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ABSTRACT Wheel-selective drives on the steered axle of a vehicle with Ackermann steering allow for
the generation of steering torque without the use of a steering actuator. If different drive torques are
applied to the left and right driven wheels, their effect on the steering torque is not balanced, and a
resulting steering torque remains (differential steering). Thus, the function of a steering actuator can be
replaced, e.g., in case of a failure. Previous studies have demonstrated the effectiveness of controlling
a vehicle using differential steering. However, the vehicle dynamics during the failure-induced transition
from actuator-based to differential steering control have not been thoroughly investigated. In this work,
we utilize a cascaded vehicle dynamics control approach with control allocation to distribute the total
drive and steering torques to the available actuators in an overactuated chassis system. Based on both
simulation studies and validation experiments with a demonstrator vehicle, we investigate the vehicle
dynamics immediately following actuator failures. Our cascaded approach ensures precise vehicle guidance
in both nominal and redundancy mode via differential steering. After a sudden actuator failure, vehicle
guidance is reliably maintained, even in dynamic driving conditions, as the approach also considers the
effect of drive torque distribution on the total yaw torque (torque vectoring). The analyses conducted
using the proposed approach demonstrate that a safe transition to cross-actuator functional redundancy
after an actuator failure is achievable. Consequently, differential steering can be evaluated as a suitable
basis for cross-actuator functional redundancy concepts to enable fault-tolerant operation of steer-by-wire
systems.

INDEX TERMS Chassis control, control allocation, differential steering, drive-by-wire, fault tolerance,
over-actuated vehicle, redundancy, resilience, steer-by-wire, torque steer, torque vectoring, vehicle
dynamics control, wheel-individual drive.

I. INTRODUCTION

AUTOMATED driving in passenger cars is on the rise
as the capabilities of driver assistance systems continue

to improve. In addition, automated driving and driverless
vehicles are increasingly being used in other vehicle classes,
such as commercial vehicles, public transportation, and
automated ground vehicles.
In conventionally steered vehicles, the driver can take

control of the vehicle at any time by turning the steering

The review of this article was arranged by Associate Editor Weichao
Zhuang.

wheel, even if, for example, the power steering fails [1].
The reliance on the driver as a safe fallback for lateral
control is eliminated if the vehicle is equipped with steer-by-
wire technology, which lacks a mechanical linkage between
the steering wheel and the suspension. This also applies to
vehicles that allow the driver to temporarily or permanently
transfer responsibility for vehicle control to the vehicle.
The potential failure of the steer-by-wire function must be
handled immediately by redundancy concepts to prevent an
unacceptable failure of the steering function. This places
high demands on the mechatronic chassis systems to ensure
functional and reliable vehicle control [2], [3].
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These requirements are met by providing hardware redun-
dancy to components whose failure would result in a safety
goal violation. According to Hales and Pattok [1], a system
remains fully operational after a failure if a subsequent
failure does not result in a safety goal violation. Otherwise,
it remains operational but in an emergency mode and must
be brought to a safe state. Redundancy can be achieved not
only by using redundant hardware, but also by using cross-
component functional redundancy, as in the architecture
presented by Bergmiller [4].
An example of cross-actuator redundancy in the context

of steer-by-wire is differential steering, also known as torque
steer. Each driving and braking torque affects the steering
system by generating a torque about the kingpin axis. If
the two drive torques at the steered axle differ, their effect
on the steering system is not balanced, and a steering
torque remains. This steering torque can be controlled by
determining the difference in drive torque between the two
driven wheels while adjusting the sum of the drive torques
to control the longitudinal motion [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14].
Differential steering has been studied in the literature

for various purposes. In conventional steering systems,
differential steering can replace electric power steer-
ing units and reduce the energy required for steering
assistance [5], [6], [7]. The provision of redundancy in steer-
by-wire systems based on differential steering is investigated
on the one hand by using the brake system [8], [9] and on the
other hand by using wheel-individual drives [10], [11], [12],
[13] to control the steering angle. Other approaches omit
the steering actuator by design and use a vehicle dynamics
control approach to control both longitudinal and lateral
motion with drive wheel torques only, such as the approaches
proposed by Kuslits [14] for a front- and rear-axle steered
vehicle and Seiffer et al. [15] for an articulated vehicle.

An overview of numerous control approaches for fault-
tolerant vehicle motion control, including some approaches
using differential steering, is given by Stolte [16].
A vehicle with multiple steering actuators or wheel-

selective drives can be considered overactuated because there
are more actuators than necessary to provide longitudinal
and lateral guidance. On the one hand, overactuation can
result from the need for redundancy. On the other hand,
overactuation provides the opportunity to derive a certain
allocation of actuator control variables that not only satisfies
the primary control targets, but also considers further
optimization objectives.
One way to resolve overactuation is to apply optimal

control allocation approaches. These approaches are used, for
example, to derive the control variables of a wheel-individual
driven and/or steered vehicle. In addition to the realization of
the specified vehicle motion, the optimization objectives can
address the dynamic stability of the vehicle or the energy-
optimal allocation of the control variables [17], [18].
Various studies have demonstrated the potential of

using differential steering as a redundancy mechanism in

steer-by-wire systems. These studies typically introduce
holistic control approaches aimed at controlling the vehicle’s
trajectory, yaw rate, or steering angle through differential
steering [10], [11], [12], [13], with most of the evidence
based on simulation results. Some studies focus on assessing
the vehicle control performance of the proposed strategies by
comparing them to alternative control methods in scenarios
where the steering actuator is initially failed from the
beginning of the maneuver [10], [12], [13]. Others evaluate
the control performance by comparing the proposed strategy
without the use of the steering actuator against a reference
strategy that is based on steering by using the steering
actuator [8], [11].
However, an analysis of vehicle dynamics during the

failure-induced transition from primary system operation to
redundant system operation is not adequately addressed in
the existing literature. From our perspective, ensuring a safe,
stable, and imperceptible transition is a crucial factor when
evaluating the suitability of cross-actuator redundancy.
To address this gap, we have developed an optimal control

allocation approach that considers differential steering to
allocate the drive and steering torques according to the
current actuator state. This approach is employed both in
a simulation study and in test drives using a demonstrator
vehicle. The resulting measurements are used to analyze to
what extent the vehicle can maintain its trajectory despite
a sudden actuator failure, without compromising vehicle
guidance—whether controlled by manual driver input or an
automated driving system.
The contributions of our work are summarized as follows:

• We demonstrate that a control allocation approach
downstream of the controller, which distributes the
controller’s torque outputs to the actuators, can provide
both failure-free operation (with a functional steering
actuator) and redundant operation via differential steer-
ing, without the need for controller reconfiguration. This
makes the proposed approach universally applicable to
other cascaded control structures.

• We provide a comprehensive analysis of vehicle dynam-
ics behavior in the immediate aftermath of the actuator
failure and the subsequent transition to differential
steering control. This analysis includes a detailed
evaluation of actuator torque, yaw rate, and lateral
tracking error.

• Furthermore, we outline the feedback correction signals
that must be provided to higher modules of the cascaded
control structure to ensure seamless transitions between
failure-free operation (via the steering actuator) and
redundant operation (via differential steering).

This paper is organized as follows: Section II introduces
the methodology of this work, including a description of
the demonstrator vehicle, its vehicle guidance and dynamics
controller, and an overview of the simulation model used.
A summary of the fundamentals of differential steering
functionality is then provided, followed by a description
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FIGURE 1. The demonstrator vehicle (scale 1:1.5) used for real-world validation
tests. It is equipped with Ackermann steering, chassis kinematics optimized for
differential steering [20] and wheel-selective drives on the front axle (two electric
motors, each with 2.6 kW nominal power and 7.1 kW maximum power). Source: [22].

of the proposed control allocation approach. The test and
validation procedures, along with the maneuvers used for
testing and validation, are subsequently presented. Section III
presents a detailed analysis and discussion of the results
from the simulation-based study and driving tests with the
demonstrator vehicle. Finally, the conclusion and outlook are
provided in Section IV.

