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ABSTRACT

Combat vehicles are exposed to high risks due to their high ground clearance and nature
of operation in harsh environments. This requires robust stability controllers to cope
with the rapid change and uncertainty of driving conditions on various terrains. More-
over, it is required to enhance vehicle stability and increase safety to reduce accidents’
fatality probability. This research focuses on investigating the effectiveness of different
lateral stability controllers and their integration in enhancing the cornering performance
of an 8x8 combat vehicle when driving at limited handling conditions.

In this research, a new Active Rear Steering (ARS) stability controller for an 8x8 com-
bat vehicle is introduced. This technique is extensively investigated to show its merits
and effectiveness for human and autonomous operation. For human operation, the ARS
is developed using Linear Quadratic Regulator (LQR) control method, which is com-
pared with previous techniques. Furthermore, the controller is extended and tested for
working in a rough and irregular road profile using a novel adaptive Integral Sliding
Mode Controller (ISMC). In the case of autonomous operation, a frequency domain
analysis is conducted to show the benefits of considering the steering of the rear axles
in the path-following performance at different driving conditions. The study compared
two different objectives for the controller; the first is including the steering of the rear
axles in the path-following controller, while the second is to integrate it as a stability
controller with a front-steering path-following controller.

In addition, this research introduces a novel Differential Braking (DB) controller. The
proposed control prevents the excessive use of braking forces and consequently the lon-
gitudinal dynamic’s deterioration. Besides, it introduces an effective DB controller with
less dependency and sensitivity to the reference yaw model.

Eventually, two various Integrated Chassis Controllers (ICC) are developed and com-
pared. The first is developed by integrating the ISMC-ARS with the DB controller using
a fuzzy logic controller. The second ICC integrates the ISMC-ARS with a developed
robust Torque Vectoring Controller (TVC). This integration is designed based on a per-
formance map that shows the effective region of each controller using a new technique
based on Machine Learning (ML).

Keywords: Chassis control; Lateral stability; Intelligent control; Multi-axle; Combat
vehicles
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CHAPTER 1

Introduction

1.1 Motivation

Multi-axles vehicles are widely used in the military field due to the better distribution
of the vehicle weight over the wheelbase. Furthermore, it provides better reliability
because of its capability of enduring problems such as tire damage or perforation, so the
vehicle can operate effectively with such problems. Despite these advantages, multi-
axles combat vehicles have a tendency to rollover compared to conventional 2-axles
vehicles, as a result of their higher ground clearance and center of gravity. Besides,
its nature of operation in harsh environments and off-road driving conditions that need
higher safety standards and ensuring stability.

The motivation of this research is to enhance the handling performance and stability
of multi-axles combat vehicles to reduce accidents possibility and fatality of the cabin
crew. Accordingly, several active chassis control approaches will be investigated at
normal and severe driving conditions to attain the desired objectives utilizing various
actuators allocation.

Nowadays, many safety features are commercially available for safety-demand such as
Anti-lock Braking System (ABS), Electronic Stability Control (ESC) or Vehicle Stabil-
ity Control (VSC), Active Suspension (AS) systems, Traction Control Systems (TCS),
lane departure warning, and so on. These systems aim to maximize the driver’s control
in normal driving conditions and support him with aids at severe maneuvers. Thanks
to these and other systems, in (2019) National Highway Traffic Safety Administration
(NHTSA) reported that the fatality rate per 100 million Vehicle Miles Traffic (VMT) de-
creases by 66 % since 1975 [1]. In addition, ESC shows the ability to decrease the road
fatalities ratio by 0.25, drifting from the road by 0.4, and vehicle’s tip over by 0.5 [2].
Notwithstanding, it was reported that around 5 % of the crashes related to the vehicle
failure and the weather condition [3].
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1.2 Objectives

The objectives of this thesis work include:

• Examining the vehicle’s maneuverability for multiple passive steering configura-
tions at very low speed for different maneuver courses.

• Presenting a new approach using Active Rear Steering (ARS) without a yaw ref-
erence model and comparing it with the existing techniques.

• Investigate the merits of ARS in terms of; enhancing the vehicle’s lateral stability
with and without considering the road’s irregularities, and the incorporation of
ARS for path-following application.

• Introducing a differential braking control strategy based on an activation crite-
rion to avoid the drop in vehicle’s speed associated with the excessive use of the
braking torque.

• Designing a robust Direct Yaw Controller (DYC) using a Torque Vectoring Con-
trol (TVC) as allocation strategy.

• Developing and testing different Integrated Chassis Control (ICC) methods at lim-
ited handling driving conditions.

1.3 Major contributions

The major contributions of this research are as follows:

1. A novel investigation approach of the multi-wheeled vehicle maneuverability was
introduced.

2. A new approach of developing a lateral stability controller was introduced using
the interdependent steering of the rear axles with zero reference model, which
eliminated the controller dependency on the reference model.

3. A novel ARS based on AISMC was developed to ensure minimum use of the
actuator, smooth operation, and high stability for rough-rigid road operation.

4. A frequency domain analysis was conducted to show the advantages of incorpo-
rating the steering of the rear axles in a path-following application and to give an
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insight for the best utilization of the rear axles.

5. A novel GP-based DB controller was designed that needs a low-dimension dataset
for training and ensured continuous output in comparison with a neuro-fuzzy-
based controller.

6. A new comprehensive performance map was developed, which showed the effec-
tive operating conditions of different controllers.

7. A novel coordinator controller based on GP optimization that significantly de-
creased the processing time in comparison with the fuzzy rules was developed.

1.4 Thesis outline

Chapter 2 presents a comprehensive literature review of the most recent research studies
that have been done in the field of vehicles’ lateral stability. The importance of im-
plementing lateral stability controllers such as DYC, which includes differential braking
and TVC, and active steering stability controllers have been discussed. Besides, methods
of integrating different chassis controllers were reviewed in detail. Also, an overview on
considering stability controllers for autonomous vehicles is presented. Eventually, the
gaps in the reviewed research works were summarized at the end.

In chapter 3, the configuration of the 8x8 combat vehicle that was utilized in this research
was introduced. Then, the maneuverability of the vehicle was assessed and compared
with various passive steering configurations; parallel (crab) All-Wheel Steering (AWS),
counter AWS, and 3-axles steering with fixed 3rd axle. The chapter presents the advan-
tages and limitations of each controller using standard maneuvers such as curb-to-curb,
minimum road width, constant step slalom and Nato double lane change (DLC). Finally,
the steering configurations’ limitations at high speed were examined by conducting a
slalom maneuver.

Chapter 4 investigates the influence of incorporating the steering of the rear axle on
the vehicle performance in the case of conventional and autonomous driving. For con-
ventional driving, a new approach for ARS stability controller is introduced in chapter
4. This approach utilizes a Linear Quadratic Regulator (LQR) controller that uses the
independent steering of the rear 3rd and 4th axles to maximize its effect in the ARS
controller. Besides, a feedforward ARS system is integrated with the developed LQR
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controller for low-speed operation only. The feedforward ARS objective is to ensure a
Zero Side Slip (ZSS) at a speed below 20 km/h. The integrated controller is compared
with an LQR ARS that utilizes the steering of the rear 4th axle with a fixed 3rd axle and
an AWS-ZSS controller, which were presented previously in [4, 5].

After that, a novel Adaptive ARS controller is developed for driving on a hard road with
irregularities. Based on the developed LQR-ARS controller, an Integral Sliding Mode
Control (ISMC) is developed to stabilize the vehicle when driving on a rough-rigid road.
The ISMC utilizes the integration of a linear controller with a nonlinear control term. A
gain-scheduled LQR controller is used instead of the linear term, where the scheduled
gains are optimized by the Genetic Algorithm (GA) using a new synthesized cost func-
tion. Furthermore, the scheduled gains are replaced by equations to ensure a smooth
transition between the operating points where Genetic-Programming (GP) is used to
derive these equations. The developed controller is tested against the uncontrolled (con-
ventional) vehicle and traditional LQR-ARS controller.

In order to investigate the advantages of incorporating the steering of the rear axles for
autonomous operation, a frequency domain analysis is conducted later in chapter 4. In
addition, the integration of a stability-ARS system with a path-following controller that
utilizes a front-steering is compared with a path-following AWS controller. H∞ con-
trol theory is used to develop the aforementioned controllers with considering uncertain
vehicle’s velocity.

In chapter 5, two Direct Yaw Moment (DYC) are developed. The first is a novel Differ-
ential Braking (DB) controller that is developed using machine learning control theory.
Neuro-Fuzzy (NF) is used to generate the control rules using a high-dimension dataset
that is obtained from a series of simulations. The NF controller is compared with a
GP-based controller that used a low-dimension dataset in the training process. The sec-
ond controller is a hierarchical-TVC. The controller consists of high-level and low-level
controllers. The high-level controller is designed based on conventional SMC theory to
generate a corrective moment to stabilize the vehicle. The low-controller level is used to
allocate this corrective moment to the vehicle’s driving torque, which is distributed on
the right and left wheels’ sides based on the friction circle. In addition, the importance
of considering the vehicle’s sideslip in the control design to enhance the controller’s
performance is presented.
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In chapter 6, two ICCs are introduced and their performance is evaluated versus the
conventional uncontrolled vehicle. The first ICC exploits the integration of the ARS
with TVC, where a novel coordination controller that is developed by a GP optimization
technique is used for the integration. The developed GP-coordinator is trained on a
dataset that presents a performance map, which presents the effective operating region
of ARS and TVC controllers for various driving speeds and different roads’ coefficient
of frictions. The second ICC utilizes the integration of the ARS with the DB controller
using fuzzy rules based on the road friction coefficient.

Finally in chapter 7, the conclusions, future work, major contributions from this re-
search, list of refereed journals and conferences papers are presented.
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CHAPTER 2

Literature Review

2.1 Introduction

In 2018, Singh [3] mentioned in a technical report that most vehicle accidents occur
while negotiating a maneuver or avoiding an obstacle. Therefore, a large number of
published studies considering the vehicles handling stability or so-called lateral stabil-
ity are performed. These studies were introduced to enhance the vehicles’ directional
performance by controlling either the vehicles’ sideslip and/or yaw rate. A review study
was conducted by Manning and Crolla [6] in 2007 on the yaw rate and sideslip con-
trollers. The study showed that controlling the yaw rate reinforces the driver’s feeling
of confidence when handling the vehicle while controlling the vehicle sideslip has more
influence on the vehicle stability. Commonly, the lateral dynamics are controlled using
two methodologies. The first method is Direct Yaw Control (DYC), in which an exter-
nal yaw moment is applied to the vehicle to limit its yaw motion or meet a desired yaw
signal. This moment can be developed by manipulating the traction/braking forces on
the vehicle’s right and left wheels. The second method is Active Steering Control (ASC)
systems, where an additional lateral force can be generated by actively steering the front
and/or rear axle’s wheels.

Integrated Chassis Control (ICC) systems have been developed to combine multiple
objectives. The objectives of delivering a better driving feeling and improving vehicle
stability by integrating the DYC and the ASC systems. The integration of these two
methods is usually done by using either top-down or bottom-up techniques. In the top-
down technique, all controllers and actuators are considered in a high-level controller
that generates the control actions. However, in most cases, a lower-level controller is
needed to transform the control inputs into an actuation. This controller is known as the
allocation controller. On the other hand, in the Bottom-up technique, all controller is
designed separately and a lower-level controller is developed to prevent the interference
between each control action, and arrange the actuation signals, which is known as a
coordination controller [6].
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In this research, previous studies on controlling the ground vehicles’ lateral dynamics
using DYC and ASC will be reviewed. Furthermore, the method of integration of both
controllers will be illustrated to define the state of art and lack in the published work.
Subsequently, consideration of lateral dynamic and stability control in path tracking
applications will be presented.

2.2 Direct yaw control

All-wheel drive vehicles provide traction for the front and rear wheels. In the case of
cornering, any loss of traction at the front wheels will increase the chance of oversteer-
ing. In contrast, a loss of traction at the rear wheels exposes the vehicle to understeer.
Both cases could occur near the traction limit while driving in severe conditions. This
situation is called limit handling conditions. In a study done by Shibahata et al. 1993
[7], β-method was introduced. This method introduced vehicle stability as a function
of its sideslip and the tires’ slip angles. Based on that relation, a corrective moment
was determined for different steering angles and longitudinal acceleration as shown in
figure 2.1. The corrective moment was then allocated through the distribution of the
traction/braking torque between the right and left wheels of the rear axle based on the
lateral and longitudinal acceleration. In another study in 1995 on DYC and its effect on
vehicle stability, Ikushima and Sawase [8] studied the feasibility of using a new torque
distribution technique utilizing Continuous Variable Transmission (CVT)-based differ-
ential, which was mounted on the rear axle. This technique aimed to decrease the energy
losses that the existed differentials at this time were suffering from. Then, to generate
the required corrective moment, a feedback Proportional-Integral (PI) controller was
used. The proposed method was able to improve the vehicle handling performance in
terms of reducing the sideslip and the yaw rate at high speed and efficiently increasing
the limit of lateral acceleration.

A more efficient method to address the vehicle’s stability was introduced in 1995 by
Inagaki et al. [9]. The authors utilized phase-plane nonlinear analysis to introduce the
β− β̇ phase plane method. This method defined a stability region as in figure 2.2, where
the vehicle is stable and the sideslip β and sideslip rate β̇ satisfies equation 2.1, where
A and B are constants.
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Figure 2.1: Relation between corrective moment and vehicle sideslip at different front
steering angles[7]

|Aβ̇ +Bβ| < 1 (2.1)

Figure 2.2: β − β̇ phase plane [9]

Koibuchi et al. [10] used this method later in 1996 within a study on the effectiveness
of braking an individual wheel on the generated corrective yaw moment required to
stabilize the vehicle. The study showed that braking inner-rear and outer-front has the
maximum effect in producing inward and outward yaw moments, respectively, as shown
in figure 2.3. The study showed that the vehicle stability and handling improved but with
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deteriorating the longitudinal performance. A similar braking scheme was introduced in
2000 by Youn and Song [11] based on feedback Proportional-Derivative (PD) controller.
The controller was used to generate the required corrective moment to stabilize the vehi-
cle and follow the desired yaw signal. After that, a lower controller was used to generate
this corrective moment using the braking forces based on two stability factors. The first
was obtained based on the β− β̇ method, while the second was determined based on the
yaw rate error that implies whether the vehicle follows the driver’s commands or not.
The proposed controller prevented the vehicle from losing its stability. Nevertheless, the
stability index was highly dependent on the estimation of the road friction coefficient,
which was not considered in the study.

Figure 2.3: Effect of wheels’ braking on the vehicle yaw rate [10]

The contentious variation in driving conditions and vehicle parameters, e.g road friction,
vehicle velocity, and weight, required a robust controller to accommodate these varia-
tions and modelling uncertainty. For this reason, a Sliding Mode Controller (SMC) was
adopted in several studies as it was known for its robustness against model uncertainty
and bounded disturbance. An SMC based on two degrees of freedom (2-DOF) model
was introduced in 1999 by Abe et al. [12] utilizing β − β̇ method. In that study, the
SMC was used to generate the desired corrective moment to stabilize the vehicle. The
corrective moment was then allocated by generating an additional driving force to one
wheel and braking force to the opposite one. Further, in 2003, Yi et al. [13] compared
a simple DYC with an SMC-DYC based on a 2-DOF model that utilized the wheels’
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braking pressure. The study showed that it was more efficient to include the yaw rate
and vehicle sideslip in the sliding surface design. It has been found that the proposed
controller gave smoother and better lateral performance than simple DYC.

Generally, SMC offers a robust solution for modelling uncertainties and disturbance
by introducing discontinuous control term [14], which did not consider in the previous
studies. However, by adding this term the controller will suffer from the chattering
phenomena, which add difficulties in practical implementation. One method to get rid of
this phenomenon is using approximation and saturation functions to smooth the output,
as shown in figure 2.4. However, using this approximation makes the error convergence
time not guaranteed, which is known as quasi-SMC [15].

Figure 2.4: Control input with (right) and without (left) approximation function [16]

In 2007, Zhao et al. [17] introduced a quasi-SMC to track a reference yaw rate and
sideslip at steady-state driving condition utilizing the braking/driving forces using simi-
lar distribution as in [13]. They included the roll motion in the control design using a 4-
DOF model. Furthermore, a frequency-based sideslip estimator was introduced by com-
bining kinematic and dynamic-based estimators. In SMC, it was assumed that knowl-
edge about the uncertain dynamics was available, which is not always valid. Therefore,
a simulation-based study was introduced by Asiabar et al. in 2019 [18] using Adaptive-
SMC (ASMC), as shown in figure 2.5. The adaptation role was developed based on the
estimated tires’ cornering stiffness, which didn’t require information about the uncer-
tainties bounds. The proposed controller was tested on a four-in-wheel electric motors
vehicle, which gave good stability and lateral performance. However, the implementa-
tion of the real vehicle was not verified. In 2020, Li et al. [19] proposed an ASMC to
control the wheel’s driving torque of an electric vehicle. The controller was designed to
cope with the vehicle and tires parameters uncertainties due to the continuous change in
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the tires’ vertical load.

Figure 2.5: Scheme of ASMC as proposed by Asiabar et al. [18]

An alternate method that offers robustness against uncertain vehicle parameters and
unmodeled dynamics is Linear parametric Variable (LPV)-based controllers, in which
any uncertain or varied parameter can be considered in the LPV model. Then, the control
gains are scheduled based on these parameters. In 2015, an LPV-H∞ controller was
introduced by Raharijaona et al. [20] based on a 2-DOF bicycle model considering
various longitudinal speeds. The control objective was the rejection of side wind effects
in normal driving conditions to assist the driver in keeping the desired path. Better
stability was obtained by the controller when compared with conventional H∞ control
methodology.

In a study introduced in 2008, an H∞-based Internal Model Controller (IMC) was com-
pared with SMC by Canale et al. [21]. IMC controller offered robustness besides the
ability to handle the actuator saturation using an anti-windup method, as showed in fig-
ure 2.6. A reference model based on a nonlinear tire model was introduced to improve
the transient response of the vehicle. Furthermore, the proposed IMC controller consid-
ered the vehicle model uncertainty as a transfer function, which was determined from
simulations using a 14-DOF nonlinear model. The results showed that both IMC and
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SMC controllers gave a good transient performance and small tracking error. However,
the behaviour on a low coefficient of friction road was not evaluated and the uncontrolled
vehicle offered better performance in braking in turn maneuver at high speed.

Figure 2.6: IMC Scheme as proposed by Canale et al. [21]

Different vehicle varied parameters were considered in further studies, such as tire cor-
nering stiffness, vehicle mass and inertia. In 2018, LPV-H∞ controller considering
nonlinear tires characteristics was introduced by Weiss et al. [22]. The controller aimed
to improve lateral stability using a rear axle’s in-wheel electric motors by applying TVC.
In 2018, Zhang et al. [23] considered the variation of the mass moment of inertia as-
sociated with the fuel consumption in the controller design. Nevertheless, in that study,
the tire characteristics were considered to be linear. In 2018, another study based on
a gain-scheduling controller that used optimal Linear Quadratic Regulator (LQR) was
introduced by Wang et al. [24]. A robust LQR gain-scheduled controller was designed
to cope with the unmodelled and varied vehicle parameters and disturbances. The con-
troller included three terms. A feedforward term based on the driver input and the de-
sired yaw rate to give a better transient response, and a conventional LQR feedback
term for better reference tracking. The third was a robust feedback term to cope with
the variation in the vehicle’s parameters. The controller was verified for testing on a dry
road only and implemented on a Rang rover, where it showed better performance and
stability than the conventional gain-scheduled LQR controller.

Most of the aforementioned controllers used an upper-controller to generate the correc-
tive moment, while a lower-level controller was used to allocate and execute the control
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action, as illustrated in figure 2.7. Besides that, it was found that integrating a slip con-
troller with the lower allocation controller can increase the effectiveness of DYC that
utilizes tires driving/braking forces [8, 17, 18]. Optimization-based controllers were
used to offer the reduction of two-level controllers into one controller, where different
optimal-constrained control signals and the vehicle dynamics were included together.

Figure 2.7: Upper and lower control scheme as illustrated [25]

In 2014 and 2015, Kasinathan et al. [26, 27] developed an optimized constrained Holis-
tic Corner Controller (HCC). This method utilized linear-constrained quadratic pro-
gramming that solved the formulated cost function to assist the driver in keeping the
desired path. The formulation of that cost function aimed to minimize the error between
the generated lateral and longitudinal forces and the desired ones. In addition, differ-
ent DYC schemes were introduced exploiting All-Wheel Drive (AWD), and combined
rear-wheel braking and opposite front-wheel driving as an application for the proposed
constrained HCC. The controller was tested for high and moderate speed at various road
coefficients of friction and the implementation on a real vehicle was considered with
significantly low processing time.

A most widely used optimization-based controller is the Model Predictive Controller
(MPC), in which the optimization problem is solved to satisfy the desired objective
function and constraints based on the prediction of vehicle states and control action. In
(2016), Jalali et al. [28] proposed an MPC that combined tire slip control and DYC,
utilizing the distribution of driving/braking force on each wheel based on a 2-DOF bi-
cycle model. A quadratic optimization was used to minimize the yaw rate error, vehicle
sideslip, and wheel velocity error between the vehicle and the desired signals. An elec-
tric Chevrolet Equinox was used to implement and test the controller, which showed
an improvement in the handling performance and stability of the vehicle. Despite the
advantages of MPC controllers, exploiting a linear bicycle model in the controller de-
sign makes it difficult at some points to cope with the change in the nonlinear dynamic.

13



Therefore, a nonlinear MPC is required. In 2018, Metzler and Tavernini [29] developed
an explicit Nonlinear MPC (NMPC) to control vehicle lateral stability. This method
offered an offline suboptimal solution to the controller, in which the complexity of the
calculations of the online (NMPC) was avoided. The optimization problem cost func-
tion reformulated to be solved numerically using the direct method. After that, it was
approximated to have a suboptimal solution using multi-parametric quadratic program-
ming, where the approximation inaccuracy was controlled using iteration. The proposed
method was tested using simulations, where it showed a bounded yaw rate with a de-
crease in the rear tires’ slip angles. However, the complexity of the proposed controller
was not tested for real-time processing.

All of the introduced studies concerned two axles vehicles and didn’t consider the con-
trol of multi-axles vehicles because of the complexity that may appear with the increase
in the actuators numbers. However, these vehicles have several applications in the com-
mercial and military fields for many advantages that they offer. The distribution of load
over more than two axles gives better stability and maneuverability. Furthermore, they
show better safety characteristics as they can tolerate faults such as tire malfunction.

In 2011, Kim et al. [30] utilized the distribution of traction forces on each wheel to track
the reference yaw model for an 8 wheel drive/4 wheel steer (8WD/4WS) combat vehicle
using 8-in wheel electric motors. An upper controller using a quasi-SMC was designed
to generate the required corrective yaw moment, which was allocated through a lower
controller to distribute the traction forces. The lower controller allocation was based on
a quadratic programming optimization technique, where a quadratic cost function was
synthesized to constraint the traction forces based on the friction circle. The proposed
method was evaluated through a simulation environment against an equal force distri-
bution method and showed enhancement in yaw tracking accuracy and vehicle stability.
Another study on TVC was developed in 2014 by Ragheb [31] to control an 8x8 front-
steering combat vehicle utilizing an active differential. In that study, three decoupled
Proportional-Derivative-Integral (PID) were designed to control the vehicle lateral ac-
celeration, yaw rate, and longitudinal velocity. To track the desired signal determined
by a steady-state bicycle model and follow the driver’s command, a combined correc-
tive moment was generated from the PIDs controllers. Then, this corrective moment
was distributed by a lower-level controller, in which the required torque was divided
equally then added to one side of the vehicle’s wheels and subtracted from the opposite.
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The controller improved the vehicle handling and prevent rollover at severe maneuvers.
In 2016, Ni et al.[32] performed a study on a hybrid 8WD combat vehicle to reduce
the turning radius, increase maneuverability at low speed, and enhance stability at high
speed. The study utilized differential steering to increase vehicle maneuverability when
driving at low speed. The traction forces were distributed over the rear axles based on
the difference between the actual steering and the desired one using a P-controller. Fur-
thermore, to improve the lateral stability a neutral-steer ratio was introduced. This ratio
was defined as a function of the yaw rate and yaw rate gain to ensure the tendency to
understeer at high speed and decrease the understeer tendency at low speed. However,
the interference between control action and the driver command did not discuss.

