diagonal wheels with steering failure are the front left wheel and the rear right
wheel. The steering powertrain fault is triggered 2 s after the simulation begins. After 2 s,
the output torque of the steering powertrain begins to attenuate. Specifically, the maximum
output torque of the left front wheel is reduced to 90 Nm, while that of the right rear wheel
is reduced to 70 Nm. The target longitudinal vehicle speed in the simulation condition is
80 kph. The road friction coefficient is 0.8.

Figure 7 shows the vehicle motion states and actuator status of the proposed method
and the comparison method. As illustrated in Figure 7a, a comparison of the results
reveals significant variations in longitudinal vehicle speed. The proposed method demon-
strates that the actual longitudinal speed more closely aligns with the target speed, with
lower speed fluctuation amplitude compared to the comparison method. As illustrated in
Figure 7b, a comparison of the results reveals significant disparities in yaw rate. The pro-
posed method effectively tracks the desired value, exhibiting superior tracking performance
and faster oscillation decay, particularly during the time-domain response process between
6 and 7 s. The analysis of the actuator state responses shown in Figure 7c–f indicates that
this comparison method overcomes the abnormal angular response of the faulty steering
wheel by utilizing the hub motor torque output, where the hub motor output torque reaches
600 Nm. In contrast, the proposed method restricts the faulty wheel’s angle within the
normal angular response range, thereby avoiding significant conflicts between wheel angle
control and differential steering. Consequently, it has been determined that a lower hub
motor torque is sufficient to ensure yaw rate tracking, achieving better longitudinal speed
tracking performance.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 7. Some results of the diagonal road wheel failure condition. (a) Longitudinal velocity. (b) Yaw
angle rate. (c) Hub motor torques in the proposed method. (d) Hub motor torques in the comparison
method. (e) Road wheel angles in the proposed method. (f) Road wheel angles in the comparison method.
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To analyze the differences in steering angle responses between the two methods, a
comparison is made of the steering drive torque and steering load torque of the failed
wheels in Figure 8. The proposed method considers the steering fault power output
capability during steering angle allocation, ensuring that steering loads during the faulted
wheel’s steering angle tracking remain within the steering powertrain’s maximum output
torque range. Conversely, the comparison method allocates target steering angles without
considering steering fault information. Consequently, the steering loads exceed the steering
powertrain’s output capacity, leading to steering angle instability.

  
(a) (b) 

  
(c) (d) 

Figure 8. Steering kingpin shaft torques in the diagonal road wheel failure condition. (a) Front
left wheel kingpin torques in the proposed method. (b) Front left wheel kingpin torques in the
comparison method. (c) Rear right wheel kingpin torques in the proposed method. (d) Rear right
wheel kingpin torques in the comparison method.

4.2. Unilateral Steer Wheel FTC Under High-Friction Road Conditions

The steering fault is applied to the wheels on the same side, namely the front left and
rear left wheels. The fault is injected 2 s after startup: the maximum output torque limit for
the left front wheel steering motor is 90 Nm, and for the left rear wheel, it is 70 Nm; the
target operating speed is 80 km/h. Road friction coefficient is 0.8.

Unilateral steering wheel failures cause imbalance in the available tire forces on the
vehicle’s left and right sides, resulting in greater control difficulty compared to diagonal
failure scenarios. As shown in Figure 9, in the comparison method, the hub motor outputs
a torque of approximately 800 Nm within a 5 to 6 s time frame to adjust the yaw motion;
however, this exacerbates the loss of control over the steering angle of the faulty wheel. The
fundamental issue appears to be the failure of the approach to account for the simultaneous
generation of steering load in the faulty wheel by the hub motor’s torque output. This
results in conflicts between torque vectoring control and steering angle control. In contrast,
the proposed method quantifies the degradation of the steering actuator to the boundaries
of available tire longitudinal and lateral forces. The system has been engineered to limit
both the longitudinal force and the tire sideslip angle of the defective road wheel during
the process of control allocation. Figure 10 illustrates that road angle tracking is achieved
within the remaining capability of the degraded steering actuator under the premise of
limiting the load on the faulty road wheel. The remaining vehicle attitude control tasks
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are accomplished through the tire forces of the healthy wheels. Consequently, even in the
event of a steering actuator failure, the tracking of the target vehicle’s state remains a viable
undertaking through the concerted output of multiple actuators.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 9. Some results of the unilateral road wheel failure condition. (a) Longitudinal velocity.
(b) Yaw angle rate. (c) Hub motor torques in the proposed method. (d) Hub motor torques in the
comparison method. (e) Road wheel angles in the proposed method. (f) Road wheel angles in the
comparison method.