II. METHODS AND PROCEDURES
A. DEMONSTRATOR VEHICLE AND SIMULATION MODEL
A 1:1.5 scale demonstrator vehicle (Fig. 1) and its simulation
model were used to develop, simulate, and validate the
proposed approach, as well as to investigate the vehicle
guidance behavior in the event of actuator failures. The vehi-
cle has two steering actuators (primary and redundant) and
wheel-selective drives on the steered front axle (Ackermann
steering), so that both a classical hardware redundancy
concept and cross-actuator functional redundancy for the
steering function can be implemented. The vehicle was orig-
inally developed in the context of the E2-LENK project [19]
and used by Römer [5] and Kautzmann [20] in their
dissertations focusing on steering assistance by means of
wheel-selective drive control. Modifications to the vehicle
were made as part of the SMARTLOAD project, including
the addition of automated driving capability and differential
steering control to provide functional redundancy for the
steering actuator [21]. The vehicle’s control structure and
simulation model are described in more detail below. An
overview of the specifications of the demonstrator vehicle is
given in Appendix A.

1) LATERAL AND LONGITUDINAL VEHICLE CONTROL

The vehicle control loop is a cascaded control approach (see
Fig. 2). Several modes of operation are available.
For longitudinal control, the input variable can be the total

driving force Flong or the velocity at the rear axle vr,ref ,
which is converted to a corresponding driving force Flong

FIGURE 2. Control loop for lateral and longitudinal control of the demonstrator
vehicle. The vehicle guidance controller outputs reference values for velocity at the
rear axle vr,ref , steering angle δref , and torque vectoring torque Mz,TVref . Velocity and
steering controller derive the overall driving force Flong and steering torque MS which
are allocated to the two driving motors (MD1 and MD2 ) and the primary and redundant
steering actuators (MSAa and MSAb ). Adapted from [22].

by the velocity controller. Steering is accomplished by the
steering controller, which calculates the total steering torque
MS based on the steering angle reference input δref .

In the default setup, the control allocation module splits
the total drive force Flong equally between the two wheels
and uses one of the steering actuators for steering. An
implementation of this controller configuration can be
accessed via [23].

The vehicle guidance controller module adds automated
driving capability to the approach. A path with a velocity
profile can be defined offline and serves as static input to the
path tracking controller, which defines the reference veloc-
ity vr,ref and steering angle δref . The control approach is an
extended version of the Stanley controller that compensates
for system delay to improve tracking accuracy [22]. For the
investigation within this work, we slightly modified the path
tracking controller to additionally output the torque vectoring
torque Mz,TVref , as described in Appendix B.
Accurate localization data for automated driving func-

tionality is provided by a multi-sensor RTK-GNSS device
that uses Real-Time Kinematic (RTK) positioning based on
Global Navigation Satellite System (GNSS) signals.
The control algorithms are implemented in

MATLAB SIMULINK and run on a DSPACE
MICROAUTOBOX control unit. Refer to [22] for more
information on the control approaches described above,
including the MATLAB SIMULINK implementation of both
vehicle guidance and vehicle dynamics control.

2) SIMULATION MODEL

For the simulation studies, an existing model of the
demonstrator vehicle was utilized, implemented in the
vehicle simulation environment IPG CARMAKER 8.0. This
model runs in co-simulation with MATLAB SIMULINK,
utilizing the CARMAKER extension CARMAKER FOR

SIMULINK [24].
The vehicle’s kinematics and driving dynamics are rep-

resented by corresponding CARMAKER project files, while
selected subsystems are modeled in MATLAB SIMULINK

to address vehicle-specific real-world imperfections, such as
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FIGURE 3. Planar representation of the chassis kinematics of the demonstrator
vehicle with the relevant forces and torques that influence the steering motion
(rotation of the wheels around their steering axis EG). The lateral forces of the tires
(FW1 ,lat and FW2 ,lat ) affect the steering torque via the lateral force arm (rL), the driving
forces (FW1 ,long , FW2 ,long ) via the interfering force arm rD , and the torques of the
primary and redundant steering actuators (MSAa , MSAb ) via the steering ratio iS (gear
ratio between the steering axis EG and the actuator shaft). Adapted from [5], [25].

signal rates and steering delays. In particular, the actuator
dynamics, as well as the elasticity and friction effects of
the steering system, were modelled on a more detailed
level. Furthermore, the vehicle guidance, dynamics, steering,
and speed controllers, along with the control allocation
functionality, are also implemented in MATLAB SIMULINK.
As MATLAB SIMULINK was utilized throughout the devel-
opment toolchain for both simulation and the vehicle’s ECU,
the implementation could be directly transferred to the real
vehicle.
The simulation model of the demonstrator vehicle is

available at [23] including a more detailed description of the
modelling.

B. DIFFERENTIAL STEERING
The functional principle of differential steering as cross-
actuator functional redundancy for the steering actuation
is shown in Fig. 3. The chassis kinematics are simplified
as a planar projection (which corresponds to suspension
kinematics with a kingpin inclination angle and a caster
angle of 0◦). This makes it easier to understand the effects
of the forces and torques shown. The derivation follows the
approach of Römer [5]. In his dissertation he describes the
effect of differential steering to reduce the steering torque
at the steering wheel, thus replacing the functionality of an
electric power steering actuator.
In contrast, we consider a steer-by-wire vehicle without a

mechanical connection to the steering wheel or an automated
vehicle in the following. However, the basic effect of
differential steering remains the same.
As Römer [5] we first assume a static scenario and neglect

the forces of inertia, elasticity, and damping. The equilibrium
of forces and torques with respect to the steering axis EG
according to Fig. 3 is given by

0 = −�FW1,2,longrD + FW1,2,latrL
− (

MSAa +MSAb

)
iS (1)

with the lateral force of the front axle

FW1,2,lat = FW1,lat + FW2,lat (2)

and the torque vectoring force

�FW1,2,long = FW2,long − FW1,long. (3)

The vehicle controller can directly influence the primary
and redundant steering actuator torques, MSAa and MSAb , as
well as the drive forces, FW1,long and FW2,long, which result
from the drive motor torques, MD1 and MD2 . However, the
tire lateral forces, FW1,lat and FW2,lat, are a result of vehicle
dynamics and effects in the wheel-road contact area.
Since unequal driving forces FW1,long and FW2,long cause

the torque vectoring yaw torque Mz,TV , they also change the
lateral force distribution between the front and rear axles,
as derived by Römer [5]. For the influence of the torque
vectoring force �FW1,2,long on the lateral forces of the front
axle FW1,2,lat and rear axle FW3,4,lat he finds

�FW1,2,lat = − 1

l cos(δact)
Mz,TV

= −w

2l
�FW1,2,long,

�FW3,4,lat = 1

l
Mz,TV = w

2l
cos(δact)�FW1,2,long (4)

with the wheelbase l, track width w and actual steering angle
δact. We define F∗

W1,2,lat
as the lateral force on the front axle

for the case of �FW1,2,long = 0N and we get

FW1,2,lat = F∗
W1,2,lat −

�FW1,2,longw

2l
. (5)

We rearrange (1) taking into account (5), cluster the
actuator-dependent (MS,Ctrl) and external (MS,ext) quantities,
and add Mdis to account for any neglected effects that affect
the steering system dynamics. This results in

(
MSAa +MSAb

)
iS +�FW1,2,long

(
rD + rLw

2l

)

︸ ︷︷ ︸
MS,Ctrl

= F∗
W1,2,latrL +Mdis

︸ ︷︷ ︸
MS,ext

. (6)

When designing the suspension, an optimization of the
lateral force arm rL and the interfering force arm rD can
be performed with respect to the differential steering func-
tionality, taking into account other optimization objectives
of the chassis design process [20], [26].