2.2.1 Summary on direct yaw control

1. β − β̇ method proofed to be highly effective than any other method to imple-
ment a braking-based DYC, as the vehicle sideslip and sideslip rate gave a better
indication of the stability.

2. Stabilizing the vehicle using the distribution of braking forces is efficient in im-
proving vehicle stability, especially in the limited handling conditions. However,
the longitudinal performance becomes deteriorated.

3. The integration between braking and driving forces distribution is considerably
effective to control the vehicle lateral performance with less effect on the longitu-
dinal performance.

4. Most of the introduced studies use in-wheels electric motors to implement TVC,
which results in a good performance. Nevertheless, this option may not be feasible
in some cases, especially in heavy vehicles, i.e. multi-axles, and combat vehicles.
Meanwhile, DYC based on braking forces distribution is considered to be the best
alternative if the effect on longitudinal dynamics is not important.

5. The utilization of braking force in DYC was implemented by either the use of
the most effective wheel on the yaw rate or the optimal distribution based on
the friction circle and tires’ longitudinal slip. Still, the implementation of both
methods together was rarely considered. Therefore, more studies in this area are
needed.
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6. Generally, there is a lack in studying the lateral stability of multi-axles vehicles.

7. Unity-SMC, which uses one control input, was used often in developing DYC be-
cause of its robustness. However, most studies included the approximation func-
tion to avoid chattering, which reduces the controller effectiveness.

8. MIMO-SMC was almost not considered in the studies. Furthermore, to include
the vehicle’s varied parameters in the control design, adaptive-SMC was pre-
sented, while gain-scheduled SMC was not introduced.

9. Controller robustness against model uncertainty and disturbance rejection were
satisfied using H∞-based controller. However, frequency domain analysis of
this robustness is almost not considered and needs more clarification. Moreover,
optimization-based controllers were effective but work on minimizing the com-
plexity and processing time are still going.

2.3 Active steering control

It was concluded from the previous section that controlling the braking/driving forces
has a great effect on improving vehicle lateral stability. Even when it comes to sta-
bility limits, braking-based control systems were found to be beneficial in stabilizing
the vehicle. However, the use of braking forces has a significant effect on deteriorat-
ing longitudinal performance. Therefore, another method to control the vehicle stability
utilizing the Active Steering Control (ASC) was introduced by adding additional lateral
forces on the front or/and rear wheels to offer comfort driving and improve stability
without affecting the longitudinal dynamic.

The development of Active Front Steering (AFS) systems was introduced as an effec-
tive way to control the vehicle yaw rate. However, as AFS interferes directly with the
driver’s steering command, a robust controller is needed to ensure smooth action and
limit that interference. Therefore, the H∞ control method was widely used as it utilizes
a frequency domain weighting function to constraint the inputs and the desired perfor-
mance over the frequency domain. In 1996, Ono et al. [33] introduced a robust H∞
using a 2-DOF model to prevent lateral force saturation on the rear wheels by control-
ling its slip angles utilizing an AFS controller. In this work, a phase-plane analysis was
conducted for the vehicle sideslip-yaw rate. The analysis defined the stability region
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for different front steering angles and determine the front steering angle at which insta-
bility occurs or at which a saddle-node bifurcation exists. The proposed controller was
designed to be robust against the uncertainty in modelling the front wheels’ cornering
stiffness and cope with the variation in the front wheel slip angle. Furthermore, the con-
troller prevented the vehicle from spinning when tested on a low coefficient of friction
surface. The importance of including the roll motion in the controller design was intro-
duced in 1998 by Feng et al. [34]. In this study, an analysis of the vehicle dynamics
in the frequency domain was compared with experimental data. The analysis showed
that the vehicle lateral acceleration drastically decreased at a certain frequency, which is
not collected by analyzing the 2-DOF model. This drop may result in oscillations that
affect the roll motion of the vehicle, which made it more convenient to include the roll
motion in the controller design to damp it. Simulation results showed that oscillation,
that measured at the front and rear dumpers, was significantly decreased in comparison
with a controller-based only on the 2-DOF model that did not include roll motion.

Later in 2002, Mammar and Koenig [35] conducted a phase-plane analysis of the vehicle
yaw rate and sideslip at different road coefficients of friction, front steering angles, and
speed. The analysis showed that at certain initial states, as driving at a low coefficient
of friction road or high steering angle, the vehicles may lose their stability. Based on
that, a feedforward controller was introduced to damp the yaw response of the vehicle.
This feedforward controller was combined with feedback H∞ controller and applied to
reject the side wind effect. Later in (2011), H∞/H2 was introduced by Zhao et al.[36],
which showed good performance. However, there was an opposition between the con-
trol effect and the control output, which was addressed in (2019) by Zhao et al. [37]
when using H∞/H2 controllers. This opposition indicated that if better performance is
required, so more control effort is needed, which may not be always feasible due to the
actuators’ limitations. To maximize lateral dynamic performance with minimum control
effort, an AFS based on a combinedH∞ mixed sensitivity and extension controllers was
presented, as in figure 2.8. The extension controller analyzed the vehicle status and data
to obtain adequate control output from three controllers outputs namely, H∞, extension,
and H∞-extension controllers for three datasets. The evaluation on dry and wet sur-
faces showed the preference of using the proposed controller over H∞/H2, where better
performance and stability were obtained.

Despite the merits of using AFS, it was found to be only effective in controlling the yaw
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Figure 2.8: Combined H∞ mixed sensitivity and extension control scheme[37]

rate, while the effect on the sideslip is not assured. In addition, there was a limitation in
controlling the front steering angle to prevent contradiction with the driver’s command
and generate a feeling of losing control. Besides that, in the case of lateral force satu-
ration on the front wheels, no more control effort can be added. Hereby, Active Rear
Steering (ARS) was introduced to offer a higher degree of controllability for vehicle
stability that generates additional lateral force without increasing the vehicle sideslip.

In 1986, a study done by Shibahata et al. [38] introduced two feedforward ARS configu-
rations to ensure a vehicle zero sideslip (ZSS), as shown in figure 2.9. One configuration
aimed to control the vehicle at low speed to increase the maneuverability and minimize
the turning radius, while the other was used to enhance stability at high speed. For more
robustness, a combined H∞ feedback and feedforward ZSS controllers were developed
in 1997 by Hirano et al. [39]. ZSS was designed based on the steady-state single-track
(bicycle) model, while the introduced feedback controller was designed based on the
Model Matching controller (MMC) technique, which is illustrated in figure 2.10. This
method was conducted to achieve better yaw tracking performance in comparison with
a standalone feedback controller. Later in 1998, a study conducted by Fujita et al. [40]
on the effect of ARS on vehicle stability showed that the driver feeling of safety was
increased as the vehicle sideslip angle was decreased. In that work, an H∞ based on
structured singular values (µ synthesized) was introduced to control the vehicle sideslip,
which showed the effectiveness of ARS to prevent the vehicle from reaching stability
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limits. This effectiveness was confirmed later in a study performed in 2010 by Canale
and Fagiano [41]. The study introduced a comparison between Rear Deferential Brak-
ing (RDB) and ARS to control the vehicle yaw rate and sideslip utilizing a robust H∞
controller, which was used also previously in Canale et al. (2008) [21]. The comparison
showed the superiority of ARS in controlling the vehicle lateral motion and stability in
all driving conditions.

Figure 2.9: Rear wheel to front wheel steer ratio in feedforward ZSS [38]

Figure 2.10: MMC schematic diagram [39]

H∞ controller was used to include the tire nonlinear characteristics and offer robustness
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against the cornering stiffness and road friction uncertainty. A less sophisticated robust
controller was introduced in 2019 by Park et al. [42]. The controller didn’t depend on
the road friction or the tire dynamics. The controller consisted of two terms. The first
was a feedforward term that was designed based on the ratio between the understeer
coefficient of the front and rear axle. The second was a feedback controller based on the
rate of change in the vehicle sideslip. The controller showed good performance on dry
and wet asphalt in comparison with an uncontrolled vehicle. However, the robustness of
the proposed controller needed more analysis.

Several studies on multi-axle vehicles were introduced to exploit different steering con-
figurations. In a study on the handling performance of a six-wheeled vehicle, different
steering configurations were analyzed by Huh et al. in 2002 [43]. The analysis showed
that the non-active 6-WS configuration has high lateral acceleration and yaw rate gain
with a higher response in the yaw motion than other configurations. However, by de-
signing an ARS system, it was proved that vehicle sideslip, lateral acceleration, and
yaw rate gains can be decreased and consequently increase stability. The proposed ARS
system adopted the steering of the middle axle by a ratio based on the front axle’s steer-
ing angle, while the rear axle actively steered to track the desired yaw rate signal and
obtain vehicle ZSS. Later in 2007, Chen et al. [44] combined feedback-LQR, integral
feedback, and feedforward ZSS controllers to achieve robustness and higher maneu-
verability than the one proposed by Huh et al. (2000) [43]. However, the study only
considered testing the vehicle at low speed (36km/h), which makes the performance at
high speed and low coefficient of friction road questionable. In 2018, Russel [4] studied
the handling performance of an 8x8 combat vehicle by comparing an LQR controller
and a feedforward ZSS controller. The LQR objective was tracking a reference yaw rate
and vehicle sideslip that were generated from a steady-state 2-DOF bicycle model. The
controllers utilized only the active steering of the fourth axle, while the third one was
fixed. The study recommended the use of two separate controllers at low and high speed
as the ZSS is only effective at low speed, while the LQR controller is more effective at
high speed.

2.3.1 Summary on active steering control

1. Investigating some of the work done on ASC showed that it is a powerful method
to control the vehicle with less effect on the longitudinal performance. In addition,
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it can effectively prevent the vehicle from reaching limited handling conditions.

2. For AFS, robust controllers were widely used, especially H∞. These controllers
were used to ensure limited additional steering and robust performance against
uncertainty and disturbance.

3. ARS has an outstanding effect in limiting the vehicle sideslip, maintaining stabil-
ity and consequently increasing the driver’s feeling of safety and control. Nonethe-
less, the excessive use of ARS will give the driver a weird feeling as driving with
snow or flat tires. Besides, the driver may feel that the vehicle is pointing out of
the turning curvature [45].

4. AFS has a better effect on controlling the vehicle yaw rate, while ARS has more
influence on vehicle sideslip. Hence, the integration between them can assure
both driving comfortability and stability as will be illustrated in the next section.

5. It is more convenient to use AFS and ARS with limitations on the additional
steering angle and steering rate in passenger cars. On contrary, ARS can be used
unconditionally in multi-axle combat vehicles as it offers more stability and with
the fact that these kinds of vehicles need specially trained drivers anyway.

6. Most of the aforementioned studies used H∞ controllers, while SMC was rarely
introduced as it has more complicity in considering the actuators’ limitations and
the vehicle’s varied parameters.

7. It is preferred to combine feedback and feedforward controllers when developing
ASC, as it will control the vehicle in both linear and nonlinear regions.

8. A sensitivity analysis for the effect of the wheels kinematics on the ASC perfor-
mance is needed to be covered.

2.4 Integrated chassis control

Every chassis controller has an effective region, where it gives maximum performance.
Figure 2.11 demonstrates the effective region of each chassis controller, where the cir-
cle’s center presents normal driving conditions and the borders present limited stability
[10]. Therefore, it is more convenient to integrate different chassis controllers to obtain
a higher degree of controllability on vehicle dynamics. This integration is known as

21



Integrated Chassis Controller (ICC). However, without proper coordination and alloca-
tion between the integrated control inputs, an interference and contradiction between
the controllers’ objectives may occur and the overall performance will deteriorate con-
sequently.

Figure 2.11: Effective working region of each chassis controller [10]

There are two methods of integration used in the ICC system. The first is the top-down
method, where all control inputs are considered in the high-level controller. The other
is the bottom-up method, in which each controller is designed separately and a lower
allocation is used to arrange the interaction between the final control inputs [6]. The
following subsection introduces a review of publications about ICC from the coordina-
tion point of view with the consideration of the most used lower controller allocation
methods.

2.4.1 ICC utilizing top-down method

The integration of ARS with DYC in 1997 and 1998 by Nagai et al. [46, 47]. A robust
H2 controller based on the MMC method was used to generate the required corrective
moment and the rear axle’s steering angle. The controller was designed as a feedback-
feedforward controller as shown 2.12. However, the corrective moment allocation was
not considered in that study, but just suggestions. In 1998, Fujita [40] developed an
H∞-µ controller to combine a braking-based Vehicle Stability Controller (VSC) and
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an ARS. The study concluded that the integration was more efficient in controlling the
stability in extreme driving conditions than exploiting VSC alone. Also, the distribution
of the DYC’s corrective moment was not represented in the study.

Figure 2.12: Combined DYC and ARS using feedback-feedforward controller [46]

Some studies coordinate the control actions based on the actuator readiness, road and/or
driving conditions. Such as in Selmanaj et al. (2013) [48], where a gain-scheduled
LPV-H∞ was developed for that objective. The controller was used to coordinate an
AFS, ARS, and rear-axle braking controller. Each actuator was assigned to a weight,
which was considered to be the varied parameter in the model. These weights were
determined according to controller activation conditions, such as sideslip and yaw rate
errors threshold. The proposed controller gave a preference to the AFS to be continu-
ously activated. Meanwhile, ARS was activated according to a threshold based on the
β− β̇ method and the braking controller was activated based on the yaw rate error. That
coordination method showed promising results and gave an insight into the importance
of using ARS. In addition, the study showed that this method can be extended to handle
the actuators’ saturation problem by activating an alternative one. A similar study was
introduced later in 2013 by Wang et al. [49]. The study utilized an LPV-H∞ controller
to activate the actuators based on their availability as a fault-tolerance controller. later,
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Zhang and Wang (2015, 2018) [50, 51] used the same uncertain model to study the ef-
fectiveness of a gain scheduled PI controller to enhance the vehicle stability in different
driving conditions. The controller was designed based on an energy-to-peak method.
However, the distribution of the corrective moment was not considered.

Later in 2018, Jing et al. [52] presented an LPV -H∞ controller to integrate AFS and
DYC. The controller design considered the uncertainty of the vehicle mass, velocity,
tires characteristics, and the actuators’ failure. The proposed controller could cope with
any actuator failure and obtain a stable performance. The controller performance was
compared with an LQR controller, where no significant enhancement was observed. The
authors related that to the poor distribution of the driving force, which was simplified
and considered to be equal on each wheel. Furthermore, the contradiction of tracking
the yaw rate and obtaining a zero-sideslip affected the performance, negatively.

In 2018, The performance of a µ-synthesis and an H∞ controllers were compared by
Zhao et al. [53] in the case of integrating an AFS with ARS in a four-wheel steer-by-
wire vehicle (FSV). The controllers accommodated the model uncertainty and pertur-
bation. The comparison showed that tracking a steady-state yaw rate and obtaining the
minimum vehicle sideslip using the µ-synthesis controller resulted in better transient
response. In 2020, Chokor et al. [54] compared a centralized LPV-H∞ based controller
with a decentralized Super-twisting sliding mode controller based controller to integrate
AFS and DYC. The result showed that the proposed novel controller could ensure the
Closed-Loop (CL) system stability, however, it is more complex than the decentralized
controller, which didn’t ensure CL stability. A Linear Matrix Inequality (LMI)-based
controller for an LPV-polytropic vehicle model was introduced by Chen et al. (2020)
[55] to integrate AFS and DYC, which resulted in a performance comparable to conven-
tional MPC.

Optimization-based controllers were very common to integrate multi-objective con-
trollers by considering the vehicle dynamics, actuators constrain, and limitations. The
objectives were defined as soft constraints, so if a contradiction happened the con-
straints can be violated without affecting the operation of the actuators. Furthermore,
optimization-based controllers were used as a lower controller to allocate the desired
corrective moment generated from the upper controller. For example, Mokhiamar et
al. (2004) [56] used a sliding controller to generate the corrective moment. After that,
an optimal lateral and longitudinal forces distribution was obtained using a lower-level
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optimization-based allocation strategy to determine the desired wheels’ steering angles
and traction forces, as in figure 2.13. This method showed better vehicle performance
and stability than the integration of AFS, ARS, and DYC without the proper coordi-
nation, especially on slippery surfaces. In 2009, a quasi-SMC was also used with the
optimization-based allocation method by Wang and Longoria [57]. In this study, a cost
function was formulated and solved using an accelerated fixed-point method, which had
the advantages of low computational cost and low complexity. By solving the optimiza-
tion problem, an optimal tire longitudinal slip and slip angle were obtained to determine
the desired longitudinal forces and steering action.

Figure 2.13: Optimization-based control allocation scheme [56]

Notable work was introduced by Tjønnås and Johansen (2009) [58] to integrate AFS
and differential braking (DB). In their study, a three-level controller was introduced as
shown in figure 2.14. The first was a high-level controller that produced the correc-
tive yaw moment. The middle controller generates the desired tire longitudinal slip and
the corrective front-steering angle. The last level was responsible for distributing the
braking forces optimally to satisfy the determined longitudinal slip and corrective yaw
moment. The control allocation was solved based on the dynamic optimum-seeking
method, which ensures an asymptotic optimal solution by adapting the Lyapunov sta-
bility function. Another method for integrating AFS and DYC was introduced in 2018
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by Mang et al. [59] utilizing a novel non-smooth controller to generate the corrective
moment. Then this moment was optimally distributed on the vehicle wheels by penal-
izing the longitudinal forces of each wheel based on the available vertical load. The
controller gave comparable results and better performance in comparison with a con-
ventional SMC.

Figure 2.14: Three-level controller method by Tjønnås and Johansen [58]

Recently in 2019, Nah and Yim [60] developed an optimal lower allocation controller
based on the pseudo-inverse method. This method was used to allocate the corrective
moment, which was generated by an upper SMC. The corrective moment was allocated
by a lower controller to integrate an ARS, AFS, TVC, and a differential braking con-
troller. In the proposed optimization problem, a quadratic cost function was formulated
to penalize the longitudinal and lateral forces using the friction circle. Different com-
binations of the aforementioned control systems were compared in terms of maximum
yaw rate error (MAYRE), maximum sideslip angle (MASSA), and maximum fluctuation
in longitudinal velocity (MFVx). It was concluded that ARS alone could give a com-
petent performance. However, the combined ARS and ESC, ARS and TVC, and ARS
with both ESC and TVC hold the best performance with minor differences. In 2020,
Feng et al. [61] solved an optimal allocation of DYC, AFS, and differential-ESC using
the Fixed-point method to reach the optimal distribution of the tire forces. The results
were compared with every single controller and showed the preference of the developed
ICC.

MPC was also used to integrate AFS and DB in a study introduced in 2017 by Jalali
et al. [62]. A quadratic cost function was formulated to limit the vehicle’s sideslip
and maintain stability. It was notable that the proposed controller had comparable per-
formance with utilizing only DB when tested on slippery roads. The controller didn’t
require information about the road friction but used the estimated tires’ slip angles in the
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prediction model. In 2018, another MPC with a weighted controller was introduced by
Mirzaeinejad et al. [63]. These weights were determined according to fuzzy roles gen-
erated based on the β − β̇ method. The schismatic diagram of the proposed controller
was shown in figure 2.15. The proposed controller minimized the unequal distribution
of braking forces, which was determined by inverse Dugoff’s tire model to consider
the tire slip, to prevent excessive brake. Ataei et al. (2020) [64] developed an MPC to
combine DYC and AFS and achieve multi-objective, which were minimizing the tire
longitudinal slip and lateral stability improvement.

Taghavifar et al. (2020) [65] developed a controller that integrates ARS and AFS in
a Robust controller based on solving Riccati-equation using a nonlinear vehicle model
generated by a trained neural network (NN). The controller gain was updated and opti-
mized using Least-Square Backpropagation. The controller showed better performance
in comparison to Conventional SMC. Also, Zhang et al. (2020) [66] presented the vehi-
cle’s nonlinear dynamics using a NN. Then a sequential quadratic programming method
was used to optimize the control actions of an integrated AFS and DYC.

Figure 2.15: Coordination using fuzzy logic controller [63]

2.4.2 ICC utilizing bottom-up method

Generally, the bottom-up coordination method is used to integrate different controllers
with different objectives as it offers an easier way for the controllers’ design. Further-
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more, any additional chassis controller can be designed and added to the existing ones
without redesigning all controllers. However, some modifications need to be added to
include the new controller in the coordination scheme. Commonly, the lower-level allo-
cation controllers (controller’s coordinator) utilize simple rule-base and/or fuzzy logic
rules.

In 1990, a simple rule-based was applied by Yokoya et al. [67] with an upper-feedforward
controller to integrate an ARS and active suspension (AS) system in a conventional front
steering vehicle. The integration was achieved by mapping two ARS modes, normal and
sport driving, with three different suspension configurations controlled by a roll gain.
This gain was changing through the front and rear axles according to the lateral acceler-
ation feedback and the steering angular velocity. The integration resulted in extending
the vehicle stability limits to a higher speed when compared with 4-WS and the front-
steering vehicle. Later in 1992, a feedback controller with a rule-based method was
utilized by Kawakami et al. [68] to study the integration of different combinations from
AS, ARS, TC, and ABS. The ARS was controlled according to the front steering angle
and a yaw rate feedback to increase the vehicle controllability. However, using the ARS
at high speeds increased the roll gain. Therefore, the AS was used to reduce the vehicle
roll angle. Furthermore, TC, ABS, and the braking controller were activated to stabilize
the vehicle in case of failure of AS to retain stability.

SMC was widely used in designing ICCs, where separate unity SMCs were developed
then integrated through a coordinator and/or an allocation scheme. The combination of
quasi-SMC and rule-based allocation was presented in 2006 by He et al. [69] to inte-
grate AFS with Dynamic Stability Control (DSC). In the rule-base allocation algorithm,
the activation region of each controller was mapped according to the β−β̇ method in the
form of stability index Si. The same method was used in 2019 by Termous et al. [70] to
integrate AFS, DB, and AS controllers. A super-twisting SMC was used to develop the
AFS and DB to avoid chattering, while the AS was designed using back-stepping. Rule-
based allocation functions were designed as a function of the vehicle maximum lateral
acceleration, β − β̇ phase-plane for coordination. This method showed a sufficient lat-
eral stability performance without considering the optimal distribution of braking forces.
Other researchers used a threshold to switch between the controllers and mapped it to
ensure a smooth transition. Yu et al. (2020) [71] used a Feedforward yaw moment map
to coordinate TVC with Electronic Power Steering (EPS) in order to compensate for
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the steering-disturbance generated by the torque difference between the right and left
wheels.

FLC was found to be an effective method for integrating different chassis controllers by
addressing rules to organize the controllers’ overlap. Song (2013 and 2018) [72, 73, 74]
worked on integrating different combinations from AFS, ARS, and DYC systems. The
combinations included ARS with AFS, AFS with rear-axle DB, ARS with front-axle
DB, and DB at the front and rear axles, which were denoted as IDCS, IDCF, IDCR,
and IDCB, respectively as in figure 2.16. Figure 2.17 shows an overview of the FLC,
which was developed for pairing every two controllers, while quasi-SMC was used for
allocating the control actions to the actuators. The comparison showed a preference for
using ICDR when driving on a snowy road, while IDCF and IDCB made, somewhat,
better performance on a dry road. Another study in 2018 performed by Rahimi et al. [75]
to integrate AFS, DB, drive-line control, and Active Roll Control (ARC), exploited the
FLC algorithm to define each controller weight and activation criteria. A quasi-SMCs
were utilized to design the AFS and DB controllers, while a PI controller was used
to design the drive-line control. In the DB controller, the quasi-SMC was developed
to limit the sideslip utilizing the inner rear and outer front wheels instead of optimal
braking force distribution. Meanwhile, a Roll-Index (RI) was defined to activate an
active roll bar to decrease the roll angle. In 2020, Zhang et al. [76] integrated a PID-
DYC with an active suspension that forces continuous damping on the vehicle vertical
dynamic using a multi objectives-FLC.