  
(a) (b) 

  
(c) (d) 

Figure 10. Steering kingpin shaft torques in the unilateral road wheel failure condition. (a) Front
left wheel kingpin torques in the proposed method. (b) Front left wheel kingpin torques in the
comparison method. (c) Rear left wheel kingpin torques in the proposed method. (d) Rear left wheel
kingpin torques in the comparison method.
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4.3. Unilateral Steer Wheel FTC Under Split-Friction Road Conditions

The steering fault is applied to the wheels on the same side, namely the front left and
rear left wheels. The fault is injected 2 s after startup: the maximum output torque limit
for the left front wheel steering motor is 60 Nm, and for the left rear wheel it is 48 Nm;
the target operating speed is 80 km/h. The split-friction road consists of a high-friction
side with µ = 0.6 and a low-friction side with µ = 0.2. In this scenario, the lane change is
configured as a lane change from the low-friction surface to the high-friction surface.

Figure 11a shows the road adhesion coefficient under each wheel. All four wheels
initially run on the low-friction surface with µ = 0.2. During the lane change, the left
wheels move onto the high-friction surface with µ = 0.6, while the right wheels remain on
µ = 0.2. Figure 11b shows the longitudinal speed response. Compared with the proposed
method, the comparison method exhibits a more pronounced speed dip around 5–6 s.
Figure 11c presents the yaw-rate response. When the faulty wheel encounters the change in
road friction, the comparison method exhibits noticeable oscillations and a large deviation
from the reference, whereas the proposed method remains close to the desired value.
Figure 11d,e compare the hub-motor torques under the two methods. Figure 11f,g compare
road-wheel steering angles under the two methods. With the proposed method, the actuator
redundancy is utilized more effectively while avoiding large torques and wheel angles.
Figure 11h shows the tire load ratio under the proposed method. The right front and right
rear wheels reach peak load ratios of about 80~90%, indicating that their available tire
forces are effectively utilized. In contrast, the load ratios of the left front and left rear wheels
remain at more moderate levels, reflecting that the controller appropriately constrains tire
load ratio on the faulty side when the steering actuator degradation is taken into account.

    

(a) (b) (c) (d) 

  
 

(e) (f) (g) (h) 

Figure 11. Some results of the diagonal road wheel failure condition. (a) Road surface adhesion
coefficient. (b) Longitudinal velocity. (c) Yaw angle rate. (d) Hub motor torques in the proposed
method. (e) Hub motor torques in the comparison method. (f) Road wheel angles in the proposed
method. (g) Road wheel angles in the comparison method. (h) Tire load ratio in the proposed method.

The comparison is made of steering kingpin shaft torques of the failed wheels in
Figure 12. In the proposed method, the steering-angle allocation accounts for the limited
output capability of the degraded steering actuators. As a result, when the split-friction
transition causes a sudden change in steering load, the steering driving torque and load
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torque of the fault wheel remain relatively bounded. By contrast, the comparison method
does not properly coordinate the target torque and steering angle of the faulty wheel around
the friction transition, so the faulty wheel cannot effectively cope with the sudden change
in steering load.

  
(a) (b) 

  
(c) (d) 

Figure 12. Steering kingpin shaft torques. (a) Front left wheel kingpin torques in the proposed
method. (b) Front left wheel kingpin torques in the comparison method. (c) Rear left wheel kingpin
torques in the proposed method. (d) Rear left wheel kingpin torques in the comparison method.

5. Conclusions
The motion control problem of DCS under the degradation conditions of ISS is inves-

tigated. A fault tolerant motion control method for the chassis system is established by
integrating the residual capability of the failed steering powertrain with redundant outputs
from other actuators. Based on the dynamics of the ISS, an analytical mapping relationship
is derived between steering powertrain degradation coefficients and the feasible domain of
tire force contraction. Furthermore, MPC is designed to solve for the demand generalized
force/torque initially. Within a unit control cycle, the generalized feasible boundary is
searched based on the direction of the demand generalized force vector while constraining
the vehicle’s desired generalized force/torque for the current cycle, thereby achieving
motion state regulation. For tire force allocation, the degradation coefficient is incorporated
into the objective function. Combined with the feasible region for tire force contraction,
SQP is employed to solve the target tire forces. Simulation validation for diagonal wheel
steering failures and same-side wheel steering failures demonstrates the effectiveness of
the proposed method.

Future work will incorporate factors such as tire surface temperature and wear into
the aligning-torque model to broaden its applicability, and will evaluate the control strategy
through vehicle-in-the-loop testing on a real vehicle. Moreover, prescribed finite-time
control can be combined with the proposed optimization-based fault-tolerant control and
extended to multi-vehicle platooning in a multi-agent framework.
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