C. CONTROL ALLOCATION APPROACH
The task of the proposed control allocation approach is to
specify the steering actuator and drive torques such that the
control objectives are optimally achieved while satisfying
the current constraints on the actuator and drive torques.
This is accomplished by solving a constrained weighted least
squares problem resolving the overactuation by minimizing
a cost function under the given constraints [27]. Fig. 4
illustrates the proposed control allocation approach.
The input variables (control objectives) are the total front

axle drive force Flong, the total steering torque MS referred to
the steering axis EG, and the torque vectoring torqueMz,TVref .
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FIGURE 4. Proposed control architecture with constrained control allocation to
redistribute the actuator torques with respect to the current actuator constraints. The
effect of unintended torque vectoring caused by the redistribution is compensated by
an offset on the δref input. Adapted from [15].

The torque vectoring torque Mz,TVref is the additional yaw
torque caused by drive force difference at the front axle. It
is an optional input that can originate from an extended path
tracking controller or a vehicle stability controller.
The output variables (actual controls) are the four actuator

or motor torques MSAa , MSAb , MD1 , and MD2 .
Differential steering functionality is obtained by consid-

ering the effect of different drive torques on the steering
torque in the control effectiveness matrix which is part of
the cost function. Thus, the effect is taken into account when
specifying the actual controls.
The current limits of the actuator torques are specified by

the actuator state detection module and include the torque
limits of the steering actuators MSAa,lim and MSAb,lim as
well as the maximum and minimum drive torques MD1,max,
MD1,min, MD2,max, and MD2,min.
The limits result from technical data of the actuators,

e.g., torque-speed characteristics, from diagnosis data of the
actuator control unit, e.g., temperature-related derating, or
from sensor-based vehicle diagnosis systems that can detect
limitations or failures, as evaluated, e.g., by Li et al. [28].
In the failure-free case, the actual controls are specified

based on the defined weights of the cost function. The
weights can be adjusted dynamically, e.g., to balance the
load between the actuators and provide thermal protection
to prevent overheating.
In the case of a total failure of, e.g., a steering actuator,

its constraint is set to 0Nm. By taking the constraint
into account when solving the optimization problem, an
alternative combination of actual controls is immediately
output that correctly realizes the control objectives [15].
Thus, the error does not affect the upstream control loops,
since their output variables are correctly exploited.
Differential steering not only affects the steering torque,

but also induces an additional yaw torque that affects the yaw
rate (torque vectoring) [5]. Without taking this effect into
account, compensating for a steering actuator failure with

differential steering would result in an unaffected realization
of the desired steering angle δref . However, the resulting
yaw rate, and thus the vehicle motion, would differ from
its state prior to actuator failure. To keep the vehicle’s
behavior consistent despite the failure, the unintended torque
vectoring effect on the yaw rate must be compensated. We
accomplished this by adjusting the δref input to the steering
controller accordingly.
In the following, we describe the chosen constraint control

allocation algorithm and derive the control effectiveness and
weighting matrices as well as the equations for the torque
vectoring compensation functionality.

1) CONSTRAINT CONTROL ALLOCATION ALGORITHM

The control allocation problem according to
Oppenheimer et al. [27] is to find the control vector δ such
that

Bδ = ddes (7)

and

δ < δ ≤ δ (8)

with the control effectiveness matrix B, the control objective
vector ddes and the lower and upper constraints of the actual
controls δ and δ.
In order to solve (7), we formulate the control allocation

problem as a mixed optimization problem, as described by
Oppenheimer et al. [27] and Härkegård [29]. Its objective
is to determine δ in such a way that it minimizes the cost
function

J = ‖Wδ

(
δ − δp

)‖2 + γ ‖Wddes(Bδ − ddes)‖2 (9)

with the 2-norm ‖u‖2 = uTu, the diagonal weighting
matrices Wδ and Wddes and the preferred control vector δp.

In order to prioritize the minimization of the control error
over that of the control vector, a high value of the weighting
factor γ should be selected [29]. In the following, we set
γ = 1 and instead achieve a higher relative weighting of the
second term compared to the first term in (9) by assigning
larger values to the elements of the weighting matrix Wddes
than to those of the weighting matrix Wδ [15].

With

δp = [
0 0 0 0

]T (10)

the optimal control vector δopt is obtained by

δopt = arg min
δ<δ≤δ

‖Wδδ‖2 + ‖Wddes(Bδ − ddes)‖2 (11)

For solving (11) we chose the active-set algorithm pro-
vided by the quadprog function in MATLAB [30]. Active-set
algorithms are recommended by Härkegård [29] because they
converge to a feasible solution even if more than one actual
control reaches its constraint during the solving iterations,
which is not always the case with other algorithms.
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The quadprog function uses the following notation for the
cost function [30].

xopt = arg min
lb≤x≤ub

1

2
xTHx+ cTx (12)

To make this notation consistent with (11) we first resolve
the 2-norm functions and get

δopt = arg min
δ<δ≤δ

(
δTW∗

δδ

+ (Bδ − ddes)TW∗
ddes(Bδ − ddes)

)
(13)

with

W∗
δ = WT

δWδ

W∗
ddes = WT

ddesWddes . (14)

In order to match (11) with (12) we finally find

x = δ

H = BTW∗
ddesB+W∗

δ

c = −BTW∗
ddesddes

lb = δ

ub = δ. (15)

2) CONTROL EFFECTIVENESS AND WEIGHTING
MATRICES

According to (7) and Fig. 4 we define the control objective
vector ddes and the control vector δ as

ddes = [
MS Flong Mz,TVref

]T
(16)

and

δ = [
MSAa MSAb MD1 MD2

]T
. (17)

The lower and upper constraints of the actual controls δ and
δ are given by

δ = [−MSAa,lim −MSAb,lim MD1,min MD2,min
]T

δ = [
MSAa,lim MSAb,lim MD1,max MD2,max

]T
. (18)

The overall steering torque MS results from the actuator-
dependent quantities MS,Ctrl in (6). With (3), the dynamic
wheel radius rW , and drive motor gear ratio iDG we get

�FW1,2,long = (
MD2 −MD1

) iDG
rW
. (19)

Inserting (19) in (6) finally yields

MS = iSMSAa + iSMSAb − bDSMD1 + bDSMD2 (20)

with

bDS = iDG
rW

(
rD + rLw

2l

)
. (21)

The overall drive torque Flong and the torque vectoring
reference Mz,TVref are obtained by

Flong = iDG
rW

MD1 + iDG
rW

MD2 (22)

and

Mz,TVref = −bTVMD1 + bTVMD2 . (23)

Taking into account (4) and (19) bTV becomes

bTV = iDGw

2rW
cos(δact). (24)

With (20), (22) and (23) the control effectiveness matrix B
becomes

B =
⎡

⎣
iS iS − bDS bDS
0 0 iDG

rW
iDG
rW

0 0 − bTV bTV

⎤

⎦. (25)

The behavior of the control allocation is defined by
the parameters of the diagonal weighting matrices W∗

δ and
W∗

ddes . A weighting factor is assigned to each of the control
objectives and actual controls.