Figure 2.16: Controllers configurations as in [74]

The combination between an LQR controller and a rule-based allocation was not widely
used in the development of ICCs, despite the good lateral performance that it achieved.
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Figure 2.17: Overview on fuzzy logic controller as in [74]

In 2009, Yang et al. [77] integrated AFS and DYC using two robust LQR controllers
that included uncertain vehicle parameters in the control design. One controller was
designed to use the AFS, while the other was designed to use both AFS and DYC. A rule-
based function based on the β − β̇ method was used to switch between the controllers,
where the AFS has priority. After that, the braking force was executed using the inner
rear or outer front wheel and the selection of the braking wheel was determined based on
the corrective moment direction. Besides, the braking force was limited by a wheel slip
controller. Another study using conventional LQR controller and rule-based allocation
was introduced by Ahangarnejad et al. (2019) [78]. The integration of ARS, TVC,
active suspension, and active aerodynamic was adopted to improve the lateral stability
of a high-speed vehicle. The rule base was generated based on the yaw rate, sideslip,
steering angle, and vehicle velocity.

Some other studies were dedicated to designing ICC for multi-axles vehicles to exploit
the plenty of available actuators. In 2012, Kim et al. [79] integrated middle wheel
steering with DYC utilizing the distribution of the longitudinal forces to improve the
lateral stability of a 6WD-6WS combat vehicle. A feedforward controller was utilized to
determine the middle wheel steering angle exploiting the vehicle steady-state model. On
the other hand, quasi-SMC and velocity-PI controllers were used to generate the desired
corrective yaw moment and desired traction force, respectively. Moreover, an optimal
quadratic problem was solved to determine the traction/braking force distribution on
each wheel according to the friction circle. The proposed controller resulted in a better
lateral performance in comparison with a braking controller that applied the braking

30



forces based on the percentage of effectiveness of each wheel. Later on (2016), D’Urso
[5] developed a TVC system based on an LPV-H∞ controller to enhance the lateral
stability of an 8-WD combat vehicle at varying speeds. A TVC was integrated with
an ARS controller that applied to the fourth axle only. For coordination, a Gaussian
distribution rule-based was used to switch between the controllers and ensure smooth
operations. In 2017, a study to improve the lateral performance of three axles electric
bus was introduced by Liu et al. [80] utilizing the ARS and the distribution of driving
forces. Two unity SMCs were developed, one to control the vehicle speed to limit the
vehicle sideslip and prevent rollover, and the other was TVC to achieve better handling
performance. The rear axle’s steering angle was determined based on the front steering,
vehicle yaw rate, and the vertical forces distribution. The ARS was adopted to decrease
the wear on the driving tires. The integration was done based on objectives decoupling,
while the effect of each controller on the other was not analyzed.

2.4.3 Summary on integrated chassis control

1. Top-down integration method has the privilege of considering all actuators and
constraints in one controller. Notwithstanding this advantage, it is not easy to add
another controller/actuator in the future.

2. Bottom-up method requires the development of each controller separately with
the need for a lower controller for coordination/allocation. This method permits
adding of another controller but with applying modification to the coordinator.

3. Because of the existence of multi-objectives in ICC, a contradiction may occur
between tracking the yaw rate and obtaining a zero-sideslip, which may require
improvements on the reference model.

4. Practically, the introduction of a scheme that allows the inclusion of other actua-
tors and controllers for future purposes is very important.

5. Most of the introduced controllers gave preference to one controller over another.
Yet, there is fewer clarifications and analysis to the criteria on which this prefer-
ence is based.

6. H∞-based and optimization-based controllers were often used in the top-down
method since it was possible to include the actuators’ saturation, limitations, and
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availability with considering the performance objectives and constraints. Mean-
while, SISO-SMC was used in the studies to generate the desired corrective mo-
ment as an upper controller, while a lower optimization-based controller allocates
this moment on the available actuators. Even so, MIMO-SMC was rarely intro-
duced, which required more concern.

7. It has been shown that optimization-based allocation methods are very effective in
integrating different controllers. Nevertheless, a comprehensive study for differ-
ent optimization techniques that trade between solution optimality, performance,
processing time, and complexity is required.

2.5 Lateral dynamic control in path-following applica-
tion

The development of an autonomous ground vehicle has a great concern in several fields,
i.e. civil transportation and passenger cars, commercial, and military applications to in-
crease transporting and driving integrity. Several tasks should be addressed to develop
a fully autonomous vehicle such as mapping, localization, path planning, tracking, ve-
hicle dynamics, and stabilization control systems. In this section, the work done on the
path-following/tracking controllers considering the vehicle dynamic was reviewed.

Late in the 90s, path-tracking controllers were designed based on the AFS systems as it
was the default actuator to control the vehicle heading. In 1994, Guldner et al. [81] uti-
lized a unity SMC using regular form method [15] to design a path-follow controller us-
ing the AFS. Vehicle lateral dynamics was addressed by using the 2-DOF bicycle model
in the control design, without consideration of vehicle nonlinear and varied parameters
or limitations on the vehicle dynamics. In 1999, an integration between longitudinal
and lateral vehicle dynamics was presented by Lim et al. [82]. This integration aimed to
minimize the lateral error from the lane centerline and keep a fixed distance with the ve-
hicle ahead. The authors discussed the integration as a dynamic and kinematic coupling.
Three SMCs were used for the integration. One was developed for controlling the vehi-
cle velocity based on the leader vehicle. The second was designed to produce the proper
traction force to control the vehicle velocity and tire longitudinal slip. The third con-
troller was responsible for producing the required engine torque to satisfy the required
traction forces. The controller was evaluated in a simulation environment and exper-
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imentally without the consideration of tires’ slip and resulting in better path-tracking
accuracy when compared with a PID-gain scheduled controller. The previous studies
did not ensure robustness as the uncertainty and disturbance were not considered in the
control design. In 2013, Tagne et al. [83] introduced a super-twisted SMC that avoided
the chattering phenomena and improve the path-tracking accuracy using the AFS.

Utilizing the torque distribution on the right and left wheels for path tracking application
was presented in 2016 by Wang et al. [84]. The authors performed a two-step path-
following controller to track a planned trajectory for a lane-changing maneuver. First, a
kinematic-based controller was designed based on the backstepping method to generate
the desired longitudinal velocity and yaw rate to follow the desired planned trajectory.
Then, a dynamic model-based SMC was developed to ensure accurate execution of the
desired vehicle velocity and yaw rate by distributing the driving torque on the left and
right wheels. It was noted that most of the previous studies focused only on tracking
accuracy, where the controller’s objective was to minimize the lateral error between the
vehicle and the desired path. Moreover, the vehicle response, dynamics limitations, and
driving at the handling limit were not considered.

Limiting the vehicle sideslip was considered later in several studies for better tracking
accuracy and stabilization. In 2016, Wang et al. [85] developed a Composite Nonlin-
ear Feedback (CNF) controller based on integral SMC. The controller then generated a
front steering and corrective moment to track the desired yaw rate, which was generated
according to the path-following reference model with targeting a zero vehicle sideslip.
A lower controller was used to assure an optimal distribution of the corrective moment
based on the traction force on each wheel. The controller performance was comparable
to an LQR controller. However, it was not tested for severe maneuvers. A high-speed
evaluation on a dry road only was conducted later by Chuan (2017) [86]. Liu et al.
(2020) [87] utilized two separate super twisted SMC to control the front axle steering
and the yaw moment to avoid vehicle crash while negotiating a single lane-change ma-
neuver.

Backstepping-SMC, using saturation function approximation, was adopted in 2019 by
Wang et al. [88] to develop an AFS controller for path-tracking. The controller gave ac-
curate curvature tracking performance in comparison with conventional SMC and was
validated experimentally using a real vehicle. Additionally, the author suggested that
the integration with longitudinal vehicle dynamics in the future will give better results.
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Backstepping-SMC was used also by Norouzi et al. (2019) [89] to improve the handling
and tracking performance for DLC maneuver using AFS. Also, a saturation function
was used instead of a discrete sign function to avoid chattering. Furthermore, the con-
troller’s adjusted gain was obtained using Particles Swarm Optimization (PSO) method,
in which a cost function including the sliding manifolds and the control input was min-
imized through iterations. The controller gave a good result when driving on a dry
road, however, it gave less accuracy in comparison with a conventional backstepping
controller when driving on a slippery road.

MPC-based controllers are widely used in path following as they can include different
objectives and tasks in the controller design, i.e. trajectory planning and tracking. In
2009, an MPC path-following controller based on a kinematic model was designed by
Raffo et al. [90] for low-speed tracking utilizing AFS. Furthermore, this model gener-
ated set-points for a dynamic-based controller to take action in case of high-speed oper-
ation. The authors demonstrated the importance of considering the vehicle dynamic for
path-following at high speed as it achieves better accuracy. Later in 2012, a trajectory
planning and tracking controller was introduced by Shim et al. [91]. The controller
aimed to avoid collisions and mitigate crashes for an autonomous vehicle. AFS and
TVC were integrated to follow the desired path that was generated to avoid the colli-
sion. The controller succeeded to avoid the collision at low-speed operation. However,
high-speed maneuvers were postponed for future study.

Cui et al. (2018) [92] and Sun et al. (2018) [93] discussed the value of considering the
vehicle sideslip limitation in the design of a lateral dynamic controller for path-following
application. In the first study, [92], an AFS controller using multi-constrains MPC was
compared with conventional MPC. The vehicle sideslip was constrained in the first con-
troller, while it was not considered in the conventional controller. In addition, a β − β̇
phase-plane analysis was conducted along with that comparison. The analysis showed
better performance and stability for multi-constrained MPC than the conventional MPC.
The comparison was conducted on wet and dry roads, however, the performance on slip-
pery roads was not assessed. In the second study [93], the front lateral forces were used
as the controller input instead of the steering of the front axle. This approach allowed
the variation in the tire’s slip angle and cornering stiffness to be included in the lateral
force allocation.

Explicit MPC was introduced in 2018 by Lee and Chang [94] to decrease the computa-
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tional time of an MPC controller for online optimization. The computational time was
decreased by exploiting a multi-parameters quadratic programming method that was
used to design an AFS controller for path-tracking. The proposed controller showed
less processing time with better performance in comparison with conventional MPC.
A quadratic programming method was also used later in 2019 by Wang et al. (2019)
[95] to develop a Multi-constrained Quadratic programming-based controller to inte-
grate AFS and DYC utilizing traction forces with motion planning for crash mitigation
applications. This controller focused on the vehicle’s longitudinal velocity and lateral
position as the desired output. In addition, the MPC quadratic cost function was for-
mulated based on three objectives. The first was lateral error minimization, while the
second used an obstacle avoidance cost function based on the potential field method.
The third was an accident severity factor, which was determined based on the weight
and velocity of the vehicle and obstacle. Furthermore, in 2019, DYC was integrated
with AFS by Yang et al. [96] using a quadratic programming-based MPC as an upper
controller. A lower controller based on a weighted-constrained least square method was
adopted to generate optimal torque distribution between the vehicle’s wheels. Further-
more, the formulated cost function included the tracking error, and actuator saturation
and was solved using the active set method.

Other controllers were used recently for better robustness against uncertain parameters
and road conditions to achieve better performance near the handling and friction limit.
Wachter (2016) [97] utilized an AFS controller, where the control inputs were gener-
ated by solving Riccati Equation. The equation was solved online to create a real-time
optimal controller considering the varied vehicle parameters and driving conditions. Be-
sides, a vehicle slip controller was designed using ARS, which showed better tracking
performance. However, the ARS was not integrated with the proposed AFS controller
and tested separately. In another study done by Wnag et al. (2017) [98], the track-
ing performance of a µ-synthesis and an H∞ controllers were compared, considering
the uncertainty of tires’ corner stiffness. The comparison showed that the µ-synthesis
achieved better performance and stability in the presence of uncertain parameters.

Recently in 2019, Feng et al. [99] proposed an observer-based H∞ controller for path-
following utilizing an AFS with limitation on the vehicle sideslip. The authors in-
troduced the consideration of vehicle speed variation using the Takagi-Sugeno fuzzy-
modelling method. In addition, the controller was evaluated by performing a DLC ma-
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neuver under different driving conditions. The controller showed better performance
than conventional LQR and SMC. However, the SMC controller results were compara-
ble with slight differences. An H∞ controller was also used to design a path-following
controller for an autonomous race car by Ni et al. (2019) [100] utilizing the AFS. Fur-
thermore, the tire characteristics uncertainties were considered in the controller design.
The developed H∞ controller was integrated with a driving controller utilizing the trac-
tion/braking forces using a G-G diagram, as in figure 2.18. This diagram mapped the
lateral and longitudinal acceleration required to make a predefined race lap to the de-
sired driving force required to successfully finish it. The controller showed good results
in comparison with a linear controller. However, it required full foreknowledge about
the path.

Figure 2.18: G-G diagram introduced in [100]

In late 2020, Chen et al. [101] combined AFS and ARS but for different objectives. The
AFS was developed to track the desired trajectory for path following applications while
ARS was designed to maintain the vehicle’s stability.

2.6 Chapter summary

In this chapter, a review of publications that deal with lateral stability control for the tra-
ditional and autonomous ground vehicle has been discussed. Direct Yaw Control (DYC)
using deferential braking and Torque Vectoring Control (TVC) was introduced at the be-
ginning. After that Active Steering Control (ASC) utilizing both Active Front Steering
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(AFS) and Active Rear Steering (ARS) was reviewed. Moreover, the methods that are
used to integrate DYC and ASC for Integrated Chassis Controllers (ICCs) application
were discussed in detail. Eventually, the published work regarding the consideration
of vehicle lateral stability and ICCs for path-following application were reviewed. The
literature leads to the following closing remarks:

1. Designing lateral stability controllers based on vehicle sideslip and sideslip rate
gave the best performance among the reviewed studies. Hence, it can be used to
stabilize the vehicle at handling limits.

2. Differential braking reduces the longitudinal performance of the vehicle, so the
excessive use of the braking forces should be limited to the handling limit and
critical stability conditions.

3. TVC were commonly utilized in-wheel electric motors as the actuators. In the
case of heavy vehicles, a feasibility study is required to evaluate the cost/performance.

4. There are limited publications regarding lateral stability and automation of multi-
axle combat vehicles, which need to be covered. In addition, lateral stability of
multi-axles vehicles considering the model uncertainty, actuators saturation, fault
control, and stability over rough terrains was not covered.

5. SMC showed high reliability in designing chassis controllers. However, the con-
sideration of MIMO-SMC for chassis controllers is limited.

6. ARS was found to be an effective controller for the vehicle’s lateral stability as it
prevents the vehicle from reaching the handling limits. However, based on several
studies it will be more efficient to use such a controller in multi-axles combat
vehicles as the driver can easily train to adapt to its behaviour.

7. ICCs bottom-up technique has several advantages over the top-down method for
the ability to be modified.

8. Machine learning-based controllers are merely used in the design of lateral sta-
bility controllers except for Fuzzy Logic Control (FLC), which was used in the
coordination of ICCs.

9. A comprehensive study that shows the effective working region of multiple lateral
stability controllers is needed to facilitate the controllers’ integration.
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10. It has been shown that optimization-based allocation methods are very effec-
tive. Nevertheless, a comprehensive study for different optimization technique
that trades between performance, processing time, and complexity is required.

11. The consideration of ARS for autonomous multi-axle vehicles and its effect on
the tracking accuracy near the handling limit is not covered.
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CHAPTER 3

Investigation of Various Passive Steering Modes

3.1 Introduction

This chapter introduces the configuration of the 8x8 combat vehicle that is used to per-
form this thesis. In addition, it includes a summary of the vehicle model’s validation
that was done in previous studies. Moreover, the development and investigation of dif-
ferent steering modes for an 8x8 combat vehicle are introduced. These steering modes
are front, crab, counter, and front-rear steering with fixed 3rd axle. The vehicle’s ma-
neuverability and dynamic response for all steering modes, except the crab steering, are
evaluated by conducting the curb-to-curb and minimum road width tests. In addition, all
modes are assessed at low and high speeds by conducting a series of slalom maneuvers.

3.2 Vehicle model and validation

A nonlinear 22 degrees of freedom 8x8 combat vehicle model was developed to repre-
sent the vehicle motion and dynamics. The model presents the vehicle’s lateral, longi-
tudinal, and vertical dynamics, including the pitch, yaw and roll motions. Besides, 2
degrees of freedom that present the vertical motion and spinning of each wheel (16 in
total). In addition, a nonlinear tire model was incorporated into that model. The tire
model characteristics were tabulated in look-up tables based on measured data that were
provided by the manufacturer. Besides, the model includes nonlinear characteristics of
the vehicle’s pneumatic suspensions. The vehicle is equipped with 4-axles and inde-
pendent suspensions and powered by an internal combustion diesel engine. In addition,
four mechanical differentials, one per axle, are utilized to distribute the engine torque to
each axle. The vehicle model uses the steering of the front two axles with the capability
of steering the 3rd and 4th axles, as shown in figure 3.1.

The developed vehicle model was validated by comparing its response with the field
measured data that was acquired from the real vehicle by the US army. The validation
was done by conducting a series of J-turn, DLC, and constant step slalom maneuvers
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(a) (b)

Figure 3.1: Simulated 22 degrees of freedom vehicle model on TruckSim (a)
Front-axle steering (b)8-WS vehicle

at various vehicle speeds and roads friction coefficients, where each test was repeated
four times. The validation criteria were defined so the Root Mean Square (RMS) value
of lateral acceleration provided from virtual testing should meet 90% of the measured
data. In addition, the data acquired from the time domain response of the virtual testing
should achieve kurtosis and skewness within ±50% of the measured data as provided in
[102, 103, 31].

The model was implemented in TruckSim software for research purposes to conduct all
virtual testing. The model showed high-fidelity in previous research studies [31, 5, 104,
105]. This high-fidelity encouraged to use that model to perform all virtual testing and
simulations in the rest of this thesis. For this chapter, several steering modes are devel-
oped and implemented in this full vehicle model to evaluate the vehicle’s steerability, as
will be presented in the following sections.

3.3 Steering modes

This section introduces four different steering modes of the vehicle as illustrated in
figure 3.2. The first mode is the conventional steering, which utilizes the steering of
the 1st and 2nd axles with fixed rear axles, as shown in figure 3.2 (a). The second is a
parallel-wheels steering mode commonly named crab steering as can be seen in figure
3.2 (b). The third steering mode is presented in figure 3.2 (c) and exhibit the steering of
the 1st , 2nd, and 4th axles while the 3rd axle is fixed. The last steering mode is shown
in figure 3.2 (d) and presents an all-wheel steering vehicle, in which the rear axles move

40



counter to the front axles.

Figure 3.2: The developed passive steering modes

3.3.1 Conventional front steering mode

In the conventional front steering mode only the 1st and 2nd axle are steerable, while the
3rd and 4th axles are fixed as can be seen in the bicycle model representation of this case
in figure 3.3. In that representation, both wheels at the same axles have been combined
into one wheel with double cornering stiffness and average steering and slip angles.

Figure 3.3: Bicycle model representation of the conventional front steering mode

The steering of the 2nd axle is linked to the 1st axle by a constant ratio, which is provided
in TruckSim. The steering box output is related to the driver’s wheel steering input by
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a fixed ratio (same ratio for both axles). Moreover, the steering box output is then
controlling the 1st axle average steering angle δav, which is related to the outer steering
angle δo and inner wheel steering angle δi by equation 3.1.

δav =
δo − δi

2
(3.1)

After that, δo and δi can be calculated for different average steering angles using equation
3.2, where tw is the vehicle track width andLi is the distance between the ith axle and the
vehicle turning center.For the front steering case, L1st is defined as in equation 3.3 for
the 1st axle. Based on the steering direction the outer and inner wheels can be redefined
as the right and left wheels of the vehicle.

cot(δo)− cot(δi) =
tw
Li

(3.2)

L1st = a1 + a3 +
a4 − a3

2
(3.3)

Figure 3.4 (a) and (b) show the 1st and 2nd axles’ right and left wheels steering angle
with respect to the steering box output angle, respectively.

Figure 3.4: Conventional front steering (a)1st axle’s wheels (b)2nd axle’s wheels
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3.3.2 Parallel crab steering mode

Figure 3.5 shows the bicycle model representation of the parallel crab steering mode.
This mode utilizes perfect parallel steering for all axles, which means that all axles steer
with the same steering angle (same direction). It should be noticed that there are no
differences between the right and left wheels steering angles, where the ratio between
the steering angle of the left and right wheel of each axle is constant and equal to 1. In
addition, all axles steering are dependent on the driver’s wheel steering by a constant
ratio.

Figure 3.5: Bicycle model representation of the crab steering mode

3.3.3 Fixed 3rd axle steering mode

In the case of the fixed 3rd axle steering mode, the steering of the 1st , 2nd, and 4th axles
are developed to satisfy Ackermann steering geometry, which determines the steering
ratios between the axles. The steering ratios between the axles can be presented by the
ratios of the distance from each axle to the vehicle turning center between the axles
[106]. The perpendicular line of each wheel meets with the extension of the vehicle
turning center at the 3rd axle. For example, L1st is defined as in equation 3.4 for the
1st axle. The steering ratio between the 1st axle average steering angle and the aver-
age steering angles of other axles can be determined based on the Ackermann steering
geometry as in figure 3.6.

L1st = a1 + a3 (3.4)

The average steering angle δav of each axle can be related to the outer and inner wheels,
δo and δi, at the same axle according to equation 3.1. This equation and equation 3.2 are
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Figure 3.6: Fixed 3rd axle steering mode bicycle model representation based on
Ackermann

solved for each axle separately to determine δo and δi for all possible average steering
angles. The determined steering angles of the 1st , 2nd, and 4th axles are presented
in figure 3.7 (a), (b), and (c), respectively. In these figures, the relation between the
average steering angle of the axle and the right and left wheels is presented. The negative
steering angles present that the vehicle turning counterclockwise, while the positive
present turning clockwise, according to the TruckSim coordination system. Note that
despite determining the steering angles for a large steering angle on the 1st axle, the
actual wheel steering angles for all cases are constrained to be 36 degrees at maximum.

3.3.4 All-wheel counter steering mode

For the all-wheel counter steering mode, all-axles are also steered based on Ackermann
steering geometry. The steering of the rear two axles behind the vehicle’s Center of
Gravity (CG) exhibit a steering angles counter to the front two axles and the perpendic-
ular line on each wheel intersects with the extended line from the vehicle turning center,
which lays at the vehicle CG. The steering angles are determined based on equations
3.1 and 3.2, similar to the previous section. However, the vehicle’s turning center Li is
moved to meet the extension of the vehicle’s CG, as shown in figure 3.8. For example,
L1st is defined as in equation 3.5 for the 1st axle.

L1st = a1 (3.5)

44



Figure 3.7: The steering angles of the (a)1st axle’s wheels (b)2nd axle’s wheels (c)4th

axle’s wheels with respect to the average steering angle for the fixed 3rd steering mode

Figure 3.8: All-wheel counter steering mode bicycle model representation based on
Ackermann

Figure 3.9 shows the determined steering angles of right and left wheels concerning the
average steering angle of all axles.

3.4 Steering modes evaluation

The evaluation of the steerability and limitation assessment for each steering mode is
determined In Accordance With (IAW) the Test Operations Procedures (TOP) standard
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Figure 3.9: The steering angles of the (a)1st axle’s wheels (b)2nd axle’s wheels (c)3rd

axle’s wheels (d)4th axle’s wheels with respect to the average steering angle f the
counter steering mode

number 2-2-609 (TOP-2-2-609) to perform a curb-to-curb test and the minimum road
width at a turn test. Besides, the NATO AVTP-1 03-30, and a modified version from it
are used to perform slalom maneuvers at high and low speeds, respectively. All tests are
performed at a dry road while driving at a very low speed (Vx = 5 km/h), except the
high-speed slalom test, which is performed at speed 50 km/h.

3.4.1 Curb-to-Curb test

This test is conducted to determine the minimum distance between two curbs that are
required to perform a successful full turning. The crab steering mode is excluded from
this test for the fact that crab steering can only perform a diagonal movement. The
test is performed by holding the driver steer wheel at the maximum steering angle and
performing a full turn with the vehicle in each case. Then, the turning diameter is cal-
culated from the far point at the outer wheel of the front axle. The trajectory made by
each case is presented in figure 3.10 where the distance presenting the curb-to-curb dis-
tance is illustrated in the figure. It can be noticed that the conventional front steering
mode shows the maximum distance (16.53 m), followed by the fixed 3rd axle steering
mode (13.2 m), while the minimum distance is achieved by the all-wheel counter steer-
ing mode (10.82 km/h). These results show that moving the vehicle center of rotation
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from the middle point between the 3rd and 4th axle toward the vehicle CG increases the
vehicle maneuverability in narrow places.

Figure 3.10: Trajectory of each steering mode at Curb-to-Curb test

The corresponding average steering angle of the 1st, 2nd, 3rd, and 4th axles are presented
in figure 3.11 (a), (b), (c), and (d), respectively. It is observed that, despite exhibiting the
same steer wheel angle, the average steering angle of each case defers from one mode
to another. This is due to the unequal steering ratio between the right and left wheel on
the same axle for the different steering modes because of the different vehicle turning
centers of each case.

At such a very low speed, the vehicle dynamic is not dominant on the vehicle perfor-
mance and can be neglected. However, the vehicle’s dynamic response is illustrated for
a better understanding of the influence of each case on the vehicle’s performance. The
vehicle’s longitudinal speed, lateral acceleration, yaw rate, and sideslip are shown in
figure 3.12 (a), (b), (c), and (d), respectively. From figure 3.12 (c), it can be noticed that
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Figure 3.11: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th

for Curb-to-Curb test

there is no considered change in the vehicle velocity. Nevertheless, the counter-steering
mode generates higher lateral acceleration, as shown in figure 3.12 (b), which can be
related to the higher yaw rate at figure 3.12 (c). In addition, the counter-steering at
such low speed generates almost zero vehicle sideslip angle, in terms of better tracking
performance [107, 108] and low tires’ wear [80].

3.4.2 Minimum road width test (90-degree turn)

The minimum road width test is conducted at low speed in a tee road’s intersection, the
vehicle is required to negotiate a 90-degree turn to the right or the left in the intersection
and the road width should be determined. The test was repeated by reducing the road
width to the least dimension, where a successful turn can be achieved. The crab steering
mode is also excluded from this test.

Figure 3.13 shows the path required by the vehicle for each steering mode to make a
90-degree turn. It can be seen that the minimum and narrowest turn is produced by the
counter-steering mode, while the largest is performed by the conventional vehicle. It is
also recorded that the minimum road widths to perform the maneuver by the counter,
fixed 3rd axle, and conventional steering modes are 3.7 m, 4.3 m, and 5 m, respectively.

The corresponding average axles’ steering angles to perform the maneuver for each
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Figure 3.12: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for Curb-to-Curb test

Figure 3.13: Trajectory of each steering mode for 90-degree turn test

case are presented in figure 3.14. It can be observed that the least front steering angle is
exhibited by the counter-steering mode, which also performs the maneuver faster than
other cases, as can be seen in figure 3.14 (a).

Moreover, the counter-steering mode obtains less longitudinal speed fluctuation and
faster settling time as illustrated in figure 3.15 (a). According to figure 3.15 (b), the
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Figure 3.14: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th

for 90-degree turn test

counter-steering also provides less fluctuation but higher lateral acceleration than other
cases. Furthermore, steering all wheels in the counter-steering mode resulted in the
largest yaw rate, which means higher maneuverability, and almost zero vehicle sideslip.
On the other hand, The conventional front steering vehicle has the least maneuverability
and the largest sideslip that exceeds 13 degrees.

3.4.3 Closed-loop slalom test

In this test, a predefined desired path is generated while the TruckSim’s driver model
uses the driver sight as feedback to correct the vehicle heading and follow the desired
path. The slalom test is performed to assess the maneuverability of all steering modes.
The dimension of the conducted test is illustrated in figure 3.16, where C1 is an entering
distance, C2 and C3 are the longitudinal and lateral spacing between the cones, respec-
tively. The distance Y is the lateral distance between the desired path and the cones and
X is the longitudinal distance from the point at which the vehicle starts the maneuver to
the end of C2. d1 is the amplitude of the slalom path and d2 is the distance between one
peak (tip) and the following bottom on the desired path. In addition, X is set to be zero
and Y is set to be equal to half C3, and d2 is equal to C2.
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Figure 3.15: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for 90-degree turn test

Figure 3.16: NATO AVTP-1 03-30 slalom course (not in scale)

3.4.3.1 Low-speed assessment

The test is conducted on a dry surface at low speed (Vx = 5 km/h). The Cones’
longitudinal spacing is set to be 30 m and reduced until it reaches the distance at which
all steering modes achieve a successful maneuver at C2 = d2 = 15 m. Figure 3.17
(a) shows the trajectory for each steering mode, while the corresponding lateral error
is shown in figure 3.17 (b). It can be seen that the counter-steering mode has the least
lateral error, while the crab steering has the largest error. However, the crab steering
maintained the maneuver faster (with the least settling time among all cases). Note that
the vehicle position is measured from the vehicle center, however, the TruckSim driver
model follows the path from the driver’s point of view.
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Figure 3.17: (a)Trajectory of each steering mode (b) Lateral error from the desired
trajectory at for Slalom maneuver at speed 5 km/h

Figure 3.18 shows the average steering angle exhibited by each axle. It can be observed
that the crab steering mode exhibits the largest steering angle, while the counter-steering
shows the least, as shown in figure 3.18 (a).

By observing the longitudinal speed response in figure 3.19 (a), it is noticed that the
counter-steering has less fluctuation than other cases while the crab steering is the
largest. Besides, figure 3.19 (b) shows that the crab steering generates the largest lateral
acceleration among the other cases. The crab steering exhibits zero yaw rate due to its
diagonal movement which causes a large sideslip that exceeds 20 degrees, as shown in
figures 3.19 (c) and 3.19 (d), respectively. On contrary, the counter-steering shows the
largest and least yaw rate and sideslip, respectively.

Table 3.1 demonstrates the dimensions of the slalom course at which each case has failed
to perform a successful maneuver. Remarkably, the conventional steering and the crab
steering modes fail to complete the maneuver without hitting the cones at d2 = 10 m.
Meanwhile, the fixed 3rd axle fails at d2 = 8 m while the counter-steering fails at d2 =

7.5 m. The slalom course is modified according to each case to achieve a successful
maneuver. Moreover, the path is shifted upward with the distance 4Y and/or forward
with the distance4X . The dimension d2 is increased for certain modes, while the cone
spacing is kept the same at C2 = 5 m for all tests.
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Figure 3.18: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th

for Slalom maneuver at speed 5 km/h

Table 3.1: Low-speed Slalom test summary

Steering mode Failure Path modification to pass
Conventional front d1 = 5m, d2 = 10 m d1 = 6 m, 4Y = 0.6 m

Crab steering d1 = 5m, d2 = 10 m d1 = 5 m, 4X = 1.5 m
Fixed 3rd axle d1 = 5m, d2 = 8 m d1 = 6.1 m, 4Y = 0.8 m, 4X = 1 m

Counter d1 = 5m, d2 = 7.5m d1 = 5.35m,4Y = 0.47m, 4X = 0.75m

The impact of the modified course according to each steering mode is interpreted as the
driver’s steering actions required to maintain a successful maneuver. This is because
of the change in the vehicle turning center which changes the turning geometry, except
for crab steering mode that performs a diagonal motion. e.g. in the case of the crab
steering mode, the driver has to delay the steering action to ensure that the vehicle will
perform the diagonal motion to avoid hitting the cones, justifying the changing of 4X
to be 1.5 m. For the counter-steering mode, the driver has to consider the swing of the
vehicle’s rear end. Hence, the driver has to delay the turning action to avoid hitting the
cones. In addition, he has to take a wider turn, which reflects the changing of 4Y and
d1 to 0.47 m and 5.35 m, respectively.
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Figure 3.19: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for Slalom maneuver at speed 5 km/h

3.4.3.2 High-speed assessment

The slalom maneuver is conducted at a relatively high speed of 50 km/h with cones’
spacing C2 = d2 = 30 m to have an overview of the vehicle’s stability under each
steering mode. Figure 3.20 (a) presents the vehicle trajectory for each steering mode.
Moreover, the corresponding lateral error is shown in figure 3.20 (b). It is observed that
the crab steering has the largest lateral error with a phase shift from other cases, while
the counter-steering has the smallest error among all cases.

The average steering angle of the 1st, 2nd, 3rd, and 4th axles are shown in figure 3.21 (a),
(b), (c), and (d), respectively. The crab steering exhibits the largest axles’ steering angle,
while other cases almost have less and same front steering angles. It is also observed
that the steering angles in the case of the crab steering take a long time to return to zero.
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Figure 3.20: (a)Trajectory of each steering mode (b) Lateral error from the desired
trajectory for Slalom maneuver at speed 50 km/h

Figure 3.21: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th

for Slalom maneuver at speed 50 km/h

There is no significant change in the longitudinal speed response except for the crab
steering mode that generates large speed variations, as figure 3.22 (a). In addition, the
lateral acceleration response is almost the same for all cases as can be shown in figure
3.22 (b). By observing the yaw response in figure 3.22 (c), it’s remarkable that the
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counter-steering generates the largest yaw rate, while the crab steering has the smallest.
The crab steering generates the largest sideslip followed by the counter steering, as
shown in figure 3.22 (d).

Figure 3.22: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for Slalom maneuver at speed 50 km/h

It is deserved to be mentioned that by performing the slalom maneuver at higher speed,
the conventional steering and fixed 3rd axle steering modes failed at speed 60 km/h,
while the counter-steering failed at 55 km/h due to the large yaw rate and sideslip
generated. Moreover, the crab steering mode fails at a speed equal to 65 km/h.

3.5 Chapter summary

In this chapter, several steering modes named; front, crab, fixed 3rd axle, and counter
steering were developed for an 8x8 combat vehicle. The vehicle steerability and maneu-
verability were evaluated for each steering mode by conducting standard TOP-2-2-609
and modified NATO AVTP-1 03-30 maneuvers and the closing remarks are as follows:

• As the vehicle center of turning shifts towards the vehicle center of gravity, the
maneuverability at low speed is enhanced.

• The counter-steering mode generates almost zero vehicle’s sideslip at low speed
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hence decreasing the tires’ wear.

• The crab steering shows the ability to generate a perfect diagonal motion with no
rear-end swing, which can be effective in performing tight maneuvers where there
are limitations on performing yaw motion.

The following recommendations can be applied to maximize vehicle maneuverability:

• Considering a steering combination by switching between the crab and counter
steering modes is very effective at low speed, based on the available spaces to
perform tight maneuvers.

• The high-speed test shows that implementing parallel steering for the rear axles
has a tremendous effect on reducing the vehicle yaw rate. Consequently, it de-
creases the vehicle’s rear-end swing and enhances vehicle stability.

• An active rear steering controller is needed at high speed to independently control
the rear axles’ steering angles to provide high stability and agility for different
driving conditions and also increases the tires’ life span due to less wear.

• The modifications made in the low-speed slalom test can give an insight into some
perspectives that have to be considered in path generation for future autonomous
applications.
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CHAPTER 4

Active Rear Axles Steering Controller

4.1 Introduction

This chapter investigates the effect of the incorporation of the active steering of the rear
axles on the vehicle cornering performance for conventional and autonomous driving.
For normal operation, a new ARS technique that utilizes the steering of the rear 3rd and
4th axles with no dependency on the reference model is introduced. The controller is de-
veloped using an LQR controller, which is integrated with a low-speed feedforward ZSS
controller. Furthermore, the controller is evaluated and compared with the uncontrolled
vehicle and an active 4th axle steering that was introduced in previous study [4]. After
that, the same ARS technique is utilized to develop a novel adaptive Integral Sliding
Mode controller, which is suitable for driving on a rough-rigid terrain. Eventually, au-
tonomous driving is investigated in terms of path-following and stability performances.
For that purpose, H∞ controllers are developed to design a front-steering and AWS path-
following controllers, and an ARS stability controller. Moreover, a frequency domain
analysis is conducted to study the controllers’ robustness. Then, the path-following
controllers are compared with an integrated front steering-ARS controller to show the
advantages and limitations of each controller.

4.2 Development of an optimal ARS controller

In this technique, the rear axles are controlled independently using a Linear Quadratic
Regulator (LQR). In addition, the controller is designed to attain a zero vehicle’s sideslip,
where a large weight is assigned to the sideslip. Moreover, to prevent contradiction be-
tween generating a sufficient yaw rate and maintaining a Zero SideSlip (ZSS), a zero
yaw rate reference is applied. However, a small weight is assigned to the yaw rate so
the controller can violate the zero yaw rate constrain and generate a sufficient yaw rate
to perform a maneuver. The proposed controller consists of another control term that is
added to the LQR controller. This term is a feedforward controller that is designed to
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maintain a ZSS at a very low speed (<20 km/h). The 4th axle’s steering angle is deter-
mined based on the steady-state equation of the vehicle sideslip as a function of the front
axle steering angle and the vehicle velocity to satisfy a ZSS condition. In addition, the
3rd axle’s steering angle is determined by a ratio to the 4th axle’s steering angle based
on Ackermann steering geometry.

4.2.1 Single-track model

Figure 4.1 shows 2-DoF bicycle model of the four-axle steering combat vehicle. A
single-track mathematical model (bicycle model) is used to drive the state-space equa-
tion to the vehicle. The mathematical model has been linearized based on the following
assumptions:

1. Negligible longitudinal and lateral load transfer.

2. A small angle approximation is used.

3. All tires are identical.

4. Linear tires characteristics on hard surface (No off-road analysis).

5. Wheels’ camber, tow, and caster angles are neglected.

6. Constant longitudinal speed.

Figure 4.1: Four-axle steering 8x8 vehicle bicycle model

The slip angles of the tire are defined using equation 4.1.

αi = δi − tan−1(
V + air

U
) (4.1)
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Where δ is the average steering angle of the tire, V and U are the vehicle’s lateral
and longitudinal velocities respectively, a is the distance between the vehicle Center of
Gravity (CoG) and the desired axle, where a has positive value for axles in front of the
CoG and negative value for axles behind the vehicle CoG, and r is the vehicle yaw rate.
Applying small slip and steering angles assumptions where V/U is equal to the vehicle
sideslip β:

αi = δi − (β +
air

U
) (4.2)

From the linear tire characteristics assumption, the lateral cornering forces Fy can be
determined from the following equation as a function of the tire cornering stiffness Cα
and the tire slip angle α:

Fyi = Cαiαi (4.3)

According to Ackerman steering geometry, the steering angle of the 2nd steering axles
can be determined as function of the 1st axle average steering angle as follows [4, 104]
, where c21 is the steering ratio between the average steering angle of the 2nd axle to the
1st axle:

δ2 = c21δ1 (4.4)

The lateral and yaw equations of motion can be expressed as in equations 4.5 and 4.6,
respectively, where m is the vehicle mass and Izz is the vehicle mass moment of inertia
about the Z axis:

m(V̇ + Ur) = Fy1 + Fy2 + Fy3 + Fy4 (4.5)

Izz ṙ = a1Fy1 + a2Fy2 + a3Fy3 + a4Fy4 (4.6)

Substituting from equations 4.1 to 4.4 in equation 4.6 will result of equation 4.7. Com-
bining this equation with equation 4.8 presents the state-space model of the vehicle,
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where the system states and desired output are presented respectively.

[
β̇

ṙ

]
=

[
a11 a12

a21 a22

][
β

r

]
+ Cα1 + c21Cα2

mU

Cα3
mU

Cα4
mU

a1Cα1 + a2c21Cα2
Izz

a3Cα3
Izz

a4Cα4
Izz


δ1δ3
δ4

 (4.7)

Where a11 =
−Cα1 − Cα2 − Cα3 − Cα4

mU

a12 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4 −mU2

mU2

a21 =
−Cα1 − Cα2 − Cα3 − Cα4

Izz

a22 =
−a21Cα1 − a22Cα2 − a23Cα3 − a24Cα4

IzzU

[
β

r

]
=

[
1 0

0 1

][
β

r

]
+

[
0 0 0

0 0 0

]δ1δ3
δ4

 (4.8)

4.2.2 ZSS controller

ZSS is a feedforward controller, where the average steering angle of the 4th axle is
determined based on the vehicle longitudinal velocity and the average steering angle of
the 1st axle as illustrated in the block diagram as shown in Figure 4.2. The mathematical
model for four-wheel steering in equation 4.10 has been used [109] to drive the steady-
state equations of the vehicle by rearrange the equations and replace δ4 by equation 4.9,
where c34 is the average steering angle of the 3rd axle to the 4th one resulting in equation
4.10:

δ3 = c34δ4 (4.9)
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[
β̇

ṙ

]
=

[
a11 a12

a21 a22

][
β

r

]
+Bzss

[
δ1

δ4

]
(4.10)

Where Bzss = Cα1 + c21Cα2
mU

Cα4 + c34Cα3
mU

a1Cα1 + a2c21Cα2
Izz

a4Cα4 + a3c34Cα3
Izz


The steady-state model for ZSS controller can be derived by substituting in all the tran-
sient parameters by zero let β̇ = ṙ = 0 the steady-state model will be as follows:

[
β

r

]
ss

= −

[
a11 a12

a21 a22

]−1
Bzss

[
δ1

δ4

]
(4.11)

Using the steady-state model (equation 4.11) for an all-wheel steering vehicle, where
all wheels steering angles is related based on Ackermann condition, the steady-state
vehicle sideslip equation can be separated as a function of δ1, δ4 and U . Starting with
this equation the vehicle sideslip can be assumed to be zero and the ratio between δ1
and δ4 for ZSS at different forward velocities can be determined as in Figure 4.3. In
this method, the 3rd axle average steering angle δ3 is related with δ4 by the Ackerman
steering geometry.

βss = f(δ1, δ4, U) (4.12)

The steering of the rear axle based on a steady-state equation has a great effect while the
vehicle is operating in the linear region. However, in the nonlinear region, the steady-
state equation is not held anymore. Therefore, the feedforward term of the steering input
is taken at a speed range from 0 km/h to 50 km/h and is neglected at a higher speed.
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Figure 4.2: Figure 2 ZSS controller block diagram

Figure 4.3: The ratio between 4th and 1st steering axles for zero sideslip condition as a
function of forward speed

4.2.3 Optimal controller design

LQR is a feedback control system (shown in Figure 4.4), which is designed to satisfy
and minimize a quadratic cost function, as shown in equation 4.13, to maximize the re-
quired performance, which is limiting the vehicle sideslip. The controller gains matrix is
illustrated in equation 4.14 and the controller output (system input) is shown in equation
4.15 :

J =

∫ t

to

(XTQX + uTRu)dt (4.13)
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K = R−1(BTP ) (4.14)

uLQR = −KX (4.15)

Where X is the state vector (β and r), Q is the states weight matrix, R is the control
input weight matrix, u is the control vector (δ3 and δ4), K is the controller gain , and
B is system Input matrix. P is a positive definite matrix, which can be determined by
solving Riccati’s equation [110], as in equation 4.16.

ATP + PA− PBR−1BTP +Q = 0 (4.16)

Figure 4.4: LQR controller block diagram

To derive the gain matrix for the LQR control system the weight function of the state
variables and output variables Q and R should be tuned according to Bryson’s rule
[111, 112, 113, 114, 84, 115] as follows:

Q = ρ


1

X2
1(max.)

0

0
1

X2
2(max.)

 (4.17)
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R =


1

Y 2
1(max.)

0

0
1

Y 2
2(max.)

 (4.18)

Where ρ is a tuning positive scalar, X1 and X2 are the maximum allowed error of the
states (β, r), respectively, which are determined from equations 4.19 and 4.20 [4, 104,
116]. Y1 and Y2 represent the average permissible steering angles for the 3rd and 4th

axles respectively, which can be determined from the physical maximum steering of
each axle.

X1(max.) = βmax. = tan−1(0.02µg) (4.19)

X2(max.) = rmax. =
0.75µg

U
(4.20)

By determining Q and R matrices, P can be determined by equation 4.16. After that
by substituting P in equation 4.14, the desired controller gain can be determined. Note
that, since the control system does not control the steering wheel of the first axle it is
considered as a disturbance to the system and final control low to the closed-loop system
as follows:

utotal = uZSS + uLQR (4.21)

4.2.4 Evaluation and simulation results

The evaluation is utilized using the 22 degree of freedom nonlinear model that is pre-
sented in chapter 3, section 3.2. A Matlab/Simulink is used as a co-software with Truck-
Sim for implementing the controller and performing all simulations in this chapter.

The proposed controller is evaluated and compared with the conventional vehicle and
an active 4th axle vehicle (using only the LQR controller). The handling characteristics
of the vehicle have been assessed by applying several maneuvers that are conducted in
previous studies [4, 104, 31, 5]. The Skid Pad test has been conducted to evaluate the
steady-state handling characteristics of the vehicle, while FMVSS 126 ESC test was
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used to evaluate the transient state handling characteristics on a slippery surface at CoF
0.2.

In addition, the vehicle has been tested under severe maneuvers, where a sinusoidal
steering input with increasing amplitude has been applied to the vehicle for a while.
Further information about the tests that can be used to judge whether the vehicle has
good handling characteristics or not and how to evaluate it can be found in [117, 118].

4.2.4.1 100-ft Circle Skid Pad (Constant Radius):

The 100-ft radius circle Skid Pad test is performed, where the steering input required to
maintain a constant radius and the dynamic response are measured. The test is a closed-
loop test (driver in the loop) performed to follow the same circular trajectory, where all
configurations (conventional and controlled) succeeded to follow the designed path.

It can be noticed from Figure 4.5 that the steering angle of the controlled vehicle using
ZSS-LQR is lower than other cases at low speed (<40 km/h). This is because of the
effect of the counter-steering of the 4th and 3rd axles. This makes the 4th axle steer-
ing angle in the case of ZSS-LQR is more than the vehicle with fixed 3rd axle. This
behaviour indicates that the maneuverability and the minimum turning radius of the ve-
hicle will be increased at low speed. Meanwhile, the steering angle increases at a higher
speed where the 3rd and 4th axles steer in the same direction as the front axles.

Figure 4.6 (a) shows the longitudinal velocity history with time. The speed drop in
case of ZSS-LQR controller within a range not more than 1 km/h, while in case of 4th

axle steering it has been more. Figure 4.6 (d) shows the vehicle sideslip response with
time. The proposed controller shows superiority in maintaining minimum sideslip till
the time reaches 12 sec, which corresponds to a speed <41 km/h. After that, the sideslip
is maintained at 0.5 deg, which is less than the conventional vehicle. Meantime, the
vehicle with only active 4th axle produces less sideslip, almost reaches zero, at a high
steady speed (>41 km/h), which indicates better stability and priority than other cases.
However, this priority can be neglected as the vehicle with active 4th and 3rd axles (ZSS-
LQR) is still able to give sufficient sideslip angle to maintain the stability, which makes
it recommended to be used at low and high speed.
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Figure 4.5: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th for
skid-pad test

Figure 4.6: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response (d)
Vehicle sideslip response skid-pad test
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4.2.4.2 FMVSS 126 ESC Test at road C.O.F 0.2 at forward speed 60 km/h:

This test has been conducted to evaluate electronic stability control systems (ESC). The
test is an open-loop test, where a sine with dwell steering input is applied to the vehicle
and the vehicle response versus time should be evaluated [119]. Figure 4.7, shows
the vehicle trajectory for all cases at road surface of 0.2 CoF and longitudinal velocity
60 km/h. The lateral displacement of the controlled vehicle is less than the conventional
vehicle due to the active steering of the rear axles, which are in the same direction as the
front axles steering.

Figure 4.7: Vehicle trajectory for FMVSS maneuver at µ=0.2 and speed 60 km/h

Figure 4.8, show the variations in the steering wheel angle and the average road wheels
steering angles for the 1st, 3rd and the 4th axles. It can be observed that the controlled
vehicle same-phase steering behaviour (steering in the same direction as the front axle),
which results in decreasing the vehicle maneuverability and increasing stability. From
observing the settling time of the steering angles, a faster stabilization can be noticed in
the vehicle that is controlled with the ZSS-LQR controller, while the one controlled by
LQR utilizes only the 4th axle takes a longer time to be stable.

Figure 4.9 (a) shows the lateral accelerations for all cases. Notably, the proposed con-
troller stabilized the vehicle faster than other cases (almost in 2.7 seconds), while the
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Figure 4.8: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th for
FMVSS maneuver at µ=0.2 and speed 60 km/h

conventional vehicle took 9 seconds to be stable on such a low friction surface. Simi-
larly, the yaw rate response followed the same behaviour as shown in Figure 4.9 (c).