W∗
δ = diag

(
WSAa,WSAb ,WD1 ,WD2

)

W∗
ddes = diag

(
WS,Wlong,Wz,TV

)
(26)

The control allocation approach used is based on a
weighted least squares problem that combines both control
and error minimization. When choosing the weighting
factors, it is therefore important that minimizing the errors
(Bδ−ddes) has a higher priority than minimizing the controls
δ [29]. This priority of weighting factors yields the desired
distribution of actual controls if the control objectives can
be fully met by the corresponding actual controls without
reaching their constraints.
However, if one of the actual controls is constrained

in such a way that not all of the control objectives can
be met, prioritization of the control objectives is required.
The way this is done in a specific application depends
heavily on the use cases of the vehicle, such as maximum
velocity or operating area (public road or non-public fenced
area), the configuration and specification of the components
(e.g., one or two steering actuators, additional mechanical
friction brake for braking), and the resulting fail-safe concept
of the vehicle. A situation-dependent prioritization is also
conceivable (e.g., lower weighting of the drive force control
objective during acceleration than during braking). For the
demonstrator vehicle and the tests conducted within this
work, we determined that meeting the steering torque target
has the highest priority, followed by meeting the drive force
target. In contrast, meeting the torque vectoring objective
has a low priority.
For the weighting of a control objective or an actual

control within the cost function, not only the relative amount
of the respective weighting factor is decisive, but also the
absolute size of the value range of the corresponding control
variable (see Table 5 in Appendix A). For example, the range
for MSAa and MSAb is from −0.45Nm to 0.45Nm, while
Flong can assume values from −2004N to 2004N. If the
weighting factors of both quantities are of similar magnitude,
the required prioritization of error minimization over control
minimization is still given.
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Finally, the following values of the weighting factors for
the experiments within the scope of this study result from the
above considerations: WSAa = 101, WSAb = 101, WD1 = 100,
WD2 = 100, WS = 107, Wlong = 103, Wz,TV = 101.

3) TORQUE VECTORING COMPENSATION

As in Römer [5], we consider the linear bicycle model to
derive the effect of differential steering on the yaw rate and
how the steering angle reference needs to be adjusted to
compensate for this effect.
For small steering angles δ and small vehicle sideslip

angles β this yields

α1,2 = δ − β − a
ψ̇act

vact

α3,4 = −β + b
ψ̇act

vact
(27)

with the tire slip angles for the front wheel α1,2 and the
rear wheel α3,4, the velocity vact, yaw rate ψ̇act, distance of
the center of gravity to the front axle a, and distance of the
center of gravity to the rear axle b.

The tire characteristics are defined by the cornering
stiffness of the tire pairs on the front axle Cy1,2 and the
rear axle Cy3,4 . The lateral forces of the two axles (FW1,2,lat,
FW3,4,lat) are given by

FW1,2,lat = Cy1,2α1,2

FW3,4,lat = Cy3,4α3,4. (28)

We define �δref to be the steering angle adjustment
which needs to be applied so that the lateral force changes
�FW1,2,lat and �FW3,4,lat (see (4)) caused by differen-
tial steering remain without affecting the yaw rate ψ̇act.
Therefore, we require that ψ̇act remains constant. Thus, we
omit �ψ̇act, and obtain from (27) and (28)

�FW1,2,lat = Cy1,2

(
�δref −�β

)

�FW3,4,lat = −Cy3,4�β. (29)

By replacing �FW1,2,lat and �FW3,4,lat with the expressions
in (4) and resolving to �δref , we get

�δref = −�FW1,2,long
w

2l

(
1

Cy1,2

+ cos(δact)

Cy3,4

)
. (30)

The adjusted reference steering angle δref ,TVcomp is a
function of the torque vectoring torque to be compensated,
Mz,TVerror . It is given by (19), (23), and (30) as

δref ,TVcomp = δref − kδ,MzMz,TVerror (31)

with

kδ,Mz = 1

l

(
1

Cy1,2 cos(δact)
+ 1

Cy3,4

)
. (32)

The torque vectoring error Mz,TVerror contains only the part
of the torque vectoring torque that is applied by the control
allocation for the purpose of differential steering. Otherwise
the effect of the intended torque vectoring reference Mz,TVref

would also be compensated. To calculate it we solve the
control allocation problem (7) with the modified control
objective vector d∗

des = [
MS Flong 0

]T . The control vector δ∗
includes the drive torques M∗

D1
and M∗

D2
that would result

if the torque vectoring reference Mz,TVref was neglected.
Mz,TVerror is obtained by considering (23) resulting in

Mz,TVerror = −bTVM∗
D1

+ bTVM
∗
D2
. (33)

4) IMPLEMENTATION

The described approach was implemented in
MATLAB SIMULINK according to the architecture shown
in Figure 4. The modules were integrated into the vehicle
simulation model, which is published in [23], together with
the path tracking controller from [22] and its adaptations
described in the Appendix B.
The input signal rate (sensor data) and the output rate of

the actuator torque targets were limited to 100 Hz to match
the actual signal rates of the real vehicle. The path tracking
controller’s frequency was set to 100 Hz. Since the Mz,TVerror
signal is fed back to the torque vectoring compensation
module, an inner cascade loop is obtained that also includes
the steering controller and control allocation modules. These
modules have been set to a frequency of 1000 Hz to ensure
a higher frequency for the inner loop of the cascaded system
compared to the outer loop.
To prevent an algebraic loop, the Mz,TVerror signal was

delayed by 1 ms. In addition, a 1 ms delay in the control
allocation input signals of the actuator constraints δ and
δ was found to provide a smooth transition during abrupt
constraint changes in the event of a failure.
Furthermore, the anti-windup in the velocity and steering

angle controllers was adjusted to dynamically set the
maximum controller output based on the current system
performance derived from the actuator state. To ensure the
approach’s applicability to the demonstrator vehicle under
real-world disturbances and noisy sensor signals, filters were
applied to various signals.

D. TEST AND VALIDATION PROCEDURE
To test and validate the proposed approach and to investigate
the vehicle guidance behavior in the event of actuator
failures, two driving maneuvers, steady-state circular driving
and the double lane change maneuver, were used. The steady-
state circular driving allows the investigation of actuator
failures in a steady-state vehicle dynamic condition. The
objective was to ensure that the vehicle motion, i.e., velocity
and yaw rate, continued unaffected and that there was no
deviation from the driven circular path. This maneuver was
executed with constant steering angle input and also with
path input, representing both manual and automated driving
scenarios.
In contrast, the double lane change is a transient driving

maneuver in which the dynamics change significantly. The
vehicle must be able to perform the maneuver without
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FIGURE 5. Map of the double lane change maneuver based on the ISO 3888-1 standard [32], modified according to the vehicle scale and the reduced velocity of 8 m/s. The four
pairs of cones mark the corners of the gray dashed lines representing the lane boundaries. Their coordinates for the two velocities considered are given in Table 2. The blue line
is the reference path used as input for the path tracking controller. The vehicle’s starting point is indicated by the green arrow. The red cross indicates the point at which actuator
failures are initiated since it was found to be the position with the highest required steering torque.

exceeding the lane boundaries, even if an actuator fails
during a highly dynamic driving situation.
In the following, the vehicle configuration, maneuvers,

and failure scenarios are considered in more detail.

1) REDUNDANCY CONFIGURATION AND LIMITATION OF
THE ACTUATORS

The vehicle equipped with two steering actuators and
individual wheel drives allows for different redundancy
configurations. Since our research focus is on cross-actuator
functional redundancy concepts, we chose a single steer-
ing actuator configuration with differential steering as the
redundancy.
In addition to the constraints imposed by actuator failure,

other constraints result from the torque-speed characteristics
of the actuator. The motors of the demonstrator vehicle
provide sufficient wheel torque to reach the longitudinal slip
limit up to a velocity of 5.5 m/s. As the velocity increases,
the maximum torque decreases and so does the differential
steering capability.
As this limitation is due to the selection of components

and not a limitation of the proposed approach, we took
the following measures to eliminate this limitation in our
investigations. For the demonstrator vehicle test, we limited
the velocity to 5.5 m/s, and for the simulation study, we
virtually increase the ability of the drives to maintain
sufficient torque up to the maximum vehicle velocity of
8 m/s. Therefore, more dynamic driving situations could be
considered in the simulation study.