Figure 4.9 (d) shows the vehicle sideslip angle response, where the vehicle controlled by
the ZSS-LQR controller produced the minimum sideslip (maximum± 0.67) and reaches
the steady-state faster than other cases and with fewer oscillations. Meanwhile, the vehi-
cle that has only active 4th axle (LQR controller) stabilized faster than the conventional
one. This concludes that ARS is recommended to stabilize the vehicle at slippery sur-
faces generally. Simultaneously, activation of both 3rd, and 4th axles is better than using
only active 4th axle.

4.2.4.3 Open Loop Step Slalom Test:

gradually increased. The vehicle is driven with a speed of 65 km/h on a dry surface
with CoF equal to 1, which increases the chance of vehicle rollover. Figure 4.10 shows
the corresponding vehicle trajectory for the designed steering input. The figure shows
that ARS vehicles succeeded to finish the maneuver and maintain stability, while the
conventional vehicle didn’t, as presented in figure 4.11.
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Figure 4.9: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response (d)
Vehicle sideslip response for FMVSS maneuver at µ=0.2 and speed 60 km/h

Figure 4.10: Vehicle trajectory for step slalom test
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Figure 4.11: Illustration of the conventional vehicle in blue in comparison with
controlled one in red

Figure 4.12 (a) shows the designed input average steering angle of the 1st axle and the
corresponding average steering angle at the 3rd and 4th axles for all cases is presented
in figure 4.12 (b) and (c), respectively. It can be noticed that all the steering axles point
in the same direction as the front axle until the front axle steering angle is fixed. After
that, the steering angles of the vehicle controlled by both 3rd, and 4th axles (ZSS-LQR
controller) started to change slowly to perform a counter-steering with a small steering
angle, which occurred because of the decrease in the speed. On the other hand, the
vehicle controlled by only 4th axle (LQR controller) performed a same-phase steering
behaviour and the 4th axle steering angle remains constant regarding the change in the
vehicle speed.

The vehicle longitudinal velocity associated with the test has been illustrated in figure
4.13 (a). It is observed that the controlled vehicles’ speed kept decreasing until reach-
ing 25 km/h, While the conventional vehicle shows a sudden drop in its velocity. The
lateral acceleration and yaw rate response are presented in figure 4.13 (b) and (c), re-
spectively. The figures illustrate that the controlled vehicles kept the lateral acceleration
below the rollover threshold and consequently prevent rollover. On the other hand, the
conventional vehicle lateral acceleration increased over the rollover threshold resulting
in a vehicle rollover. The vehicle sideslip response can be observed from figure 4.13
(d). The figure shows that the vehicle that is controlled with an active 3rd, and 4th axles
produced the minimum sideslip angle (0.04 deg), while the one that is controlled by
only the 4th axle generated higher sideslip angle (4.6 deg). These results indicate higher
stability in the case of actively controlled the 3rd, and 4th axles than controlling only the
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Figure 4.12: Average steering angles of the (a)1st axle (b)2nd axle (c)3rd axle (d)4th

for for step slalom test

4th axle.

4.3 Development of an ARS for rough-rigid terrains op-
eration

This section introduces a new synthesized cost function to optimize a gain-schedule
controller that ensures the stability of the closed-loop control system at all operating
conditions with minimal control effort. Besides, genetic programming is used to in-
troduce a control low that can replace the generated high-dimensional gain-scheduled
controller to overcome implementation complexity in the future. Furthermore, due to
the lack of research studies that cover multi-axle vehicles’ stability over rough terrain,
this chapter fills the gap and introduces an ISMC-based controller to enhance the vehi-
cle’s lateral stability when operated on rough terrain at different driving conditions. The
results are discussed in detail following virtual testing and evaluation in comparison
with the optimal LQR controller that was introduced in detail in section 4.2.
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Figure 4.13: (a) Vehicle longitudinal speed (b) Lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for step slalom test

4.3.1 Disturbed single-track model

The bicycle model that was introduced in section 4.2.1 is used to design the controller.
In addition, disturbances are added with the assumption that the upper bounds of all
external disturbances are known to drive the disturbed model.

The equation of motion in the lateral direction can be presented as in equation 4.22
where,m is the vehicle mass, V and U are the vehicle lateral and longitudinal velocities,
r is the yaw rate, and Fyi is the lateral force act on ith axle. In addition, any disturbance
wd to the vehicle such as side wind or road irregularities can be presented as a force and
moment disturbance ∆Fy and ∆Mz , respectively.

m(V̇ + Ur) = Fy1 + Fy2 + Fy3 + Fy4 + ∆Fy (4.22)

Furthermore, the summation moment about the Z-axis can be represented as in equation
4.23, where Izz is the vehicle’s mass moment of inertia about the same axis.

Izz ṙ = a1Fy1 + a2Fy2 + a3Fy3 + a4Fy4 + ∆Mz (4.23)
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By substituting from equations 4.1 to 4.4 in equations 4.22 and 4.23, the state-space
equation presenting the vehicle’s yaw motion can be presented as a function of the ve-
hicle yaw rate and sideslip as in equation 4.24, which is equivalent to equation 4.25.

[
β̇

ṙ

]
=

[
a11 a12

a21 a22

][
β

r

]
+

 Cα3
mU

Cα4
mU

a3Cα3
Izz

a4Cα4
Izz

[δ3
δ4

]
+

 Cα1 + c21Cα2
mU

a1Cα1 + a2c21Cα2
Izz

 δ1 +

∆Fy

mU
∆Mz

Izz


(4.24)

Where

a11 =
−Cα1 − Cα2 − Cα3 − Cα4

mU

a12 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4 −mU2

mU2

a21 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4

Izz

a22 =
−a21Cα1 − a22Cα2 − a23Cα3 − a24Cα4

IzzU

Ẋ = AX +Bu+ wδ1 + wd (4.25)

4.3.2 The adaptive-ISMC design

The vehicle is subjected to a continuous variation in the driving parameters and road
conditions such as the vehicle velocity and the road surface friction. Besides, the road
profile irregularities and side wind can produce a disturbance that can be assumed as
an additional yaw force and moment to the vehicle motion. Therefore, this section
discusses the design procedures of a new Adaptive Integral Sliding Mode Controller
(AISMC) for an ARS system to enhance the handling performance and stability of the
8x8 combat vehicle when driving at various speeds on rough terrain with different fric-
tion coefficients. In general, Integral Sliding Mode Control (ISMC) is synthesized from
two control terms; linear and nonlinear controllers. In this section, the linear term is
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designed based on (Gain Scheduled Linear Quadratic Regulator) GSLQR so the discon-
tinuous (nonlinear) term gains are also scheduled according to it.

4.3.2.1 Optimal GSLQR

LQR is an optimal controller, however, it is developed based on a certain design point
that is represented by the nominal model parameters, so the effectiveness of the con-
troller can be decreased when operated far from these parameters. Therefore, the pro-
posed controller gains are determined at different speeds to cover all possible operating
speeds. Hence, the state-space equation can be represented as a function of the vehicle
longitudinal speed as in equation 4.26. Moreover, the maximum desire states (r and
β) can be represented as a function of vehicle’s speeds and road coefficient of friction
(µ) according to equations 4.27 and 4.28, respectively where g denotes the gravitational
acceleration [116].

Ẋ = A(U)X +B(U)u (4.26)

r(U, µ)max. =
0.85µg

U
(4.27)

β(µ)max. = tan−1(0.02µg) (4.28)

Eventually, by solving the Riccati equation 4.29 that minimizing the performance index
in equation 4.30 [120] the controller gains K can be calculated as in equation 4.31. In
these equations ν represents the varied parameters, P is a positive definite matrix,Q and
R are the states and control effort weight matrices, respectively. The final control input
is then scheduled as a function of the vehicle longitudinal velocity and road coefficient
of friction as in equation 4.32.

A(ν)TP + PA(ν)− PB(ν)R(ν)−1B(ν)TP +Q(ν) = 0 (4.29)

J(ν) =

∫ t

to

(XTQ(ν)X + uTR(ν)u)dt (4.30)
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K = R(ν)−1(B(ν)TP ) (4.31)

u(U, µ)LQR = −KX (4.32)

Generally, if a linear system represents a nonlinear one and is found to be asymptotic
stable, it indicates that the nonlinear system is also stable [14]. Hence, the weights
matrices Q and R are continuously optimized for each design parameter variation to
ensure asymptotic stability with real negative eigenvalues of the closed-loop control
system. The weights matrices Q and R are presented according to Bryson’s rule [114,
84, 115] and optimized based on a free constant positive number CQ, the maximum
allowable average steering angle of the 3rd and 4th (δ3max. and δ4max.) as in equations
4.33 and 4.34, consequently. For that purpose, a new cost function is synthesized and
introduced as in equation 4.35. The equation is developed to minimize the parameter
CQ, so it increases the ability of the controller to minimize the vehicle sideslip β and
increase the error tolerance on the yaw rate. This method allows designing the controller
with reference signals equal to zero to reflect no dependency on the reference model as
in previous conventional LQR design [4]. In addition, the cost function also minimizes
the steering angles δ3max. and δ4max. to prevent excessive use and decrease the control
effort. Besides, with a very small positive constant ε the eigenvalues imaginary part
λij img is forced to be zero and the real part λij realis be maximized.

Q(βmax., rmax., CQ) =


1

β(µ)2max.
0

0
CQ

r(U, µ)2max.

 (4.33)

R(δ3max., δ4max.) =


1

δ23max.
0

0
1

δ24max.

 (4.34)

Cost function =∥∥∥∥CQ + δ3 + δ4 +
1

|λij real|
+
|λij img|

ε

∥∥∥∥ (4.35)
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4.3.2.2 Genetic programming-based GSLQR

In the late 90s, an evolutionary optimization algorithm known as Genetic Programming
(GP) was introduced by John Kozaa. Following the same concept of the Genetic Algo-
rithm (GA), GP uses the techniques of mutation, crossover, and natural selection. GA is
usually used to produce a bit-string representation of a certain problem. On the contrary
to GA, GP deals with the string data type that presents genetic operators to synthesize
an algorithm and apply it to the same problem [121]. Hence, GP generates arithmetic
functions and operations in a hierarchical structure to generate a solution to the problem
based on the inputs (terminals). In addition, GP applies the genetic operators on the
algorithm/equation in form of branches as in figure 4.14 [122].

In this section, a genetic programming tool provided by Eureqa software is utilized to
represent each scheduled gain by a simple and single optimum equation that can replace
and reduce the dimension of the developed GSLQR gains. This technique permits in-
creasing the resolution of the varied parameters and includes more design points in the
GSLQR design regardless of the burden of resulting in a high-dimensional gains data-
set. Besides, it facilitates future hardware implementation of the controller. Another
advantage of using this method is to interpolate between the design point and allow a
smooth transition from one point to another and extrapolate for points beyond the one
included in the design.

GP is used to represent the GSLQR gain to the one illustrated equation 4.36, which will
be stated as GP-GSLQR in the rest of this chapter, as a function of the vehicle’s speed
and road’s friction where Cnkij presents real constant values. Moreover, to simplify the
output equations and consequently reduce the complexity and computational effort, the
solution is constrained to basic math operators (*, protected division /, -, +).

KGSLQR =

{
K11 K12

K21 K22

}
(4.36)

where

K11 = C1k11 + C2k11U + C3k11µ+ C4k11µU

+ C5k11(µU)2
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K12 = C1k12 + C2k12U + C3k12(U)2

+ C4k12mu(U)2

K21 = C1k21 + C2k21U +
C3k21
U

+ C4k21µU

+ C5k21µ(U)2

K22 = C1k22 +
C2k22U

µ
+ C3k22µ(U)3 + C4k22µU

+ C5k22µ+
C6k22
(U)3

Figure 4.14: Genetic programming structure

Moreover, the execution time of the GS-based and GP-based controllers are compared
using the Matlab/Simulink profiler for various time steps using the same solver and sim-
ulation time. The execution time per each step for different time steps is introduced in
figure 4.15. The figure shows that the GP-based controller has a comparable processing
time with the GS-based one as that time is very low for both cases.
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Figure 4.15: Mean execution time per step for each time step

4.3.2.3 Integral sliding mode control design

SMC is known for its effectiveness and robustness in disturbance rejection and param-
eters uncertainties, however, this compensation only starts after reaching the sliding
manifold. On the contrary, ISMC is capable to compensate for that disturbance and
uncertainties from the beginning and without the existence of the reaching phase [15].
Lets consider the disturbance wd in equation 4.25 is bounded and can be presented as
matched disturbance equals to Bξ, as in equation 4.37. In this equation, ξ is a distur-
bance vector, ρβ and ρr are the upper bounds on the sideslip and yaw rate disturbances
that can be determined from equation 4.38.

wd = Bξ where ξ =

[
ρβ

ρr

]

and B =

 Cα3
mU

Cα4
mU

a3Cα3
Izz

a4Cα4
Izz

 (4.37)

∆Fy

mU
∆Mz

Izz

 =

 Cα3
mU

Cα4
mU

a3Cα3
Izz

a4Cα4
Izz

[ρβ
ρr

]
(4.38)
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ISMC has structured form two terms linear controller that controls the nominal sys-
tem without considering the disturbance and a nonlinear discontinuous control term to
compensate for the existed bounded disturbance. The proposed controller includes the
developed GP-GSLQR, which is designed based on a linear control theory to stabilize
the nominal system at various driving conditions and a nonlinear control term as in
equation 4.39.

uISMC = uGSLQR + uSMC (4.39)

The sliding manifold S of the ISMC is designed and scheduled according to equation
4.40 where, GSC is a projection matrix that satisfy equation 4.41, Xo is the system’s
states initial condition.

S = GSC

(
X −Xo −

∫ t

0

(Ax (τ) +BuGSLQR (τ)) dτ

)
(4.40)

GSC = B+

where GSCB = I and det(GSCB) 6= 0
(4.41)

Eventually, the discontinuous controller is presented as in equation 4.42 and the sign
function is approximated according to equation 4.43 using a very small positive constant
εsmc to prevent chattering phenomena.

uSMC = −ρsmc sign((GSCB)TS)

where ρsmc ≥ ‖ξ‖
(4.42)

sign(S) ≈ S

|S|+ εsmc
(4.43)
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4.3.3 Evaluation and simulation results

The controller is implemented with the 8-WS nonlinear 22-DoF full vehicle model,
presented in 3 section 3.2, to perform all simulations. The evaluation is conducted on
rough terrain as will be discussed in the next subsections.

4.3.3.1 Evaluation on rough terrain

At first, the controllers are tested on a road with uniform irregularities as shown in figure
4.16. The road surface profile is presented as a sinusoidal wave with a wavelength of
2 m, and peak-to-peak amplitude of 0.05 m. The sinusoidal road irregularity is applied
for 300 m length followed by a negative road slope 0.1 m/s.

Figure 4.16: Profile of the road surface irregularities in the vertical direction

Figure 4.17a illustrates the vehicle trajectory when it was driven with speed 100 km/h

on a road with a coefficient of friction 0.85. It can be seen that the uncontrolled (con-
ventional) vehicle failed to complete the maneuver, while other cases did. Moreover,
both controllers resulted in almost the same lateral error as shown in figure 4.17b.

Figure 4.18 shows the corresponding average steering angle for the 1st, 3rd, and 4th

axles. It was noticed that the conventional vehicle utilizes only the steering of the 1st

axle, which is saturated, while the controlled vehicle is not. Besides, the ARS-AISMC
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Figure 4.17: DLC on a road with µ = 0.85 at speed 100 km/h (a)Vehicle trajectory
(b)Lateral error

exhibited a smaller 3rd axle’s steering angle than ARS-LQR, which preserves higher lat-
eral forces that can be used for stabilization. Meanwhile, the 4th axle’s average steering
angle of the ARS-AISMC is slightly higher than the ARS-LQR, which can be neglected.

The vehicle dynamic response is illustrated in figure 4.19. It can be seen that the fluc-
tuation in the vehicle longitudinal velocity and lateral acceleration is the same for each
case as in figures 4.19a and 4.19b, respectively. Meanwhile, the yaw rate and vehicle’s
sideslip response of ARS-AISMC is less than ARS-LQR as in figures 4.19c and 4.19d,
respectively, which indicates higher stability.

The controllers are evaluated at 60 km/h speed on a slippery road with a 0.2 coefficient
of friction. The vehicle trajectory and corresponding lateral error are shown in figures
4.20a and 4.20b, respectively. The figures indicate that the conventional vehicle failed
to complete the maneuver, while the controlled vehicles succeeded. However, the lateral
error resulting from the ARS-AISMC is less than ARS-LQR.

Figure 4.21 shows the steering axles’ average steering angles. The average 1st axle
steering angle of ARS-AISMC is less than ARS-LQR with a slight value as in figure
4.21a. Also, the Average steering angle of the 3rd axles is lower than ARS-LQR, and the
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Figure 4.18: DLC on a road with µ = 0.85 at speed 100 km/h (a)1st axle average
steering angle (b)3rd axle average steering angle (c)4th axle average steering angle

Figure 4.19: DLC on a road with µ = 0.85 at speed 100 km/h (a)Vehicle longitudinal
velocity (b)Lateral acceleration response (c)Yaw rate response (d)Vehicle sideslip

response
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Figure 4.20: DLC on a road with µ = 0.2 at speed 60 km/h (a)Vehicle trajectory
(b)Lateral error

4th axle steering angle of ARS-AISMC is only higher at the beginning of the maneuver
as shown in figures 4.21b and 4.21c, respectively.

The longitudinal velocity and lateral acceleration almost respond the same for both con-
trollers as in figures 4.22a and 4.22b, respectively. Meanwhile, figure 4.22c shows low
differences between the controllers at the beginning. However, the ARS-AISMC shows
a lower yaw rate and the end and faster stabilization than ARS-LQR. This result can be
confirmed by observing lower vehicle sideslip of the ARS-AISMC and higher stability
than ARS-LQR as in figure 4.22d.

4.3.3.2 Evaluation on extreme rough terrain

In this section, the previous road’s surface profile is superimposed with an extreme rough
profile that is shown in figure 4.23. First, the controllers are tested on a road with a high
coefficient of friction (0.85) and the vehicle is driven with speed 100 km/h.

The vehicle trajectory and corresponding lateral error are illustrated in figure 4.24a and
4.24b, respectively. It can be noticed that the conventional vehicle couldn’t be stabi-
lized after the maneuver. On the other hand, the controlled vehicle could successfully
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Figure 4.21: DLC on a road with µ = 0.2 at speed 60 km/h (a)1st axle average
steering angle (b)3rd axle average steering angle (c)4th axle average steering angle

Figure 4.22: DLC on a road with µ = 0.2 at speed 60 km/h (a)Vehicle longitudinal
velocity (b)Lateral acceleration response (c)Yaw rate response (d)Vehicle sideslip

response
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Figure 4.23: Profile of the road surface irregularities

finish the maneuver resulting in almost the same lateral error. It is also noticed that the
conventional vehicle has the lowest steerability (maneuverability) as it performed the
minimum lateral distance for the maneuver, as shown in figure 4.24a.

Figure 4.25a shows the average steering angle of the 1st, it is observed that the con-
ventional vehicle is saturated while controlled cases aren’t. In figure 4.25b, the ARS-
AISMC exhibits a smaller average steering angle of the 3rd axle than the ARS-LQR.
In contrast, the average steering angle of the 4th axle is higher than the ARS-LQR, as
shown in figure 4.25c. However, it is only higher at t = 12 s.

The vehicle dynamic response in figure 4.26 doesn’t show a considerable difference
between both controllers and it can be seen that both controllers almost follow the same
behaviour and longitudinal speed profile as in 4.26a and can limit the vehicle yaw rate
and sideslip, as in figures 4.26c and 4.26d, respectively. Meanwhile, the high lateral
acceleration in figure 4.26b indicates that wheels lift off the ground due to the high
speed and high irregularities, however, rollover didn’t occur.

When repeating the maneuver at a slippery surface with a coefficient of friction µ = 0.2

and speed 60 km/h, it can be seen that the conventional vehicle and ARS-AISMC suc-
ceeded to perform the maneuver and maintain the stability, as shown in figure 4.27a. On
the other hand, the ARS-LQR controller failed to keep the vehicle’s stability. Besides,

86



Figure 4.24: DLC on a road with µ = 0.85 at speed 100 km/h (a)Vehicle trajectory
(b)Lateral error

Figure 4.25: DLC on a road with µ = 0.85 at speed 100 km/h (a)1st axle average
steering angle (b)3rd axle average steering angle (c)4th axle average steering angle

87



Figure 4.26: DLC on a road with µ = 0.85 at speed 100 km/h (a)Vehicle longitudinal
velocity (b)Lateral acceleration response (c)Yaw rate response (d)Vehicle sideslip

response

the ARS-AISMC produces less lateral error than other cases as can be seen in figure
4.27b.

In figure 4.28, the ARS-AISMC shows the minimum consumption of the steering actu-
ators with a low average steering angle than all cases in figure 4.28a, and lower than the
ARS-LQR in figure 4.28b and 4.28c.

By observing the fluctuation in the vehicle’s longitudinal velocity in figure 4.29a, it
can be seen that the ARS-LQR is exposed to high fluctuation (more than ± 10 km/h)
while the conventional vehicle is the lowest, less than ± 5 km/h, followed by the ARS-
AISMC ( ± 5 km/h). The lateral acceleration response in figure 4.29b, also indicates
that there are wheels lift-off occurs for all cases. Figure 4.29c shows bounded yaw rate
for the conventional and the ARS-AISMC cases and shows instability in the case of the
ARS-LQR. Similarly, the vehicle sideslip shows the same behaviour in figure 4.29d and
both figures show faster stabilization of the ARS-AISMC than the conventional vehicle.

The failure of the ARS-LQR to stabilize the vehicle in comparison to the conventional
vehicle is related to several reasons. The first is associated with the less lateral offset that
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Figure 4.27: DLC on a road with µ = 0.2 at speed 60 km/h (a)Vehicle trajectory
(b)Lateral error

Figure 4.28: DLC on a road with µ = 0.2 at speed 60 km/h (a)1st axle average
steering angle (b)3rd axle average steering angle (c)4th axle average steering angle
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Figure 4.29: DLC on a road with µ = 0.2 at speed 60 km/h (a)Vehicle longitudinal
velocity (b)Lateral acceleration response (c)Yaw rate response (d)Vehicle sideslip

response

is taken by the conventional vehicle, as shown in figure 4.27a. This small lateral offset
resulted in less yaw rate and sideslip, hence, better stability but limited maneuverability.
On contrary, the vehicle controlled by the ARS-LQR exhibits higher lateral offset (and
demonstrates better maneuverability). Another reason is the large steering angles that
are exhibited by the ARS-LQR on the rear axles (3rd and 4th), as shown in figures
4.28b and c, respectively. These high lateral motion and large steering angles generated
high yaw rate, high fluctuation in the vehicle speed, and consequently high sideslip, as
shown in figure 4.29. The generated high sideslip and yaw rate make it difficult for the
controller to regain stability with such high maneuverability on a slippery surface. This
can be related to the controller design, which is developed at nominal driving conditions
(nominal speed and high road friction), so the performance at driving conditions far
from this point is not guaranteed.
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4.4 Active rear axles’ steering in path-following appli-
cation

In this section, three cases of the path-following controller are developed and compared
for an 8x8 combat vehicle. At first, an H∞ path-following controller is designed and
utilized for the steering of the front axles but fixed rear axles. In the second case, the de-
veloped H∞ path-following controller includes the rear axles’ steering with modifying
the controller’s weight functions and adding constraints to tighten the design require-
ments. The third case integrates the developed front steering path-following controller
side-by-side with a separate H∞ ARS controller that is developed to enhance the vehi-
cle’s lateral stability by exploiting the independent steering of the rear two axles. Even-
tually, virtual testing is conducted in TruckSim software in collaboration with Simulink
using a series of DLC maneuvers. The testing is performed at different speeds and on
various road friction coefficients.

4.4.1 Path-follow mathematical models

The bicycle model showed its effectiveness to design lateral stability controllers in pre-
vious studies as introduced by [23, 37, 78, 18]. Besides, it is also used for vehicles’
automation and path-following applications as presented in [100, 89, 95, 88]. There-
fore, the state-space model required to design the controllers can be derived using the
linearized 2-DoF bicycle model presented in chapter 4, section 4.2.1. In addition, the
developed controllers are incorporated with the nonlinear 22-DoF full vehicle model for
virtual testing and evaluation.