2) DRIVING MANEUVERS AND FAILURE SCENARIOS

The steady-state circular driving maneuver starts with a
straight-line acceleration phase until the constant target
velocity vr,ref is reached, followed by a step-steer leading
to a circular motion. The vehicle can execute the maneuver
either by using the path tracking controller, which keeps
the vehicle’s reference point (center of the rear axle) on the
defined circle with constant radius Rr,ref , or in an open loop
mode by specifying a constant target steering angle δref .

The combination of velocity and radius or steering angle
determines the lateral acceleration ay and yaw rate ψ̇ of
the maneuver and thus the dynamic state of the vehicle.

TABLE 1. Specification of the steady-state circular driving maneuver.

We have based the specification of the maneuvers on the
recommendation of the ISO 7401 standard [31] for step-steer
maneuvers, which requires a minimum lateral acceleration
of 4.00 m/s2. Considering the 1:1.5 scale of the vehicle, the
minimum lateral acceleration is 2.67 m/s2.

Table 1 summarizes the resulting specification for the
steady-state circular driving maneuver.
The double lane change maneuver is defined by the limits

of the lanes that the vehicle must comply with. We derived
the positions of the boundary cones from the ISO 3888-
1 standard [32]. It describes the maneuver for a velocity
of 80 km/h (22.22 m/s). To make the maneuver comparably
challenging for lower speeds and the 1:1.5 scale vehicle, we
have made the following adjustments to the positions of the
cones. The x-coordinates of the cones have been reduced by
the factor of the reduced velocity compared to the standard
velocity, so that the duration of the lane change remains
comparable. The y-coordinates of the boundaries, and thus
the width of the lane and the width of the obstacle to be
avoided by the vehicle, have been reduced by the factor of
the vehicle scale.
The resulting boundaries for the lane change maneuver at

8 m/s are shown in Fig. 5. The positions of the boundary
cones for 8 m/s and 5.5 m/s are given in Table 2. The target
path, which defines the movement of the vehicle with respect
to the center of the rear axle, was generated by spline
interpolation and transformed into the format appropriate for
the path tracking controller (see [22]). The velocity profile
defines the acceleration before entering the lane change
section, and according to the ISO 3888-1 standard [32], once
the target velocity is reached, the drive force Flong is kept
constant without compensating for velocity deviations.
We considered different failure scenarios based on the two

maneuvers. One of the failure scenarios is the permanent
failure of the steering actuator. Since the drive motors affect
the steering torque, we also needed to investigate how the
permanent failure of the right or left drive affects the steering
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TABLE 2. Positions of the four pairs of cones marking the left and right lane
boundaries of the double lane change maneuver (see Fig. 5). X-coordinates xv8.0 and
xv5.5 differ depending on the vehicle velocity (8 m/s in simulation and 5.5 m/s for the
demonstrator vehicle test drives).

capability and how it is compensated by the approach. Both
in the simulation and on the demonstrator vehicle ECU,
the failures were emulated by overwriting the corresponding
torque setpoint with 0Nm.
For the circular driving maneuver, the failure was injected

after reaching a steady state driving dynamic condition. For
the lane change maneuver, the focus was on considering
a worst case scenario. Therefore, the turn-in point when
passing the pair of cones #1 (see Fig. 5) was chosen as the
failure injection point, since this point was found to have
the highest steering torque requirements.

III. RESULTS AND DISCUSSION
The experimental plan for both the simulation study and
the demonstrator vehicle test drives is presented first. Next,
the plots prepared and the metrics calculated for analysis
are described. The results of the simulation test drives are
then presented and discussed in detail. Finally, the findings
are validated by presenting the results of the test drives
conducted with the demonstrator vehicle.

A. EXPERIMENTAL PLAN
The experimental plan for the simulation and demonstrator
vehicle experiments included the driving maneuvers and
failure scenarios considered in Section II-D2. Moreover,
the control allocation settings were modified to examine
the impact of omitting the torque vectoring compensation
function.
The experiments that have been carried out for this work

are shown in Table 3. Each experiment is assigned an ID
which indicates the type of experiment (simulation “S”
or demonstration vehicle “D”), the maneuver (circle with
constant steering angle “Cδ”, circle with constant radius
“Cr” and double lane change “LC”) and the failure scenario
(steering actuator “fS”, drive motor left “fD1” drive motor
right “fD2”) and the deviation from the default control
allocation setup (without TV compensation “noComp”).
To account for the redundancy configuration under con-

sideration, the redundant steering actuator was permanently
disabled in all experiments by choosing MSAb = 0Nm in the
constraint vectors.

B. PLOTS AND METRICS
To evaluate the experiments, plots were created and metrics
were calculated. The data shown in the plots are the actual
actuator and motor torques (MSAa,act, MD1,act and MD2,act),

the reference steering angle δref , the adjusted reference
steering angle δref ,TVcomp and the actual steering angle δact
as well as the resulting yaw rate ψ̇act and additionally the
crosstrack error elat,r for the maneuvers driven by the path
tracking controller.
Metrics were applied to relevant intervals of the maneuver

to quantitatively compare the different setups and failure
scenarios to the failure-free test drive. For the steady-state
circular maneuver, an evaluation interval of 4 s after the
failure was chosen. On this interval the maximum and root-
mean-square (RMS) steering angle control error (δerror,max
and δerror,RMS), the maximum and RMS deviation of the yaw
rate from the value before the failure (�ψ̇max and �ψ̇RMS),
and the maximum and RMS deviation of the crosstrack error
from the value before the failure (�elat,rmax and �elat,rRMS)
were calculated.
For the double lane change maneuvers, the metric eval-

uation was applied to the path section with x-coordinates
between 0 m and 40 m (vehicle velocity 8 m/s) and 0 m and
27.5 m (vehicle velocity 5.5 m/s), respectively. As for the
circular maneuver, the maximum and RMS steering angle
control error (δerror,max and δerror,RMS) were calculated. The
other metrics are the maximum and RMS crosstrack error
(elat,rmax and elat,rRMS) and the minimum distance of the
vehicle to the lane boundaries (dlim,min).

The resulting metrics are summarized in Table 4.

C. SIMULATION VEHICLE TEST DRIVE RESULTS
1) STEADY-STATE CIRCULAR DRIVING

In the first experiment (S01), the basic functionality of the
proposed control allocation approach was investigated. The
sudden failure of the steering actuator was to be maintained
by differential steering while keeping the steering angle
constant during the circular driving maneuver. The first line
of plots in Fig. 6 shows the simulation results.

After the failure, the differential drive torque is immedi-
ately adjusted, resulting in a right motor torque of 10Nm
and a left motor torque of −5Nm, effectively satisfying
both the total drive torque and differential steering torque
requirements. As a result of the failure, the steering angle
deviates slightly by 0.0011 rad (equivalent to 1.2% of the
steering angle setpoint), but returns to its original value
within 0.08 s. In response to this deviation, the differential
drive torque temporarily increases after the failure before
stabilizing at a constant level.
These results clearly demonstrate the effectiveness of the

cascade approach, where the control allocation immediately
redistributes the drive torques, eliminating the need for a
significant response from the steering angle controller. It can
also be concluded that the established control effectiveness
matrix B and the included equation for the differential
steering factor bDS are valid.

The yaw rate increases as expected due to torque vec-
toring, changing by 23% from 0.338 rad/s to 0.416 rad/s,
including a brief peak that coincides with the peak in the
differential drive torque. This significant change in yaw
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TABLE 3. Experimental plan for simulation and demonstrator vehicle test drives including both steady-state circular driving maneuvers and double lane change maneuvers
combined with different failure scenarios (steering actuator SAa, drive motor left D1 or right D2) as well as modifications in the control allocation setup.

TABLE 4. Evaluation of the simulation and the demonstrator vehicle test drives based on the defined metrics. For the steady-state circular driving maneuvers, these are:
maximum and root-mean-square (RMS) steering angle control error (δerror,max and δerror,RMS ), maximum and RMS deviation of the yaw rate compared to the value before failure
(�ψ̇max and �ψ̇RMS ) and maximum and RMS deviation of the crosstrack error compared to the value before failure (�elat,rmax and �elat,rRMS ). For the double lane change
maneuvers these are: maximum and RMS steering angle control error (δerror,max and δerror,RMS ), maximum and RMS crosstrack error (elat,rmax and elat,rRMS ) and minimum distance
of the vehicle to the lane boundaries (dlim,min).

rate, and therefore in lateral vehicle motion, was expected
and was the reason for implementing the torque vectoring
compensation functionality, which was investigated in the
following experiment.
In the second experiment (S02), the reference steering

angle was adjusted based on the current differential drive
torques with the objective of maintaining the previous yaw
rate after the failure event. The reference steering angle
decreases from 0.089 to 0.078 (−12%) while the differential
drive torque and therefore the induced yaw torque increase,
but unlike the previous experiment no overshoot is observed.
The actual steering angle follows the corrected reference
with a slight delay.
The change in the vehicle’s yaw rate after the failure is

the result of two opposing effects. On the one hand, the
increasing differential torque contributes to an increase in the
yaw torque, and on the other hand, the decreasing steering
angle reduces the yaw torque. Analysis of the yaw rate shows

the effectiveness of the compensation, as the yaw rate peaks
at +6.8%, but then smoothly returns to the previous value.
After 1.55 s, the deviation is less than 1% of the value before
the failure.
It is important to note that an exact return to the pre-

failure value was not expected because the yaw rate is not
closed-loop controlled and the compensation relies purely
on analytically calculated correlation kδ,Mz . Therefore, this
result can also confirm the validity of the derivation for
torque vectoring compensation and in particular the validity
of kδ,Mz .
The initial two experiments were carried out by specifying

a constant steering angle input, representing the manual
driving scenario with a drive-by-wire system, while the third
experiment (S03) was performed using the path tracking
controller. This configuration represents an automated or
assisted driving scenario. The reference steering angle is
therefore not constant, but is dynamically adjusted by the
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FIGURE 6. Results of the simulated test drives of the steady-state circular driving maneuver (experiment IDs S01-S05) with actuator or motor failure at t = 15 s (indicated by
the dotted vertical line). For each experiment, the actual actuator and motor torques are plotted (left), complemented by the reference and actual steering angles (center) and the
resulting yaw rate and crosstrack error (right).

controller to keep the vehicle on a circular path with a
constant radius.
Prior to the failure, the resulting crosstrack error is

−0.004 m (note that the path tracking controller used does
not completely compensate for steady-state errors). After the
failure, the crosstrack error changes by 0.0054 m within
0.2 s and later stabilizes close to the pre-failure value at
−0.003 m.

Similar to the previous experiment, the yaw rate reaches
a peak in consequence of the failure. With +13.3% the peak
is higher but returns faster to the pre-failure level as before.
The small disturbance of the crosstrack error, despite

the significant yaw rate deviation, can be explained by
considering the vehicle’s dynamic state before and after the
failure. When the vehicle moves with its reference point,
the center of the rear axle, on the intended radius of the
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circle, the orientation of the vehicle is rotated by the slip
angle of the rear axle relative to the direction of motion
of the reference point. The slip angle is dependent on the
lateral force acting on the rear axle (refer to (28)). This
force is a result of the difference between the two driving
forces on the front axle, as stated by (4). Thus, the vehicle
is oriented differently with respect to the direction of motion
of the reference point in the steady state before and after
the failure, when compensated by differential steering.
This change of orientation �αr results with (4) and (28)

in

�αr = cos(δact)
iDGw

2rwlCy3,4

(
MD2,act −MD1,act

)
. (34)

With the parameters of the vehicle and the driving
condition before and after the failure, �αr is found to be
0.00556 rad.
In addition to the vehicle’s continuous rotation during

circular motion with a constant yaw rate, there is an
extra rotation required due to the change in slip angle
resulting from differential steering failure compensation.
Consequently, this angular difference by which the vehicle
is additionally rotated must result in a brief increase in the
yaw rate. Integrating the increase in yaw rate measured in
experiment S03 during the 3 s post-failure time interval, the
resulting angle is 0.00521 rad, which is within 6% of the
expected value calculated in (34).
From these considerations, we conclude that a deviation

in the yaw rate after the failure is not an undesirable side
effect. Rather, it is necessary to make the transition from the
use of a steering actuator to differential steering without the
vehicle deviating from its course.
With reference to the evaluation of the previous exper-

iment (S02), in which the steering angle position was
considered to be constant, it can be concluded that the yaw
rate peak observed there is also not to be considered as a
deficiency, but as necessary for the vehicle to behave in an
uninfluenced manner according to the driver’s manual input.
Another conclusion that can be drawn from experiment

S03 concerns the path tracking controller. The change of
the slip angle on the two axes due to torque vectoring
affects the calculations of the control approach, leading to
the modifications described in Appendix B. The accurate
match of the crosstrack error before and after the failure
confirms the effectiveness of these modifications.
In response to the actuator failure, the tracking controller

must correct the vehicle guidance by adjusting the output
reference steering angle. The steering angle is briefly
increased and subsequently reduced relative to the prior and
later stationary state. This behavior can also be explained
by the increase in the slip angle of the rear axle, resulting
in additional rotation of the vehicle around its center of
gravity. This causes the rear axle to follow a larger radius
than before, on the right side of the path. To realign the
reference point with the intended path, the steering angle
must be adjusted first to the left and then to the right, similar

to the sequence of a lane change maneuver, but with a very
small offset. Experiments S04 and S05 considered the failure
of a drive motor while driving at a constant steering angle.
After the failure, the drive torque of the intact drive results
directly from the required total drive torque. The steering
torque to be applied by the steering actuator is composed
of the required steering torque and the amount caused by
differential steering due to the one-sided drive failure. If the
inner drive fails (S04), the operating outer drive will assist the
steering actuator so that the actuator torque is reduced from
0.23Nm to 0.06Nm. Due to the torque vectoring effect, the
steering angle must be reduced, which occurs immediately
after the failure and results in a brief negative steering torque.
In case of the failure of the outer drive (S05), the steering

actuator torque initially increases sharply after the failure
because the steering angle must be increased, and remains at
a higher level than before the failure because the remaining
drive torque counteracts the steering torque. In this case, the
yaw rate briefly changes in a negative direction because the
sideslip angle at which the vehicle is moving is reduced as
a result of the failure.
These results indicate that despite the effect on steering

torque, the proposed approach can also compensate for the
failure of a drive in the intended way.