By rearranging the equations from 4.1 to 4.6, in section 4.2, and substituting in the
lateral velocity (V ) with the rate of change in the Y-axis coordinate Ẏ , and r with the
rate of change in the vehicle heading angle θ̇, the path-following state-space model can
be described as in equation 4.44. This equation can represent a front steering vehicle by
substituting δ2 and δ3 by zero, which represent fixed rear axles.
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Ÿ
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Ẏ

θ

r

+


0 0 0

Cα1 + c21Cα2
m

Cα3
m

Cα4
m

0 0 0
a1Cα1 + a2c21Cα2

Izz

a3Cα3
Izz

a4Cα4
Izz


δ1δ3
δ4


(4.44)

Where

a11 =
−Cα1 − Cα2 − Cα3 − Cα4

mU

a12 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4 −mU2

mU

a21 =
−Cα1 − Cα2 − Cα3 − Cα4

IzzU

a22 =
−a21Cα1 − a22Cα2 − a23Cα3 − a24Cα4

IzzU

The yaw model that is used for lateral stability controller’s design can be derived by
isolating the Ÿ and ṙ from equation 4.44 as follows:

[
Ÿ

ṙ

]
=

[
a11 a12

a21 a22

][
Ẏ

r

]
+

 Cα3
m

Cα4
m

a3Cα3
Izz

a4Cα4
Izz

[δ3
δ4

]

+

 Cα1 + c21Cα2
m

a1Cα1 + a2c21Cα2
Izz

 δ1
(4.45)

Now, equations 4.44 and 4.45 are represented as in the state-space equation 4.46.

ẋ = Ax+Bu (4.46)
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The reference model considered the desired lateral coordinate of the desired path Yd,
a zero desired lateral velocity to minimize the vehicle sideslip angle β that is equal to
Ẏ /U , the path’s desired heading angle θ as in equation 4.47, where X is the X-axes
coordinates of the desired path, and the desired yaw rate θ̇d as in equation 4.48 where ρ
is the path curvature, which can be determined from equation 4.49.

θd = tan−1
dY

dX
(4.47)

θ̇d = ρU (4.48)

ρ =

d2Y

d2X(
1 +

(
dY

dX

)2
)3/2

(4.49)

Eventually, the reference model is filtered with a low-pass filter transfer function to
smooth the desired signal to match the vehicle dynamics and response as in equation
4.50, where τ is a small delay time.

s =
1

τs+ 1
(4.50)

4.4.2 H∞ path-following controllers

In general, H∞ control design is based on minimizing the H∞ norm of the lower frac-
tional transformation F1 of a Closed-looped System (CLS) formed from a plant and
controller G and K, respectively. The H∞ norm can be represented with the singular
value (σ) of F1 for the CLS as in equation 4.51.

‖F1(G,K )‖∞
4
= sup

ω∈R
σ (F1(G,K )(jω)) (4.51)

This problem can be presented as a minimization problem as in equation 4.52, which is
called the mixed sensitivity problem. In this equation, K denotes the desired controller
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that stabilizes the system G and minimize the H∞ norm of the sensitivity functions S
andKS, which are penalized by the performance and control input weight functionsWp

and Wu, to achieve good tracking performance and less control effort, receptively.

min
K stabilizing

∥∥∥∥∥ WpS

WuKS

∥∥∥∥∥
∞

where S = (I +GK)−1 (4.52)

These weight functions can be absorbed in the interconnected or augmented systemGaug

as in equation 4.53 and the H∞ norm of the system in equation 4.52 can be represented
as in equation 4.54 to include the constraints on the system.

Gaug =

Wp −WpG

0 Wu

I −G

 (4.53)

min
K stabilizing

‖F1(Gaug, K )‖∞ (4.54)

Considering the introduced weighting functions, the whole plant can be augmented as
in figure in figure 4.30 for designing the H∞ controller. In this figure, 4 is the model
parameters uncertainty. The performance weight functions matrix is shown in equation
4.55, where Wp ∈ R5x5. Wp1:4 are the weights that are used to penalize the tracking
errors (err 1:4) between the reference signals (ref 1:4) and the vehicle’s states presented
by the lateral position, lateral velocity, heading angle, and the rate of change in the
yaw motion. Meanwhile, Wp55 is used to penalize the error’s integration of the lateral
position and ensure the convergence to zero at steady-state. Wu ∈ Rmxm is synthesized
to penalize the control effort at high frequencies, where m is the number of control
inputs.

Wp =


Wp11 0 0 0 0

0 Wp22 0 0

0 0 Wp33 0 0

0 0 0 Wp44 0

0 0 0 0 Wp55

 (4.55)
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Figure 4.30: H∞ Controller block diagram

The weighting functions in the frequency domain can be derived by converting the per-
formance requirements of the CLS from the time domain, as can be presented in the
following equations.

Equation 4.56 present the performance weight function. Mpi is the maximum sensitivity
gain, ωpi is the differences between upper and lower cutoff frequencies, εpi is a param-
eters that present the maximum desired error, and npi is tuned to control the weight
function steep [123].

Wpii =

(
S/ npi

√
Mpi + ωpi

S + ωpi npi
√
εpi

)npi

(4.56)

On the other hand, the control input weight functions Wuii are formulated and tuned as
a high pass filter in equation 4.57:

Wujj =
(a1jS + a2j)

nu1

(S + a3j)
nu2

(4.57)

Eventually, the control system block diagram for the augmented plant can be repre-
sented as in figure 4.31, where w denotes the plant inputs (ref1:4), z is plant output
(zp and zu), e is the measured outputs and controller inputs (err1:4), and u is the con-
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troller output (δ1:4). The H∞ control problem can be solved based on the state-space
representation augmented plant as in equation 4.58. Moreover, the solution satisfies the
condition ‖T (S)‖∞ <γ, where T is the CLS formed by the augmented plant Gaug and
the controller K, and γ is constrained to be between [0.1, 5] to achieve robustness [124].

Gaug


ẋ(t) = Ax(t) +B1w(t) +B2u(t)

z(t) = C1x(t) +D11w(t) +D12u(t)

e(t) = C2x(t) +D21w(t)

(4.58)

Figure 4.31: Controller block diagram of the augmented plant

4.4.3 H∞-ARS lateral stability controller

The same theory and structure of the path-following controller are applied for the lateral
stability controller. However, the controlled states and consequently the performance
weights are decreased into two (Wp11 andWp44). In addition, the control inputs for this
controller are the steering angle of the 3rd and 4th, δ3 and δ4, respectively.

4.4.4 Implementation and frequency domain analysis

This section introduces the design procedure and design requirement limitations for
each control case. The design includes the performance and control weighted functions
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that are selected and tuned to satisfy an accepted range for stability and performance.
Moreover, a frequency domain analysis is conducted to demonstrate the performance
and stability robustness against the velocity uncertainty.

4.4.4.1 Front steering path-following controller

Equation 4.44, is used to design the controller, where the steering of the 3rd and 4th

axles δ3 and δ4 are substituted by zero to demonstrate fixed rear axles. The performance
weight functions are selected as in table 4.1, and the h∞ problem is solved using Matlab
software toolbox with constraining the performance index γ to be between [0.1, 5]. At
first, the optimizer failed to find a solution that satisfies the performance requirements.
So, the problem is solved at a fixed nominal speed 20 km/h, with releasing the constrain
on the control input.

Table 4.1: Path-following controllers weighted functions

Design parameters Front-Steering AWS
Wp11

s2+160s+6400
16s2+512s+4096

s+8.944
0.89s+0.25

Wp22 0.05 0.05
Wp33 0.1 s+5

s+0.112

Wp44 0.01 0.01

Wp55
s2+0.004s

4s2+0.00064s
0.0s2+0.06s+0.09

0.0036s2+0.0036s+0.0009

Wp66 −−− s+10
s+1

Wu11
0.0008s+0.038
0.00032s+15

0.1s+1.7
0.00032s+30

Wu22 −−− 0.1s+2.1
0.0001s+30

Wu33 −−− 0.1s+2.1
0.00032s+30

γ 0.68 1.6

Figure 4.32 presents the frequency analysis of the uncertain CLS for the determined
controller. Figure 4.32 (a) shows that the output lateral position satisfies the designed
performance weighted function Wp11. The function Wp11 is chosen to result in an ac-
ceptable lateral error at high frequencies. In addition, the performance weighted func-
tion Wp55 penalizes the lateral error integration at low frequencies, to ensure that the
steady-state lateral error will reach zero, as presented in figure 4.32 (b). The effect of
Wp55 is reflected on the error at figure 4.32 (a) as the gain at low frequencies are very
small (below −100 dB). Figure 4.32 (C) shows the control input (δ1) response to the
input reference, and it can be seen that there is almost no constrain on the control input
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at high frequency.

Figure 4.32: CLS frequency response of the (a)Lateral error (b)Lateral error
integration (c)Control input δ1 to the reference inputs

Figure 4.33 (a) shows the stability performance of the uncertain CLS and shows that the
system attains robust stability as the structured singular value bounds µ are < 1. How-
ever, the system doesn’t achieve robust performance at high frequencies as it violates
the controller performance weighted function Wu11, as in figure 4.33 (b).

Figure 4.33: (a)Stability and (b)Performance robustness of the front steering CLS

4.4.4.2 AWS path-following controller

Equation 4.44 is used with no modifications to design the AWS path-following controller
that utilizes the steering of the 1st, 3rd, and 4th axles, and the selected weighted functions
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are illustrated table 4.1. Including the steering of the rear axles in the model reflects
several advantages on the tightening procedures as follow:

• The optimizer was able to find a solution considering the velocity uncertainty at
nominal forward velocity 60 km/h.

• Tightening the constraints on the lateral error by increasing the gain of Wp11 at
low frequencies, as can be noticed in figure 4.34 (a).

• Adding constrain on the heading angle tracking error at low frequency (Wp22), as
presented in figure 4.34 (b), to ensure faster stabilization of the vehicle and less
swing.

• Increasing the constrain on the lateral error integration weight functionWp55 for a
higher frequency to ensure that the steady-state lateral error will reach zero much
faster, as observed in figure 4.34 (c).

• Penalizing the heading angle tracking error integration at low frequency, as shown
in figure 4.34 (d), to ensure a zero steady-state heading angle at the end of the
maneuver by adding the weighted function Wp66.

• Penalize the control inputs maximum steering angle at high frequencies, as shown
in figure 4.35.

Despite the advantages of adding the steering of the rear axles on the design procedures,
the CLS achieves robust stability but lacks performance robustness, as can be concluded
from figure 4.36 (a) and (b) respectively. However, by observing figure 4.34 and fig-
ure 4.35, it can be noticed that the violation of the performance requirements is in an
acceptable range and still, can achieve good performance.

4.4.4.3 ARS lateral stability controller

In this section, an h∞-ARS lateral stability controller is developed to be integrated with
the front steering path-following controller. The controller is developed to penalize the
vehicle’s lateral velocity and consequently limits its Sideslip and improves the stabil-
ity while performing steering. The performance and control weighted functions of the
developed ARS are presented in table 4.2.

Figure 4.37 presented the frequency response of the CLS , where figure 4.37 (a) shows
the lateral velocity response and figure 4.37 (b) and (c) show the response of the control
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Figure 4.34: CLS frequency response of the (a)Lateral position tracking (b)Heading
angle tracking (c) Lateral error integration (d)Heading angle error integration

Figure 4.35: CLS frequency response of the control input (a)δ1 to the reference inputs
(b)δ3 to the reference inputs (c) δ4 to the reference inputs
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Figure 4.36: (a)Stability and (b)Performance robustness of the AWS CLS

Table 4.2: Controllers design parameters

Design parameters ARS
Wp1

s2+80s+1600
4s2+120s+900

Wp2 0.01
Wu1

0.05s+11.18
0.0001s+10

Wu2
0.05s+5.97
0.00032s+10

γ 0.53

inputs δ3 and δ4 to the reference input, respectively. It can be seen that the response
of the uncertain CLS meets the required weighted functions. Furthermore, the control
weight functions Wu11 and Wu22 are chosen to ensure that the steering angle of the 4th

axle is higher than the 3rd axle at high frequencies. Besides, it ensures satisfying the
desired performance with minimum use of the rear axles’ steering angles.

The CLS stability and performance robustness are illustrated in figures 4.38 (a) and (b),
respectively. The figures show that the controlled system attains robust stability and
performance, which allows binding the design requirements if needed.

4.4.5 Evaluation and simulation results

The same vehicle configuration that is used in previous chapters and presented in chapter
3, section 3.2 is utilized to perform all simulation and testing. The Controllers are
compared and evaluated by performing the NATO Double Lane Change (DLC) as in
figure 4.39 at various speeds (from 40 and 100 km/h) at different coefficients of friction
(0.35, 0.5 and 0.85).
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Figure 4.37: CLS frequency response of the (a)Lateral velocity (b)Control input δ3 to
the reference inputs (c)Control input δ4 to the reference inputs

Figure 4.38: (a)Stability and (b)Performance robustness of the ARS CLS

Figure 4.39: NATO AVTP 03-160 W Double Lane Change setup [31, 4]
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4.4.5.1 Low-speed evaluation using Double lane change maneuver

In this section the controllers will be evaluated at low speed (U = 40 km/h) and on
roads with various coefficient of friction (µ = 0.85, 0.5, and 0.35).

At friction coefficient=0.85 and forward speed=40 km/h

Figures 4.40 (a) and (b) shows the vehicle trajectory and the corresponding lateral error
when driving at speed 40 km/h over a surface with coefficient of friction 0.85. It can
be seen that all cases have finished the maneuver and the AWS results in a minimum
error, followed by other cases. However, the error in the case of front steering with and
without ARS is generated due to a phase shift from the desired trajectory. Besides, the
front steering cases can stabilize the vehicle faster than the AWS case.

Figure 4.40: (a)Executed trajectory (b) Lateral error

The first, third, and fourth axle’ average steering angles are illustrated in figures 4.41
(a), (b), and (c), respectively. It is noticed that there is no huge difference between front
steering-based controllers (front steering and front-ARS), while the front steering angle
of the AWS is slightly higher. In contrast, there is a big difference in the 3rd and 4th

steering angles between the AWS and front-ARS controllers, where the AWS exhibits
higher angles.
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Figure 4.41: (a)1st axle (b)3rd axle (c)4th axle average steering angle

The vehicle’s forward velocity is shown in figures 4.42 (a), the lateral acceleration is
shown in figures 4.42 (b), and the yaw rate is in is shown in figures 4.42 (c), where there
is almost no difference between the three cases. Figure 4.42 (d) presents the vehicle
sideslip angle for each case, it is notable that for almost the same yaw rate, the integrated
front-ARS generates the least Sideslip. Meanwhile, AWS reaches the same Sideslip as
the front steering controller. However, due to the added weight for tracking the yaw
angle at low frequencies, AWS generates a uniform Sideslip that has the same shape as
the yaw rate signal.

At friction coefficient=0.5 and forward velocity=40 km/h

The vehicle trajectory when driving on a surface with friction coefficient 0.5 with speed
= 40 km/h is illustrated in figure 4.43 (a), while the corresponding error is presented
in figure 4.43 (b). The result is almost the same as manoeuvring with the same speed on
a hard surface with Cof 0.85, and it has also the same yaw rate and sideslip response.
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Figure 4.42: (a)Forward speed (b) Vehicle lateral acceleration (c) Yaw rate of change
(d) Sideslip responses

Figure 4.43: (a) Executed trajectory (b) Lateral error
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4.4.5.2 High-speed evaluation using Double lane change maneuver

In this section, all cases are evaluated at the maximum speed of each test on roads with
various coefficients of friction. This speed is determined based on a pass/fail criteria,
where the vehicle should finish the maneuver without stepping on the cones and without
losing its stability.

At friction coefficient=0.85 and forward velocity=100 km/h

The vehicle trajectory is presented in figure 4.44 (a) when performing the maneuver
with speed 100 km/h and all cases pass the maneuver successfully. The integrated
front-ARS results in less mean square error and stabilize the trajectory faster than other
cases, as can be observed from figure 4.44 (b). However, it has a higher steady-state
error due to the tracking limitations of the front-steering controller that was integrated
with the ARS.

Figure 4.44: (a) Executed trajectory (b) Lateral error

The front steering controller results in the highest average front steering angle among all
cases as in figure 4.45 (a). The front-ARS results in a higher 3rd axle average steering
than the AWS as presented in figures 4.45 (b), meanwhile, they reach the same 4th

average steering angle as illustrated in figures 4.45 (c). In addition, it can be noticed that
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the front-ARS results in parallel steering, which means that the rear and front axles steer
in the same direction. On contrary, AWS results in a random steering pattern, which is
sometimes parallel and others counter.

Figure 4.45: (a)1st axle (b)3rd axle (c)4th axle average steering angle

The dynamic response of all cases is illustrated in figure 4.46. The less reduction in
the longitudinal velocity is achieved by the integrated front-ARS, followed by the AWS,
then the front steering that produces the highest reduction as presented in figure 4.46 (a).
By observing figure 4.46 (b), it can be noticed that the lateral acceleration is kept below
the rollover threshold for all cases. However, the AWS and the front-ARS stabilize
almost at the same time and faster than the standalone front steering. Meanwhile, the
front-ARS results in the least yaw rate because of the very low Sideslip as observed in
figure 4.46 (c) and (d), respectively.

At friction coefficient=0.5 and forward velocity=100km/h:

In this section, the controllers are evaluated at high speed (U = 100 km/h) and low-
CoF (0.5), respectively. This test shows the importance of integrating a lateral stability
controller in autonomous vehicles for crash mitigation applications.

It is shown in figure 4.47 (a) that all other cases fail to stabilize the vehicle and finish the
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Figure 4.46: (a)Forward velocity(b) Vehicle lateral acceleration (c) Yaw rate of change
(d) Sideslip responses

manoeuvre except for the integrated front-ARS controllers, which pass the manoeuvre
despite the generated high lateral error, as presented in figure 4.47 (b).

It is shown in figure 4.47 that all other cases fail to stabilize the vehicle and finish the
maneuver. On the other hand, the integrated front-ARS controllers pass in the maneuver
despite the generated high lateral error.

As can be observed in figure 4.48 (a), there is a saturation in the 1st axle’s steering angle.
Despite that, the ARS controller can stabilize the vehicle by exhibiting small steering
angles on the 3rd and 4th axles, as presented in figure 4.48 (b) and (c), respectively.

Figure 4.49 (a) shows the effectiveness to regain the vehicle stability with a small reduc-
tion in the longitudinal velocity, which doesn’t exceed 7 km/h. In addition, the yaw rate
and sideslip responses show the effectiveness of the ARS in limiting the yaw rate and
sideslip as shown in figure 4.49 (c) and (d), respectively and regain the vehicle stability.
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Figure 4.47: (a) Executed trajectory (b) Lateral error

Figure 4.48: (a)1st axle (b)3rd axle (c)4th axle average steering angle
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Figure 4.49: (a)Forward velocity(b) Vehicle lateral acceleration (c) Yaw rate of change
(d) Sideslip responses

4.5 Chapter summary

This chapter investigated the influence of incorporating the independent and active steer-
ing of the vehicle’s 3rd and 4th axles on the vehicle lateral stability performance in the
case of conventional and autonomous driving.

For conventional driving on a smooth rigid surface, an active rear steering controller was
developed for the 8x8 combat vehicle. The controller utilized the independent steering
of the rear axles (3rd and 4th) to minimize the vehicle sideslip and limit the yaw rate.
The proposed controller included two terms. The first was a feedback term generated
by an optimal LQR controller that controls the vehicle at all driving conditions and was
designed with no dependency on the reference model. The second was a feedforward
controller to attain a zero sideslip at low-speed. The proposed controller was evaluated
by assessing the steady and transient state handling characteristics of the vehicle in
comparison with fixed rear axles and active 4th axle steering vehicles.

After that, a novel adaptive-ISMC was designed based on the same aspects of the devel-
oped LQR controller. The controller consisted of two terms; the first is a gain-scheduled
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LQR controller, which was optimized using a new synthesized cost function to ensure
minimum use of rear axles and stability of the controller at various operating conditions.
In addition, the scheduled gains were replaced with a GP-based equation to ensure a
smooth transition between these operating conditions. The second term is a nonlinear
switching controller that considered the lateral dynamics disturbances generated from
the road’s irregularities and ensured a robust performance. The controller was tested
and compared with the conventional LQR and uncontrolled vehicle and showed better
stability in different driving conditions over a rough-rigid road.

For autonomous driving on a smooth rigid road, three h∞ controllers were developed
to control the vehicle path. The first was a path-following controller that utilized the
steering of the front axles only. The second was also a path-following controller, which
exploited the steering of all axles. The third controller integrated the front steering path-
following controller with a lateral stability Active Rear Steering (ARS) Controller. In
addition, a frequency-domain analysis was conducted for the closed-loop control sys-
tems. The analysis shows that including the steering of the rear axles enhanced the
path-following performance by tightening the constraints on the lateral position track-
ing, heading angle tracking, and control inputs responses. Furthermore, the analysis
of the developed ARS-stability controller shows the effectiveness of the rear axles in
constraining the vehicle sideslip with minimum utilization of the rear axles. Eventu-
ally, the controllers were evaluated using DLC maneuvers to discuss the advantages and
limitations of each technique.
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CHAPTER 5

Direct Yaw Moment Controllers

5.1 Introduction

In this chapter, two DYCs are introduced based on differential braking and torque vec-
toring. The first is a novel differential braking controller based on genetic programming
(GP), which is developed to improve the lateral stability of the 8X8 combat vehicle.
The controller is compared with a Neuro-fuzzy deferential braking (NFDB) controller
to show the effectiveness of using the GP in replacement with the Neuro-fuzzy rules.
The second controller is a TVC, which is designed based on conventional SMC theory.
The vehicle sideslip is constrained in the controllers’ design. Moreover, the controller
is evaluated with and without the consideration of the sideslip constraint to show its
influence on the controller performance.

5.2 Differential braking controllers

The controllers are designed based on three stages. At first, an activation criterion is
developed to decrease the excessive use of braking force, which is based on a phase-
plane analysis of the vehicle nonlinear model. The controller isn’t designed to track a
reference yaw signal but is only activated to push back the vehicle inside the stability
regime, which makes the controller has less dependent on the reference signal. In the
second stage, an adaptive controller generates an effective braking moment according
to the vehicle speed and road conditions based on a pre-generated data set. In the last
stage, the braking moment is executed based on the yaw error direction generated and
the slip ratio of each wheel using a fuzzy-logic slip controller.

5.2.1 Yaw motion reference model

In this section, the single track (bicycle) model is used to derive the yaw motion ref-
erence model for DYC. The model is derived based on the vehicle model as shown in
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figure 5.1. In this model, the 3rd and 4th axles are considered to be fixed.

[
β̇

ṙ

]
=

[
a11 a12

a21 a22

][
β

r

]
+

 Cα1 + c21Cα2
mU

a1Cα1 + a2c21Cα2
Izz

 δ1 (5.1)

Where a11 =
−Cα1 − Cα2 − Cα3 − Cα4

mU

a12 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4 −mU2

mU2

a21 =
−a1Cα1 − a2Cα2 − a3Cα3 − a4Cα4

Izz

a22 =
−a21Cα1 − a22Cα2 − a23Cα3 − a24Cα4

IzzU

Figure 5.1: Four-axle steering 8x8 vehicle bicycle model

To derive a linear steady-state (ss) reference model all the time-varying parameters (β̇
and ṙ) in equation (5.1) were considered to be equal to zero. After that, the equation
is arranged to address the steady-state yaw rate and vehicle sideslip as in equation 5.2.
To perform better performance and higher stability, the reference sideslip and yaw rate
have to be limited according to equation (5.3) and (5.4) [116]. However, the reference
vehicle’s sideslip can be considered as zero for higher stability and better tracking per-
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formance [38, 44, 84, 52]. Eventually, to generate a traceable yaw rate that is not faster
than the vehicle response, a dynamic delay (τ ) has to be added as a low-pass filter func-
tion according to equation (5.5) [5], where µ is the road friction and g in the gravitational
acceleration.

[
β

r

]
ss

=

[
a11 a12

a21 a22

]−1  Cα1 + c21Cα2
mU

a1Cα1 + a2c21Cα2
Izz

 δ1 (5.2)

βmax. = tan−1(0.02µg) (5.3)

rmax. =
0.85µg

U
(5.4)

rref =
rss

τs+ 1
(5.5)

5.2.2 Three stages controllers’ design

The control design is presented in this section in three stages. First, an activation con-
dition for the braking controller is presented to minimize the use of the braking force in
emergencies only when the vehicle stability is vulnerable. Second, an upper controller
is developed to generate the wheels’ effective braking moment according to the driving
conditions (vehicle speed and road friction). At last, a fuzzy lower controller is designed
to execute the braking moment through the eight wheels according to the direction of the
yaw rate error signal between the reference model and the vehicle, wheels longitudinal
slip, and the activation condition or Stability Index (SI).

5.2.2.1 Activation condition based on phase-plane analysis

Studying the stability of linear systems can be mathematically obtained through different
analysis approaches such as eigenvalues and Routh stability. On the contrary, nonlinear
systems have irregular behaviour in comparison with linear systems, which gave sta-
bility analysis some complexity. In many cases, the stability of nonlinear systems can
be concluded from its linearized model. However, if the linearized model is marginally
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stable, so nothing can be concluded about the stability of the nonlinear system and a
nonlinear approach is needed.

Phase plane analysis is a graphical approach to picture the stability of the system and it
is usually used for the nonlinear second-order system. Consider a second-order system
consists of two states x1, x2, and nonlinear functions f, g as in equation 5.6.

ẋ1 = f(x1, x2) and ẋ2 = g(x1, x2) (5.6)

Phase portrait can be obtained by plotting the relation between x1 and x2 [14].

For the system described in equations (4.6), and (4.5) considering constant longitudinal
velocity. Let’s substitute the tire forces by Dugoof’s tire model from equation (5.7) to
(5.10), where fx and fz are the longitudinal and vertical forces respectively, Cs is the
longitudinal stiffness of the tire, si is the longitudinal wheel’s slip ratio, ωi is the wheel
angular velocity, and R is the tire radius.

Fx =
Cssi

1− si
f(λ) and Fy =

Cαi
tan(αi)

1− si
f(λ) (5.7)

si = 1− Rωi
U

(5.8)

λ =
µfzi[1− εrU

√
s2i + tan2(αi)]

2
√

(Cssi)2 + (Cα tan(αi))2
(1− si) (5.9)

f(λ) =

{
λ(2− λ) λ < 1

1 λ >= 1
(5.10)

Let Fz to be obtained from equation 5.11 [125] where the ± is to compensate for the
right and left wheel respectively and tw, l, hcg are the track width, wheel base, and the
height of the Center of Gravity (CG).

Fzi =
mgai

2l
± mayhcgai

twl
(5.11)
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Then, the system’s differential equations are solved using Matlab for the yaw rate r and
the vehicle’s sideslip β. Eventually, a quasi-linear solution was determined to the system
concerning the sideslip β and the sideslip rate of change β̇ at each solution of r and β.

(a) Phase analysis for different longitudinal speeds

(b) Phase analysis for different road’s friction coeficients

(c) Phase analysis for different front steering angles

Figure 5.2: Effect of changing the driving and road conditions on the phase-plane

It can be noticed from figure 5.2 (a) and (b) that the states’ trajectory will end up at the
equilibrium point if started anywhere inside the red lines (stability region) and will end
up at infinity if started at anywhere else. This stable region decreases with increasing
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Figure 5.3: Stability region at β̇, β phase-plane to activate the vehicle differential
braking controller

the vehicle’s speed and/or decrease the road coefficient of friction [125]. In addition,
the origin position changes with changing the steering angle as shown in figure 5.2 (c).
Therefore, the activation condition of the braking controller is defined as shown in figure
5.3, where the new stability region is marked by the black lines to force the states to stay
close to the origin for various driving conditions and to cope with changing the driving
and road conditions.

The controller activation condition can be defined as the stability index by equation 5.12,
where kβ̇−β is the slope of the black line and B is the width of the stability region.

|β̇ + kβ̇−ββ| < B (5.12)

5.2.2.2 Neuro-Fuzzy Differential Braking controller (NFDB)

Fuzzy logic was introduced by Zadah in the late 60s which represents the inference of
action based on useful knowledge about the system [126, 127]. Fuzzy-Logic Control
(FLC) was introduced by Mamdani (1974).

Generally, FLC is done by first fuzzify the crisp input data into fuzzy ones, then de-
termine the membership functions. After that fuzzy inference rules are implied and
eventually the fuzzy output is defuzzified into a crisp value. The determination of the
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membership function affects the quality of FLC, so a tuning or optimization of the mem-
bership functions is needed to ensure high quality.

The neuro-fuzzy controller is a machine learning controller in which a neural network is
used to determine and tune the weights (w) of the membership functions while maintains
the essence of FLC [128]. In neural networks the weights are updated passed on different
methods that determine the optimum weights that minimize the cumulative network
error Ec as in equation 5.13, where k is the target layer, i represents the ith neuron of
the output layer, ti is the target output, and oi is the actual output. Two of these methods
are the least square (LS), and the gradient method as shown in equations 5.14 and 5.15,
where X and θ are the node input and threshold, respectively.

minwEc = minw
1

2

n∑
k=1

q∑
i=1

[ti(k)− oi(k)]2 (5.13)

4w = η

[
t− (

q∑
i=1

wiXi − θ)

]
Xi (5.14)

4w = −η∂E(k)

∂w
(5.15)

In this section, a neuro-fuzzy controller is developed as an upper controller to generate
the maximum wheel braking torque. First, a ramp braking moment was applied at each
wheel individually and the vehicle was driven in a straight line at a certain speed and
a road’s coefficient of friction. After that, the maximum braking moment at which the
maximum vehicle’s sideslip and yaw moment based on equations 5.3, and 5.4 were
determined. The simulation was repeated at different speeds (from 20 to 110 km/h) and
various road coefficients of friction (from 0.2 to 0.85) to generate a data set. A neural
network as in figure 5.4 was trained on the generated data set. The network weights were
optimized according to the hybrid optimization method, in which the inputs’ weights
were determined based on backpropagation while the least square method was used to
optimize the output’s weights [129]. Eventually, the network optimizes the inputs and
outputs membership function of a 36 rules fuzzy controller.

The developed NN is structured by a 4 layers network; the input layer consists of 12
nodes, 2 hidden layers include 36 nodes for each layer and a single-node output layer.
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Figure 5.4: ANFS network

The 36 nodes layers represent a 36 fuzzy rule, which will be implemented later in the
control algorithm. Furthermore, the network is trained using a hybrid training algorithm.
which resulted in a training error of 1.783e-3 for 22 epochs.

Note that to generate an accurate ANFS controller (NFDB), a high dimension data-set
from the inputs and output is required, which is a time-consuming process. Besides, the
higher dimension of the data-set results in a larger rules number. Figure 5.5 represent
a comparison between the output of high and low dimensional data-set consequently.
It can be observed that the output was missing at road frictions between 0.2 to 0.4 and
from 0.55 to 0.7, which means that a high dimensional training data-set is essential,
which may be hard to determine and require higher processing effort to execute the
corresponding fuzzy rules.

5.2.2.3 Genetic Programming Differential Braking controller (GPDB)

This section introduces a novel upper controller that incorporates genetic programming
and offers high accuracy correspond to a lower-dimensional data-set, which utilizes an
optimized equation that is developed using Eureqa software. Furthermore, the controller
will require less computational effort than the NFDB controller.

GP was used in this section to form an equation that generates the maximum braking
torque based on the input vehicle speed and road friction. A low-dimensional data set
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Figure 5.5: Comparison between ANFS output for (a) high dimensional data-set and
(b) low dimensional data-set

was used in the process. Also, the output equation was constrained to be generated uti-
lizing basic and simple mathematical operation (+,-, protected division /,*) to decrease
the complexity of the formulated equation and consequently decrease the computational
effort for the desired controller as shown in equation 5.16, where C1 to C6 are constants.
To optimize equation 5.16 and its corresponding constants, Eureqa software was uti-
lized. The software was set to minimize the Mean Square Error (MSE) and the output
equation resulting in the following statistics: R2 fitness 0.9978, Correlation coefficient
0.998, Mean absolute error 131.1 N.m, Normalized fit 0.002, and complexity size 45
with constraining it to the mathematical operations that mentioned previously. More-
over, it was used a generation rate of 240 per second at 8 CPU cores, 16 M evaluation
per second, and the final equation was developed after 11 minutes.

Contrary to ANFS, the generated equation using low dimensional data-set interpolate
for the missing data and resulting in smooth output as can be observed from figure 5.6.
However, ANFS has higher accuracy using the high dimensional data-set.

Mb = C1 + C2U + C3µU + C4U
2 +
−C5 − C6U

C7µ
+ C8µ

2U3 − C9µU
2 (5.16)
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Figure 5.6: GA-DB output for low dimensional data-set

Furthermore, the execution time of the NF-based and GP-based controllers are evaluated
using the Matlab/Simulink profiler for various time steps using the same solver and
simulation time. The execution time per each step for different time steps is introduced
in figure 5.7, where the GP-based controller has significantly less execution time than
the NF-based controller.

Figure 5.7: Mean execution time per step for each time step
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5.2.2.4 Fuzzy-logic slip controller

The traction force and grip between the tire and road surface are drastically decreased
as the longitudinal slip increased. To maintain the effectiveness of DYC the longitudi-
nal slip while driving (traction) or braking should be limited to be less than 0.2 (20%)
where the maximum traction is achieved [130]. Moreover, to avoid excessive braking,
the braking moment is applied on one wheel based on its longitudinal slip. So if the
slip becomes more than 0.2 no braking moment will be applied on that wheel and will
be executed through the next wheel. The wheels at the vehicle’s right side are used to
generate a negative yaw moment, while the left ones are used to generate a positive yaw
moment. In addition, the longitudinal slip due to traction is controlled in case the brak-
ing controller is not active to avoid contradiction between the objectives of decreasing
the slip and generating yaw moment in a certain direction.

Based on the previous knowledge and condition, it is convenient to develop the con-
troller utilizing a decision making-knowledge based controller, which in this case is a
conventional Fuzzy Logic Controller (FLC). A Mamdani FLC model ,which was devel-
oped by Zadeh in 1973 [131], was used to design the controller if it is more intuitive and
suitable for human input than Sugeno model. The fuzzy rule was created as follows:

if (i/pi is µ(i)) and/or (i/pj is µ(j)) and/or ... then (o/pn is µ(n))

Where µ(i) is the ith input (i/p) or output (o/p) membership function. And the aggrega-
tion is performed based on (min-max) operation on the rules Ri as in equation 5.17, and
the deffuzified output is generated based on equation 5.18 where x(i) is a point in the
universe of discourse along the x-axis.

Agg. {R1, R2, ..., Rn} = max. {R1, R2, ..., Rn} (5.17)

Centroid =

∑
i µ(xi)xi∑
i µ(xi)

(5.18)

The developed controller is a composition of the rule base of multiple inputs that repre-
sent 8 wheels’ longitudinal slip and the corrective moment rate or direction. For more
detail, a braking moment is applied on the right wheels in case of a negative rate and
applied on the left wheels in case of a positive rate. Table 5.1 represent the rule base of
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the right wheel of axle number i, where i changes from 1 to 4, concerning the corrective
moment rate. In this table, NMR denoted for negative moment rate and PMR for posi-
tive moment rate while HNS denoted for high negative slip, NS for negative slip, and PS
for zero and positive slip. In addition, table 5.2 represents the control output of wheel
number i+ 1 with respect to wheel number i of the same side. For illustration, if wheel
number 1 on the right side reaches HNS, a braking moment will be applied to the next
wheel (number2) on the same side.

Table 5.1: Fuzzy rules for (i)th right side

Table 5.2: Fuzzy rules for vehicle’s wheels right side

5.2.3 Evaluation and simulation results

The developed differential braking controllers are evaluated and compared with the con-
ventional (uncontrolled) vehicle through simulation-based maneuvers. For evaluating
the controllers when driving on a slippery surface with a coefficient of friction of 0.2,
Federal Motor Vehicle Safety Standers (FMVSS) test is conducted at first where the
vehicle is driven at speed 80 km/h, then Double Lane Change (DLC) maneuver is per-
formed at maximum speed (110km/h). Finally, the vehicle’s stability is evaluated when
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Figure 5.8: (a) Vehicle trajectory (b) Average Steering angle of the 1staxle for FMVSS
maneuver at µ=0.2 and speed 80 km/h

driving on a dry surface using a severely modified slalom maneuver by driving the vehi-
cle at 65 km/h on the road with a coefficient of friction 1. Note that the limitations and
constraints on the maximum wheels steering angles are removed only in these tests for
evaluation purposes.

5.2.3.1 FMVSS maneuver

Figure 5.8 (a) shows a stable trajectory for all cases corresponding to the same steering
angle as can be seen in figure 5.8 (b). The vehicle response is shown in Figure 5.9.
Notably, the vehicle stability is improved dramatically as it is stabilized faster than the
uncontrolled vehicle. The controller was effective in limiting the vehicle sideslip and
consequently increase the stability, while the longitudinal velocity doesn’t much get
affected as seen in Figure 5.8 (d), and (a) respectively. It can be seen from the sideslip
graph that the conventional vehicle sideslip exceeds its maximum value, so the activation
of the controller in the controlled vehicle can be deduced from this high value as the
stability index is violated. Furthermore, from comparing the longitudinal slip of the
GPDB controller and the uncontrolled vehicle in figure 5.10, it can be seen that the
controller succeeded in improving the stability without excessive use of braking moment
as the slip is very small.

5.2.3.2 DLC maneuver

The vehicle trajectory is shown in figure 5.11 (a) shows as it negotiates DLC maneuver
at speed 110 km/h on slippery surface (µ = 0.2) and figure 5.11 (b) illustrates the related
average steering angle of the first axle. It can be noticed that the uncontrolled vehicle
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Figure 5.9: (a) Vehicle longitudinal speed (b) lateral acceleration (c) Yaw response (d)
Vehicle sideslip response for FMVSS maneuver at µ=0.2 and speed 80 km/h

experiences high oscillation, which made it difficult to stabilize fast.

In contrast, the controlled vehicles show faster stabilization as it stabilizes 10 seconds
faster than the conventional vehicle. The high amplitude oscillation of the conventional
vehicle resulting in a decrease of the vehicle velocity as shown in Figure 5.12 (a). On the
opposite, the controlled vehicle’s longitudinal velocity decreased with a smaller value.
The faster stabilization can be seen in the lateral acceleration in figure 5.12 (b). The
yaw rate of the controlled vehicle is bounded due to the raking moment effect, while
the conventional vehicle yaw rate keeps oscillating as in figure 5.12 (c). Figure 5.12 (d)
illustrates that the controller bounds the vehicle sideslip as well and prevents its growth
as in the case of the uncontrolled vehicle. A comparison between the longitudinal slip of
the conventional and GPDB controlled vehicle can be seen in figure 5.13. The maximum
longitudinal slip of the conventional vehicle is 0.3 at the 1st wheel of the right side
while in the case of the controlled vehicle the slip exceeds 0.5. The slip controller didn’t
interfere in this case due to applying braking moment at the same time at the 1st wheel of
the left (opposite) side. Therefore, the controller didn’t apply a braking moment to the
right side to decrease the slip to prevent interference to the two objectives (decreasing
the longitudinal slip and compensate the yaw rate error to maintain stability).
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Figure 5.10: Wheels longitudinal slip for FMVSS maneuver at µ=0.2 and speed 80
km/h

Figure 5.11: (a) Vehicle trajectory (b) Average Steering angle of the 1staxle for DLC
maneuver at µ=0.2 and speed 110 km/h

5.2.3.3 Modified increased slalom maneuver

At this maneuver, the vehicle is driven at a speed of 65 km/h on a dry surface of a
coefficient of friction equal to 1 (µ = 1). Open-loop sinusoidal steering input is applied
to the vehicle where its amplitude is increased gradually then held at a constant value
at last. Figure 5.14 (a) shows the vehicle trajectory for all cases for the same steering
input as appear in figure 5.14 (b). It is noticed that the controlled vehicle completed the
maneuver and the trajectory end by circle corresponding to the constant steering input.
In contrast, the conventional vehicle failed to complete the trajectory.
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Figure 5.12: (a) Vehicle longitudinal speed (b) lateral acceleration (c) Yaw response (d)
Vehicle sideslip response for DLC maneuver at µ=0.2 and speed 110 km/h

Figure 5.13: Wheels longitudinal slip for DLC maneuver at µ=0.2 and speed 110 km/h

By observing figure 5.15 (a), a drastic decrease in the vehicle speed appears for all
cases. However, the controlled vehicles’ speed decreased in a controlled manner until
the vehicle restored its stability. Meanwhile, figure 5.15 (b) shows that the uncontrolled
vehicle’s lateral acceleration exceeded the critical threshold and the vehicle rolled over.
Meanwhile, the controlled vehicle succeeded to limit the growth in yaw rate and sideslip
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Figure 5.14: (a) Vehicle trajectory (b) Average Steering angle of the 1staxle for
Slalom maneuver at µ=1 and speed 65 km/h

Figure 5.15: (a) Vehicle longitudinal speed (b) lateral acceleration (c) Yaw response
(d) Vehicle sideslip response for Slalom maneuver at µ=1 and speed 65 km/h

as illustrated in figure 5.15 (c), and (d) consequently. It is also noticed that the perfor-
mance in the case of GPDB is slightly better than the NFDB controller. The reason
is that in the case of the NFDB controller, the controller only trained for a maximum
coefficient of friction equal to 0.85, while in the case of GPDB the equation is valid and
extended to be used for any speed and coefficient of friction. It can be concluded that
the braking moment in the GPDB controller is increased with the increase of speed and
friction. Meanwhile, the maximum output of the NFDB controller is associated with
friction 0.85 and speed 110 km/h.
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Figure 5.16: Wheels longitudinal slip for Slalom maneuver at µ=1 and speed 65 km/h

Figure 5.17: Braking moment for slalom maneuver at µ=1 and speed 65 km/h

Figure 5.16 shows a comparison between the longitudinal slip of the controlled and
uncontrolled vehicles. At the upper figures, the conventional vehicle shows an increase
of the and reach 100%. The controlled vehicles also show an increase in the longitudinal
slip in the middle of the maneuver. This increase is limited and decreased due to the
effect of the slip controller as it appears in figure 5.17, where a braking effort is executed
through all axles to decrease the slip.
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5.3 Torque vectoring controller

The TVC is designed in a two-level hierarchical structure. The upper level is developed
based on conventional SMC theory, where a corrective moment will be generated to
correct the vehicle yaw motion and follow the desired yaw signal as presented in section
5.2.1. After that, the lower level will be used for the control allocation to convert the
corrective moment to a driving moment. This driving moment will be distributed on the
vehicle’s right and left wheels’ sides according to the normal load on each side based on
the friction circle.

5.3.1 SMC design

The single track (bicycle) model is used to derive the state-space mathematical model
for DYCs. The model is derived based on the vehicle model as shown in figure 5.18.
This model differs from the active steering model in the following points:

Figure 5.18: Four-axle steering 8x8 vehicle bicycle model

1. The 3rd and 4th axles are fixed (δ3,4 = 0).

2. The moment required to adjust the vehicle yaw motion is considered as N .

Following same assumptions and equations as in chapter 4, section 4.2.1 with consider-
ing δ3,4 = 0. The yaw equation can be presented as in equation 5.19.

Izz ṙ = a1Fy1 + a2Fy2 + a3Fy3 + a4Fy4 +N (5.19)

This controller is developed to follow the desired yaw rate reference generated from the
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vehicle’s steady-state model. A Single Input-Single Output (SISO) conventional SMC
is used in developing the controller, where the sliding manifold STV C is considered to
be the error signal between the vehicle and the desired yaw rate rd as in equation 5.20.
The dynamics of the sliding manifold ˙STV C is presented in equation 5.21.

STV C = r − rd + Cββ (5.20)

ṠTV C = ṙ − ṙd + Cββ̇ (5.21)

Substituting by the yaw rate equation 5.19 into equation 5.21 and considering the steer-
ing angles of the first and second axles with fixed rear axles resulted in equation 5.22.
Using Lyapunov function as in equation 5.23 and a positive constant KSMC ensures the
controller stability.

ṠTV C =
4∑
i=1

aiFyi
Izz

cos δi +
N

Izz
− ṙd + Cββ̇ (5.22)

STV CṠTV C ≤ −KSMC |STV C | Where KSMC > 0 (5.23)

By using a constant rate reaching law as in equation 5.24 and substitute in equation 5.22,
the corrective yaw moment control action can be calculated as in equation 5.25.

ṠTV C = −KSMCsgn(STV C) (5.24)

N =−
4∑
i=1

aiFyi cos δi + Izz ṙd + IzzCββ̇

− IzzKSMCsgn(STV C)

(5.25)

Also, the sign function approximation is used as in equation 5.26 to avoid the chattering
phenomena, where ε is a very small positive constant that tends to zero.
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sgn(STV C) =
STV C

|STV C |+ ε
(5.26)

Moreover, the control allocation that is used to distribute the longitudinal forces on the
left and right wheels’ sides (FxL, FxR) illustrated in equation 5.27. The equation is
derived based on the double-track model as illustrated in figure 5.19.

Figure 5.19: Double-track vehicle model

N =
tw

2
(

4∑
i=1

FxRi −
4∑
i=1

FxLi) (5.27)

Finally, the longitudinal forces on right and left sides are distributed as in [56] according
to the vertical forces and road friction based on the friction circle as in equation 5.28.
The vehicle longitudinal load transfer is neglected and the vehicle is considered to be
mono-axle, which means that all four axles are combined in one axle.

Fxmax =
√

(µFz)2 − F 2
y (5.28)

5.3.2 Evaluation and simulation results

In this section, two TVCs are incorporated with the 22-DoF full vehicle model to be
compared and tested. In the first controller, the coefficient Cβ is set to be zero to remove
the constrain on the vehicle sideslip, while in the second controller this factor is set to
be 1. Furthermore, the controllers are compared with the uncontrolled (conventional)
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vehicle to show the influence of constraining the vehicle sideslip on the vehicle stability
and the overall performance.

The FMVSS open-loop maneuver is conducted at a speed of 80 km/h on a dry and
slippery road with CoF 0.85 and 0.2, respectively. In addition, a closed-loop slalom test
is conducted, where the vehicle speed is set t be 75 km/h when driving on a dry surface
with COF 0.85.

5.3.2.1 FMVSS at maneuver CoF=0.85 and forward speed=80 km/h

Figure 5.20 (a) presents the vehicle’s path when performing the FMVSS maneuver at
speed 80 km/h and CoF of 0.85, while figure 5.20 (b) shows a close-up on that figure to
present the lateral offset that is taken by each case. It is noticed that the conventional and
the TVC-1 (unconstrained sideslip) has almost the same lateral offset, while the TVC-2
(constrained sideslip) has a lower lateral offset.

Figure 5.20: FMVSS maneuver at µ=0.85 and speed 80 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift
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Figure 5.21: FMVSS maneuver at µ=0.85 and speed 80 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

Figure 5.21 (a) shows that the TVC-2 resulted in a higher drop in the vehicle’s longi-
tudinal speed than in other cases. By observing the dynamic response of the vehicle in
figure 5.21 (b), (c), and (d), it can be seen that the TVC-2 stabilizes the vehicle faster
than the TVC-1 and the conventional vehicle. However, it resulted in less yaw rate and
sideslip than the TVC-1, which indicates less maneuverability and higher stability as
presented in figures 5.21 (c) and (d), respectively.

5.3.2.2 FMVSS maneuver at CoF=0.2 and forward speed=80 km/h

By repeating the maneuver at the same speed but on a slippery road with CoF 0.2, the
same behaviour can be noticed as performing the maneuver on a dry surface. It can be
seen in figure 5.22 that the TVC-2 has less lateral offset than other cases.