2) DOUBLE LANE CHANGE

The evaluation of the double lane change experiments serves
to verify whether the findings from the steady-state circular
driving maneuvers also apply to a challenging driving
situation with rapidly changing dynamics.
Fig. 7 compares the results of the double lane change with

steering actuator failure (experiment S12) with those of the
experiment without failure (S11, dashed lines).
The graphs of the drive torques demonstrate the function-

ality of the modified path tracking controller, which outputs
a reference torque vectoring differential torque in addition
to the steering angle. This results in different right and
left drive torques to support the yaw motion of the vehicle
in the non-failure case. This also proves that the control
allocation accurately meets this secondary objective while
still satisfying the higher priority primary objectives (drive
torque and steering torque).
The RMS crosstrack error of the non-failure reference

experiment of the double lane change maneuver is 0.0205 m,
and the closest approach to the lane boundaries is 0.0324 m
(see Table 4).
After the steering actuator failure (experiment S12), the

required differential torque builds up and simultaneously
the compensated reference steering angle decreases until
the differential torque briefly reaches its maximum, which
is limited by the maximum adjustable drive torques. The
maximum possible differential torque is set, therefore the
required total drive torque must be neglected. This is
intentional since the weighting factors prioritize lateral
guidance over longitudinal guidance.

VOLUME 5, 2024 767



SEIFFER et al.: CONTROL ALLOCATION APPROACH USING DIFFERENTIAL STEERING TO COMPENSATE

FIGURE 7. Results of the simulated test drives of the double lane change maneuver
without and with actuator failure (experiment IDs S11 and S12). The actual actuator
and motor torques are plotted, along with the reference and actual steering angles
and the resulting crosstrack error. The position of the actuator failure is indicated by
the dotted vertical line.

Near its four peaks, the compensated reference steering
angle consistently has a smaller magnitude compared to
the non-failure experiment. This is because the torque
vectoring effect from differential steering supports the
desired yaw motion in these sections. Consequently, the
torque vectoring compensation adjusts the steering angle
accordingly. The total RMS error of the steering angle
controller is 0.00704 rad, and therefore even smaller than in
the non-failure experiment (0.00872 rad). Although the RMS
crosstrack error of 0.0501 m is larger than in the non-failure
scenario, the maneuver can still be performed safely, with
the minimum distance to the lane boundaries of 0.039 m
remaining even larger than in the non-failure case.

FIGURE 8. Results of the simulated test drives of the double lane change maneuver
without and with drive motor failure (experiment IDs S11 and S14). The actual actuator
and motor torques are plotted, along with the reference and actual steering angles
and the resulting crosstrack error. The position of the actuator failure is indicated by
the dotted vertical line.

To conclude the analysis of the simulation study, the
experiment with the failure of the right drive motor (Fig. 8)
is discussed next.
In case of a failure of the right drive, the left drive

torque is determined by the constant total drive torque
setpoint. This leads to a constant differential torque that must
be compensated for by a positive steering actuator torque
offset. The offset can be observed by comparing the steering
actuator torque profiles for the case with and without drive
failure in the first diagram of Fig. 8. The offset towards
larger positive steering actuator torques causes the steering
actuator to reach its torque limit directly after the drive
failure. As the steering function has priority over the drive
function, this results in the drive torque target being violated
when the steering actuator limit is reached. This can be
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FIGURE 9. Results of demonstrator vehicle test drives of the double lane change
maneuver without and with actuator failure (experiment IDs D11 and D12). The actual
actuator and motor torques are plotted, along with the reference and actual steering
angles and the resulting crosstrack error. The position of the actuator failure is
indicated by the dotted vertical line.

observed immediately after the right drive fails and the left
drive torque is reduced to approximately 0Nm.
Overall, the drive failure and its compensation only have

a minor impact on the vehicle guidance, as shown by the
resulting RMS crosstrack error of 0.0187 m, which is slightly
lower than that of the non-failure experiment.

D. DEMONSTRATOR VEHICLE TEST DRIVE RESULTS
Driving tests were conducted with the demonstrator vehicle
to verify the approach under real-world conditions (see also
the accompanying video in [33]). In order to validate the
results of the simulation study, the double lane change
experiments are analyzed in the following section. In Fig. 9
the double lane change maneuver without and with actuator
failure is compared.

The courses of the actuator torques are qualitatively com-
parable to those from the simulation study and demonstrate
the intended functionality of the control allocation approach
in the event of an actuator failure. The transition from using
the steering actuator to using differential steering occurs
immediately, ensuring uninterrupted lateral control of the
vehicle and allowing the maneuver to continue successfully.
As shown in Table 4, the vehicle does not approach the lane
boundaries closer than 0.0330 m (0.0232 m without failure).
The crosstrack error plot indicates no significant increase
that would impair safe vehicle control due to the steering
actuator failure. The maximum crosstrack error of 0.0612 m
in the maneuver with actuator failure is only marginally
larger than in the maneuver without failure (0.0597 m). The
RMS deviation from the desired path during the lane change
is only 0.0295 m (0.0283 m without failure) despite the
actuator failure and use of differential steering, which is
comparable to the simulation results. In the experiments with
the failure of one of the drives, the vehicle does not approach
the lane boundaries more closely and shows comparable
control performance.
Due to the reduced velocity and therefore the shorter

length of the double lane change maneuver compared to
the simulation experiment, approximately twice as large
steering angle setpoints are required. The deviation between
the setpoint and actual steering angles is significantly larger
than in the simulation study. While the deviations in the
simulation for various failure scenarios ranged between
0.0159 rad and 0.0350 rad, they reach values of 0.0734 rad
to 0.0812 rad in the demonstrator vehicle driving tests. The
RMS steering angle error increases even more significantly,
being on average 3.6 times larger in the demonstrator
vehicle tests. A detailed examination of the steering angle
profiles during the maneuver indicates that the deviations
between the desired and actual steering angles are most
significant immediately following the direction changes,
and then gradually diminish in the subsequent phase. This
phenomenon can be attributed to the friction and the
associated high breakaway torque of the vehicle’s steering
system. A change in the direction of rotation leads to an
opposite effect of resistance, requiring the steering torque
to initially exceed a certain threshold before an effective
steering movement occurs.
Despite this additional challenge compared to the simu-

lated environment, the control approach used can robustly
follow the desired steering angle profile, regardless of
whether the downstream control allocation provides steering
torque through the steering actuator or through differential
steering. Combined with the torque vectoring compensation
functionality and the consideration of the torque vectoring
effect in the vehicle control system, this results in safe
vehicle guidance.
Overall, the results of the driving tests with the demon-

strator vehicle align with the findings of the simulation
study. It can be concluded that the correlations applied in
the control effectiveness matrix, the functionality of the

VOLUME 5, 2024 769



SEIFFER et al.: CONTROL ALLOCATION APPROACH USING DIFFERENTIAL STEERING TO COMPENSATE

torque vectoring compensation, and the modifications made
to account for the torque vectoring effect in the path tracking
controller are valid. Moreover, the approach presented has
been demonstrated to be effective when applied in a real
vehicle environment.

IV. CONCLUSION AND OUTLOOK
With this work, we have demonstrated that differential
steering can be employed as cross-actuator redundancy
while ensuring a safe and stable transition from nominal to
redundant steering control.
The control allocation approach ensures that the upstream

longitudinal and lateral controllers are able to guide the
vehicle in a stable manner, irrespective of whether steering is
achieved through a steering actuator or differential steering.
The control allocation prioritizes the steering functionality,
thereby also compensating for drive failures without affect-
ing the steering performance. Furthermore, the approach
provides an interface for external torque vectoring inputs,
which can be considered in failure-free operation if sufficient
degrees of freedom are available. The modular design of the
approach allows for integration into diverse cascaded control
structures and adaptation to a range of vehicle configurations
(e.g., four-wheel drive).
A comprehensive examination of the vehicle’s dynamics

following the actuator failures reveals that the vehicle’s
behavior remains consistent post-failure, exhibiting no
safety-critical deviations from the intended motion. This is
observed regardless of whether the driver employs manual
steer-by-wire input or the vehicle is steered automatically.
However, an ideally imperceptible transition is not achiev-

able with the vehicle configuration under consideration, as
the use of differential steering invariably affects the slip
angle, resulting in adjustments to the vehicle’s orientation
and, consequently, a temporary change in yaw rate.
Overall, the findings confirm the feasibility of using

differential steering as cross-actuator redundancy in the
event of a steering actuator failure in steer-by-wire systems.
However, there are aspects that require further investigation
in future research to clarify open questions and to gain a
full understanding of the limitations of the approach. Some
of these aspects are discussed below:
To incorporate the proposed approach as a redundancy

concept in a vehicle, integration into a suitable overall vehicle
architecture is required. This architecture could potentially
be based on the concept suggested by Bergmiller [4]. In
the broader context, it is necessary to identify the vehicle’s
specifications within its operational domain to derive specific
requirements for redundancy, while taking into consideration
the existing interactions between its components. This allows
the developed concept to be evaluated in terms of functional
safety and different configurations of the redundancy concept
to be compared.
The control allocation approach could be further developed

by introducing the ability to dynamically adjust its param-
eters, especially the elements of the weighting matrices,

depending on the driving situation or actuator states. For
instance, an actuator in danger of overheating could be
spared. As the control allocation approach relies on the input
of an actuator state detection module, the response time
requirements for the fault detection function must be derived
to define the requirements for such a diagnostic module.
In our study, we focus on the transition from nominal

operation to redundant operation, which is particularly
applicable in the context of permanent failures. However, in
the case of temporary failures, a sudden or intermittent return
to nominal operation may occur, resulting in a transition in
the opposite direction. In order to prevent this, a component
that has failed can be placed into a safe state. If the
component recovers fully, the transition back to nominal
operation can be initiated in a controlled manner, allowing
it to occur under conditions that are not critical from a
vehicle dynamics standpoint. Additionally, further studies
could investigate the opposite transition in a similar manner.
In order to comprehensively assess the viability of

differential steering in general, and the proposed approach
in particular, further experiments with real vehicles are nec-
essary. These should provide the evaluation of performance
under critical conditions, thereby enabling the identification
of limitations. One aspect involves higher velocities, where
vehicle stability must be ensured. In the presented cascaded
approach, stability arises from the interaction of the various
control layers and the additional feedback from the control
allocation. This must be tested and optimized for specific
configurations.
A further limitation arises in critical driving situations

with reduced road adhesion. In such instances, limitations
are anticipated that are not derived from the particular
implementation of the differential steering control approach.
Instead, they represent a general restriction associated with
differential steering redundancy. This is because the max-
imum achievable tire force limits the combined force of
longitudinal and lateral forces on the tire. A reduction in
adhesion coefficient can significantly diminish the maximum
transferable force.
In the context of conventional redundancy with a

redundant steering actuator, in the optimal scenario, no
longitudinal force is necessary at the tire, thereby allowing
the full adhesion potential to be utilized for the generation
of lateral force. In contrast, differential steering requires
the presence of longitudinal forces at the wheel in order
to generate the requisite steering torque, which in turn
counteracts the lateral force. Consequently, the maximum
attainable lateral force in this scenario is diminished, as a
fraction of the available maximum tire force is necessary to
generate the requisite longitudinal force. This consequence
is partially mitigated by the fact that, according to (4), torque
vectoring results in a reduction of the required lateral force
at the front axle. Nevertheless, the total tire force required to
generate the necessary lateral force remains greater than that
which would be required in a scenario using conventional
redundancy with a redundant steering actuator. If a maneuver
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TABLE 5. Demonstrator vehicle specifications and vehicle model and controller
parameters.

utilizing conventional redundancy already fully exploits the
potential of tire force due to reduced adhesion, the use of
differential steering is expected to result in lower lateral
forces and therefore a larger cornering radius.
To quantify this effect, further experiments could be

conducted using a double lane change maneuver at progres-
sively decreasing adhesion levels. This would help identify
the adhesion threshold below which redundancy through
differential steering does not provide a safe and comparable
solution to conventional redundancy.

APPENDIX A
VEHICLE SPECIFICATIONS
Specifications of the demonstrator vehicle and its compo-
nents, as well as the resulting torque ranges and vehicle
control parameters, are listed in Table 5.

APPENDIX B
MODIFIED PATH TRACKING CONTROLLER
A.CONSIDERING DRIVE TORQUES IN THE CONTROL
APPROACH
The basis for the path tracking controller used is the
enhanced Stanley controller by Seiffer et al. [22]. The

modifications made to account for the influence of longitu-
dinal forces and torque vectoring are described below. The
corresponding equations in [22] are referenced.
When calculating θss,flong and θss,rmod (refer to equations

[22, eqs. (14) and (15)]), it is necessary to consider the
influence of the total drive force Flong on the slip angles.
According to Römer [5] the additional yaw torque Mz,long

caused by the total drive forces is given by

Mz,long = (
FW1,long + FW2,long

)
sin(δact)a (35)

and its effect on the lateral forces by

�FW1,2,lat = − Mz,long

cos(δact)l

�FW3,4,lat = Mz,long

l
. (36)

Thus θss,fmod and θss,rmod result in

θss,fmod = θss,f − tan(δact)a

lCy1,2

Flong

θss,rmod = θss,r + sin(δact)a

lCy3,4

Flong. (37)

Further effects caused by the torque vectoring error
Mz,TVerror must be taken into account in the control law. It
must be ensured that the effects already taken into account
in the TV compensation (Section II-C3) are not compensated
twice.
The vehicle orientation to be expected in the steady state

is influenced by Mz,TVerror . The resulting angle θss,rTV is given
in analogy to (4) by

θss,rTV = 1

Cy3,4 l
Mz,TVerror . (38)

The angle θss,rTV must be considered in different equations
as follows.
The reference coordinates of the front axis xf ,ref and yf ,ref

(see [22, eq. (4)]) become

xf ,refmod = xr,ref + l cos
(
ψr,ref

+ θss,rmod + θss,rTV
)

yf ,refmod = yr,ref + l sin
(
ψr,ref

θss,rmod + θss,rTV
)
. (39)

Accordingly, the kinematic reference steering angle δκ,ref
and the reference orientation ψf ,ref ([22, eqs. (7) and (8)])
become

δκ,refmod = arctan
lκref − sin

(
θss,rmod + θss,rTV

)

cos
(
θss,rmod + θss,rTV

) , (40)

ψf ,refmod = ψr,ref + θss,rmod + θss,rTV + δκ,refmod , (41)

and the actual orientation error θ∗
r (equation (17) in [22])

θ∗
r,mod = ψr,ref − ψr + θss,rmod + θss,rTV . (42)
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B.TORQUE VECTORING REFERENCE CALCULATION
The purpose of the torque vectoring approach used is not to
obtain an optimal torque vectoring reference, but to provide
a simple and robust solution that proves that the proposed
control allocation method can handle this additional input.
Therefore, a simple technique is implemented to compute
the torque vectoring reference Mz,TVref .

In the first step the path tracking controller’s steering angle
output δref is taken to calculate a corresponding yaw rate
target ψ̇ref . By considering the bicycle model and eliminating
the slip angle-related effects within δref (refer to equations
(5), (7), and (13) in [22]), we obtain

ψ̇ref = vr,act
l

(
tan

(
δref − θss,fmod

)
cos

(
θss,rmod

)

+ sin
(
θss,fmod

))
. (43)

In the second step, the target torque vectoring torque is
calculated based on the difference between the reference and
the actual yaw rate. This yields

Mz,TVref = kpyaw
(
ψ̇ref − ψ̇act

)
. (44)

The parameter kpyaw can be used to adjust the intensity of
the torque vectoring support. A value of 10000 was chosen
to observe appropriate behavior.
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