Similarly to testing on dry road, the TVC-2 resulted in higher speed reduction with
faster lateral acceleration, yaw rate, and sideslip stabilization, as can be seen in figure
5.23. In addition, the TVC-2 still generates less yaw rate and sideslip than other cases
as presented in figure 5.23 (c) and (d), respectively.
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Figure 5.22: FMVSS maneuver at µ=0.2 and speed 80 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift

5.3.2.3 Slalom maneuver at CoF=0.85 and forward speed=75 km/h

This section presents performing the slalom maneuver at speed of 75 km/h on a dry road
with CoF 0.85. The vehicle path and corresponding lateral error is presented in figure
5.24 (a) and (b), respectively. It can be seen that all cases lost their stability and drift
from the designed path except the TVC-2, which finish the maneuver successfully.
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Figure 5.23: FMVSS maneuver at µ=0.2 and speed 80 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

Figure 5.24: Slalom maneuver at µ=0.85 and speed 75 km/h (a) Vehicle trajectory (b)
Lateral error

In figure 5.25 (a), it is noticed that all cases resulted in a high speed drop. However, in
the case of the controlled cases, the drop is less than the uncontrolled vehicle. It can
be seen also that despite the limitation of the vehicle yaw rate and sideslip in the case
of the controlled vehicles, the TVC-1 failed to stabilize the vehicle, as shown in figure
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5.25 (c) and (d), respectively. Adding constraint on the vehicle sideslip in the TVC-2
case, resulted in more reduction in the vehicle sideslip than in TVC-1, which resulted in
better stability.

Figure 5.25: Slalom maneuver at µ=0.85 and speed 75 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

5.4 Chapter summary

In this chapter, two DYCs were developed to enhance the vehicle lateral stability. At
first, a novel differential braking controller was developed. The reference model has
been driven analytically, followed by the design of two layers controller (upper and
lower controller). The upper controller was an adaptive controller that was responsi-
ble for generating the maximum allowable braking moment at the vehicle’s wheels as
a function of the vehicle speed and road coefficient of friction. The controller was de-
signed using two different methods. The first was developed based on adaptive neuro-
fuzzy control methodology (NFDB), while the second converted the developed fuzzy
rules into a single equation that was optimized using genetic programming (GPDB).
Furthermore, a lower fuzzy-based controller was designed to execute and allocate the
developed braking moment through the vehicle’s wheels and decrease the longitudinal
slip of each wheel. This strategy ensures that the controller’s insensitivity to the ref-
erence model. Besides, to avoid excessive use of the braking moment, an activation

137



condition is developed in the form of a stability index, which is based on phase-portrait
analysis of the vehicle’s nonlinear model.

The controllers were evaluated using series of simulation-based maneuvers. The com-
parison showed that the GPDB controller’s results were comparable with the NFDB.
Moreover, the GPDB controller was more efficient than NFDB in terms of:

• Developing an extensive controller for a low dimensional data-set, which requires
fewer simulations and time consumption.

• GPDB controller showed better performance when tested in a working region be-
yond the trained data-set because the developed equation can interpolate between
the provided data-set and extrapolate for future data.

• Developing a non-complex single equation in the case of GPDB will facilitate
future hardware implementation in comparison with the NFDB that is resulted in
36 fuzzy rules.

The second DYC was a hierarchical two-level TVC. The first was a high-level controller
that was designed based on conventional SMC theory to generate a corrective moment
to stabilize the vehicle. The second was a low-controller level that was used to allocate
this corrective moment to the vehicle’s driving torque, which was distributed on the
right and left wheels’ side based on the friction circle. A comparison ws made to show
that considering the vehicle’s sideslip in the control design can enhance the controller’s
performance drastically and increase the vehicle stability.
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CHAPTER 6

Integrated Chassis Controllers

6.1 Introduction

This chapter introduces two methods of integration for ICCs that are incorporated in
the 8x8 combat vehicle. The first method aims to integrate the developed ARS, as in
section 4.3, with the TVC, as in section 5.3, by mapping the effective working region
of each controller at different speeds and road CoFs based on a series of simulations.
Then, a coordination factor is introduced based on that map and is implemented with
the full vehicle model using an ML-based controller. The second integration method
utilizes FLC-based controller rules that define the working conditions of the ARS and
GPDB controller. The FLC rules are generated to ensure activation of the GPDB con-
troller when driving at high speed on a dry surface without any involvement from the
ARS. The involvement percentage of the ARS is increased with the decrease in the road
friction coefficient. The controllers are denoted as ARS, TVC, and DB in the reset of
this chapter.

6.2 TVC-ARS integration and coordination

In order to integrate the developed ARS and TVC controllers, a series of DLC maneu-
vers are conducted to present a three-dimension map of the vehicle dynamic response.
This map is defined by the summation of the dynamics’ response settling time for the
specified maneuvers concerning the driving conditions which are defined as the vehicle
velocity and road coefficient of friction as shown in figure 6.1 (a). The intersection line
of these two maps is projected on the (U ,µ) plane and formed a Qualitative Performance
Map (QPM) that defines the recommended operating region for the TVC and the ARS as
in figure 6.1 (b), where the colours illustrated the differences in the performance. So the
bright colour shows small differences, from the stability point of view, between the con-
trollers’ performance, while the dark region demonstrates high-performance differences
and superiority of ARS over TVC.
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Figure 6.1: Performance map for the TVC and the ARS controllers with respect to
different speeds and road coefficient of frictions

Based on the QPM, the ARS is found to be more effective in the limited handling condi-
tions when driving at low friction and high speed. On the other hand, the TVC is more
effective which driving at very low speed or when driving on a dry surface with high
CoF. Therefore, a new exponential-based equation is defined as in 6.1. The coordina-
tion factor R defines the engagement percentage for the TVC. In this equation, Z is the
numeric representation of the colors in figure 6.1 (b), n and C are positive constants.
This equation is determined based on two objectives; Attenuating the low-performance
controller, and maximizing the effect of the high-performance controller based on the
working region.

R =

(
eZ/max(|Z|)

C

)n
(6.1)

RARS = 1−R (6.2)

A fuzzy logic neural network is trained for the data-set formed by two inputs, vehicle
velocity U , road friction µ, and the coordination factor R as the output as in figure
6.2. The network is trained using a hybrid method, in which the input membership
functions are optimized using backpropagation, while the output membership functions
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are optimized using the least method. The network trained for inputs data dimension
15x15, for 6 epoch, which resulted in an accuracy of 0.008, and 225 fuzzy rules.

Figure 6.2: Neuro-fuzzy representation

The NFLC resulted in high dimension rules, which need to be decreased in order to
facilitate future implementation on a low-cost and low-memory size microprocessor.
Therefore, Genetic Programming (GP) is used to train the data-set and develop opti-
mized coordination equations that can replace the Neuro-fuzzy rules efficiently.

Eureqa software is utilized to generate and optimize equation 6.3. Moreover, The
searching process is constrained to use simple mathematical operations such as (/ ”pro-
tected version”, *, +, -) to force the algorithm to generate a low-complexity equation,
which will have consequently less computational effort in the future implementation. In
that equation the symbols ai,bj ,ck are positive constants, and RGP is the coordination
factor based on GP.

RGP =



a1 + a2U
5 +

a3
µ8
− a5U if µ < 0.39

b1
U6
− b2µ

U4
+
b3µ

2

U
− b4 if µ ∈ [0.390.498]

c1 + c2µU
2 − c3U − c4µ if µ ∈ [0.4980.71]

1 if µ > 0.71

(6.3)
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The solution statistics are presented in table 6.1 for each equation, respectively. In
addition, the generation rate of this equation is 260/s at 8 CPU cores, 12 M evalua-
tion/second, and the searching process took about 12 minutes.

Table 6.1: GP solution statistics

R2 fitness Correlation Mean square error Complexity size

0.99222334 0.99647751 0.044 30
0.96734402 0.98366793 0.0765 38
0.97725109 0.98877702 0.02948391 17

Eventually, the execution time of the two coordinators (NF-based and GP-based) are
evaluated using the Matlab/Simulink profiler for various time steps using the same solver
and simulation time (10 sec). The execution time per each step for different time steps
is introduced in figure 6.3. Notably, the GP-based coordinator significantly reduces the
execution time by 98.8373 in comparison with the fuzzy-based coordinator. Moreover,
it can be observed that the fuzzy-based coordinator has a nonlinear relation with the time
step. On contrary, the GP-based coordinator has a linear relation with time steps, which
makes it easy to predict the execution time at any time step.

Figure 6.3: Mean execution time per step for each time step
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6.3 ARS-DB integration and coordination

The coordination factor in this section is introduced to activate the ARS, while the DB
controller is activated at all driving conditions. The activation of the DB system is
controlled by the activation condition that was introduced in section 5.2.2.1. Figure 6.4
shows the ARS coordination factor, which is developed using Matlab’s Sugeno-fuzzy
control toolbox.

Figure 6.4: ARS coordination factor with respect to the road friction coefficient

The input for the fuzzy system is the road friction coefficient, which is presented using
two membership functions; Low Friction (LF), and High Friction (HF) as presented in
figure 6.5.

Figure 6.5: Road friction membership functions
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Moreover, the output depends on two membership functions; (DB-Only) DBO and ARS
with functions type constant and linear and have values of [0] and [0 1], respectively. In
addition, the fuzzy rules are as follows:

if (Friction is HF ) then (R is DBO)

if (Friction is LF ) then (R is ARS)

The final output (R) is deffuzzified using the weighted-sum method as in equation 6.4,
where N is the number of the fuzzy rules and Z is the rule output level based on the
output membership function.

R =
N∑
1

(wiZi) (6.4)

6.4 Controllers evaluation

The high fidelity 22-DoF nonlinear full vehicle model is used to perform virtual testing
and evaluation as in previous chapters.

The controllers are evaluated using close-loop and open-loop maneuvers. All maneuvers
are performed at speed of 100 km/h and different CoFs, except the slalom maneuver
and the step slalom maneuver, which are performed at the same CoFs but for maximum
obtained speed at each CoF.

6.4.1 Slalom maneuver

6.4.1.1 Slalom maneuver at µ = 0.85 and V = 70 km/h:

The slalom maneuver is performed on a dry road with µ = 0.85, while the vehicle
entering speed is 70 km/h. Figure 6.6 (a) shows the controllers trajectory in comparison
with the uncontrolled vehicle, while figure 6.6 (b) shows the lateral offset from the
desired path for each case. The figures show that the uncontrolled vehicle failed to
stabilize and drifted away from the desired path. Meanwhile, the TVC-ARS has the
least lateral error. However, the difference is not significant.

Figure 6.7 (a), (b), and (c) show the corresponding 1st, 3rd, and 4th axles’ average steer-
ing angles, respectively. It can be seen that the ARS didn’t activate in both controllers
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Figure 6.6: Slalom maneuver at µ=0.85 and speed 70 km/h (a) Vehicle trajectory (b)
Lateral error

and only the TVC and DB controllers were in operation. In addition, the TVC-ARS
resulted in lower steering input and consequently lower 1st axle’s steering.

The dynamic response of the vehicle is illustrated in figure 6.8. Notably, the controlled
vehicles have a high drop in longitudinal speed (around 20 km/h) as shown in figure
6.8(a). According to figure 6.8(b), the lateral acceleration of the TVC-ARS is slightly
less than the ARS-DB. It is observed also from figure 6.8(c) that the ARS-DB have
higher maneuverability and yaw rate than other cases, while the TVC-ARS has the low-
est maneuverability. From 6.8(d), It can be noticed that the TVC-ARS achieved a limited
sideslip.

Figure 6.9 shows the corrective driving torque that is applied on the right and left wheels’
sides. It can be observed an unequal distribution on both sides due to the unequal load
distribution associated with the lateral load transfer.

The braking torque of the DB controller on each wheel is presented in figure 6.10. It
can be seen that the barking is not continuously activated, as it is only activated in case
the stability criterion is violated.
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Figure 6.7: Slalom maneuver at µ=0.85 and speed 70 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle

Figure 6.8: Slalom maneuver at µ=0.85 and speed 70 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

146



Figure 6.9: Slalom maneuver at µ=0.85 and speed 70 km/h; Corrective driving torque
of the right and left wheels’ side

6.4.1.2 Slalom maneuver at µ = 0.5 and V = 50 km/h:

By repeating the same maneuver but on a wet asphalt road with µ = 0.5, It can be
seen from figure 6.11 (a) that the conventional vehicle lost stability. On the other hand,
the controllers could stabilize the vehicle and complete the maneuver. Moreover, the
TVC-ARS has less lateral error than the ARS-DB, as shown in figure 6.11 (b).

From figure 6.12 (a), it is noticed that there is a slight difference in the 1st axle’s steering
angle in the controlled cases. The average steering angle of the 3rd and 4th figures 6.12
(b) and 6.12 (c), respectively. It can be observed that the ARS is not activated in case of
the TVC-ARS, while it is activated in case of the ARS-DB controller.

Figure 6.13 (a) shows a negligible drop in the vehicle’s speed associated with the ARS-
DB controller. On the other hand, that drop is increased for the TVC-ARS controller.
In addition, the ARS-DB controller resulted in less lateral acceleration, yaw rate, and
sideslip than the TVC-ARS, as appear in figures 6.13 (b), (c), and (d), respectively.
Besides, the ARS-DB stabilizes the vehicle faster than the TVC-ARS, which can be
related to the higher speed.

Figure 6.14 shows the distribution of the corrective torque on the wheels’ right and left
sides in case of TVC-ARS, while the braking torque associated with the ARS-DB is
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Figure 6.10: Slalom maneuver at µ=0.85 and speed 70 km/h; Braking forces at each
wheel

presented in figure 6.15.

6.4.1.3 Slalom maneuver at µ = 0.2 and V = 30 km/h:

Figures 6.16 (a) and (b) show the vehicle trajectory and the corresponding lateral error
for each case when performing slalom maneuver at CoF 0.2 and longitudinal speed 30
km/h. Notably, only the TVC-ARS succeeded to complete the maneuver. However, the
ARS-DB was about to finish the maneuver but lose the stability at the end, which is still
a better result than the uncontrolled vehicle that loses its stability at the beginning of the
maneuver.

It can be noticed from figure 6.17 (a) that the 1st axle reaches the steering limits in the
case of ARS-DB and the conventional vehicle. In addition, the steering angle was larger
than the TVC-ARS due to the effect of TVC. Accordingly, the 3rd and 4th axles steering
angle in the case of TVC-ARS were less than its counterpart in the ARS-DB, as shown
in figures 6.17 (b) and (c), respectively.

There is no major deviation from the desired velocity for all cases as the maximum was
1 km/h in the case of TVC-ARS, as presented in figure 6.18 (a). In addition, all cases
kept the vehicle’s lateral acceleration under 0.2 g and a low sideslip under 2 degrees, as
shown in figures 6.18 (b) and (d), respectively. Despite that, figure 6.18 (c) shows that
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Figure 6.11: Slalom maneuver at µ=0.5 and speed 50 km/h (a) Vehicle trajectory (b)
Lateral error

Figure 6.12: Slalom maneuver at µ=0.5 and speed 50 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle
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Figure 6.13: Slalom maneuver at µ=0.5 and speed 50 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

only the TVC-ARS was able to generate a yaw rate and maneuverability high enough to
ensure take the maneuver successfully.

Figure 6.19 shows a smooth and uniform corrective driving moment delivered from the
TVC to the right and left wheels’ side. On the other hand, figure 6.20 shows the braking
torque of the DB controller in the case of ARS-DB on both wheels’ sides.

Even though only TVC-ARS could stabilize the controller it is memorable that ARS-DB
could stabilize the vehicle when repeated the maneuver in two different cases. The first
was by decreasing the desired path’s amplitude from 5 to 4.9 m, and the second was by
decreasing the speed to 29 km/h at the same path’s amplitude (5 m).

6.4.2 DLC maneuver

6.4.2.1 DLC at µ = 0.85 and V = 100 km/h:

Still in the closed-loop-tests, a DLC maneuver is performed at dry asphalt with Cof 0.85
and high speed of 100 km/h. According to the vehicle trajectory and lateral error at
figures 6.21 (a) and (b), almost all cases pass the maneuver with the same lateral error.

Because of the assisting moment generated by TVC in the case of TVC-ARS, the steer-
ing angle of the 1st axle is less than other cases, as shown in figure 6.22 (a). Furthermore,
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Figure 6.14: Slalom maneuver at µ=0.5 and speed 50 km/h; Corrective driving torque
of the right and left wheels’ side

figures 6.22 (b) and (c) show that the ARS was not engaged in either case according to
the coordination laws.

The engagement of TVC in the case of TVC-ARS lead to the largest drop in the vehicle’s
speed (6 km/h), followed by the effect of the DB associated with the ARS-DB (4 km/h),
as can be noticed in figure 6.23 (a). Despite that drop, the TVC-ARS stabilize the
vehicle a little bit faster than other cases as shown in other subfigures. In addition, the
TVC generated the least yaw rate and sideslip, as presented in figures 6.23 (c) and (d),
respectively.

The corresponding corrective driving torque to the TVC-ARS controller is presented
in figure 6.24. It can be seen that the distribution is not equally distributed on both
sides due to the different normal load distribution on each side, which is a key factor in
distributing the torque in the TVC allocation (TVC lower controller).

In the case of the ARS-DB in figure 6.25, it can be noticed that the braking is only
applied on the first axle, which means that is no wheel’s slip due to braking and conse-
quently no excessive braking is applied.
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Figure 6.15: Slalom maneuver at µ=0.5 and speed 50 km/h; Braking forces at each
wheel

6.4.2.2 DLC at µ = 0.5 and V = 100 km/h:

By performing the DLC maneuver at µ = 0.5 with a driving speed of 100 km/h and
following the vehicle trajectory in figure 6.26 (a), the oscillation of the conventional
vehicle can be observed. On the other hand, other cases show a more stable trajectory
with less lateral deviation from the desired path, as presented in figure 6.26 (b).

The 1st axle steering angle for the controlled vehicle were less than its counterpart in the
conventional vehicle, based on figure 6.27 (a). Moreover, the contribution of the ARS in
case of ARS-DB is larger than TVC-ARS due to the larger steering presented in figures
6.27 (b) and (c) (from 0.5 to 3 degrees for the 3rd and 4th axles, respectively).

Based on figure 6.28 (a), it is notable that the effect of the controllers led to a decrease
in the desired speed less than the drop in the case of the conventional vehicle (almost
5 km/h). This drop is from about 2.1 to 3 km/h in the case of ARS-DB TVC-ARS,
respectively. By observing the dynamic response in other figures, it can be seen that the
TVC-ARS could stabilize the vehicle faster than the ARS-DB by almost 0.3 seconds,
which is faster than the conventional vehicle by 4 seconds. Furthermore, both controllers
maintain low yaw rate and sideslip as shown in figures 6.28 (c) and (d), respectively.

In the case of the TVC, unequal torque on the right and left sides due to unequal lateral
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Figure 6.16: Slalom maneuver at µ=0.2 and speed 30 km/h (a) Vehicle trajectory (b)
Lateral error

Figure 6.17: Slalom maneuver at µ=0.2 and speed 30 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle
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Figure 6.18: Slalom maneuver at µ=0.2 and speed 30 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

load transfer are also observed in figure 6.29. Meanwhile, it can be seen in figure 6.30
that the contribution of the DB in the ARS-DB controller was very small and occurs on
only the 1st axle’s right wheel during the time 3.7 to 4.1 seconds.

6.4.2.3 DLC at µ = 0.2 and V = 100 km/h:

The maneuver is performed on a slippery road with CoF 0.2 at driving speed 100 km/h
and the vehicle trajectory and corresponding lateral error are presented in figures 6.31
(a) and (b), respectively. Based on the coordination, at such low friction and high speed,
it is more effective to apply the ARS than other controllers. Therefore, the controlled
vehicle’s behaviour is almost the same. It is also noticed that the uncontrolled vehicle
failed to stabilize after performing the maneuver.

By observing the 1st, 2nd, and 3rd axles’ average steering angle in figures 6.32 (a), (b),
and (c), respectively, it can be assured that all controllers behaves the same and have the
same steering without any contribution from the TVC or the DB controllers.

The dynamic response in figure 6.33 shows that the ARS activation resulted in a negli-
gible change in the vehicle’s longitudinal speed and maintain low lateral acceleration,
yaw rate, and sideslip that kept the vehicle’s stability as presented in figures 6.33 (a),
(b), (c), and (d).
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Figure 6.19: Slalom maneuver at µ=0.2 and speed 30 km/h; Corrective driving torque
of the right and left wheels’ side

6.4.3 FMVSS maneuver

6.4.3.1 FMVSS at µ = 0.85 and V = 100 km/h:

For open-loop testing, the FMVSS maneuver is conducted at first. Figure 6.34 (a)presents
the trajectory generated by the vehicle for all cases. In general, it can be noticed that
the TVC-ARS has less maneuverability than other cases. Figure 6.34 (b) is a close-up
on the trajectory that is presented in figure 6.34 (a) (X=0:80 m to show the lateral offset
that is taken by each case. It can be confirmed that the TVC-ARS has the least by 2.2m
followed by the ARS-DB by almost 3m and the conventional vehicle by 3.15 m.

Figure 6.35 (a) shows the 1st axle’s steering angle which indicates that all cases exposed
to the same driver’s input. Figures 6.35 (b) and (c) show that the ARS has not been
activated in neither cases.

While the vehicle’s speed is dropped to almost the same value for all cases, the TVC-
ARS seems to affect it faster than the ARS-DB, as shown in figure 6.36 (a). Moreover,
by observing the vehicle’s dynamic response in figure 6.36 (a), (b), and (c), it is can be
noticed that the less lateral offset (maneuverability) resulted in the least lateral acceler-
ation, yaw rate, and sideslip, respectively. This leads to faster stabilization.

The corrective torque applied on each vehicle’s side in the case of the TVC-ARS is
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Figure 6.20: Slalom maneuver at µ=0.2 and speed 30 km/h; Braking forces at each
wheel

presented in figure 6.37. Meanwhile, the braking torque applied in the case of the ARS-
DB is presented in figure 6.38, which is only applied to the 1st axle.

6.4.3.2 FMVSS at µ = 0.5 and V = 100 km/h:

When repeating the maneuver at lower CoF, It can be seen from figures 6.39 (a) and (b)
that the TVC-ARS has the highest lateral offset (2.4m), while the ARS-DB has the least
(2m).

For the same steering input that is reflected on the 1st axle’s steering angle in figure 6.40
(a), The steering angels of the 3rd and 4th axles were high in case of the ARS-DB in
comparison with the TVC-ARS, as shown in figure 6.40 (b) and (c).

Figure 6.41 (a) shows a very small drop in the vehicle’s speed in the case of the ARS-
DB, while the drop reached 5 km/h and 16 km/h in the case of the TVC-ARS and the
uncontrolled vehicle, respectively. In figure 6.41 (b), (c), and (d), it can be noticed that
the TVC-ARS has almost the same lateral acceleration, yaw rate, and sideslip as in the
case of the ARS-DB. In addition, it almost stabilizes at the same time despite the higher
lateral offset presented in figure 6.39.

In this test, the contribution of the corrective driving torque applied by the TVC, as
shown in figure 6.42 in the case of the TVC-ARS controller resulted in lest steering at
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Figure 6.21: DLC maneuver at µ=0.85 and speed 100 km/h (a) Vehicle trajectory (b)
Lateral error

Figure 6.22: DLC maneuver at µ=0.85 and speed 100 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle
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Figure 6.23: DLC maneuver at µ=0.85 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

the rear axles and higher lateral offset (maneuverability).

6.4.3.3 FMVSS at µ = 0.2 and V = 100 km/h:

From figure 6.43 (a), and (b) it can be noticed that the lateral offset that is exhibited by
the vehicle is limited at slipper road with CoF 0.2. It reaches a 0.81m in the case of
conventional vehicle and decreased to 0.62m for other cases.

Figure 6.44 show the average steering angles of each axle, which is almost identical in
the case of the controlled vehicle due to the activation of ARS only.

Despite that the lateral offset difference is less than 20cm (<0.2m) in favour of the
conventional vehicle, the controlled vehicle showed a tremendous improvement in the
vehicle’s dynamic response. This can appear in the negligible speed drop, less lateral
acceleration, yaw rate, sideslip, and faster stabilization by almost 6 seconds, as can be
seen in figure 6.45 (a), (b), (c), and(d), respectively.
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Figure 6.24: DLC maneuver at µ=0.85 and speed 100 km/h; Corrective driving torque
of the right and left wheels’ side

6.4.4 J-turn maneuver

6.4.4.1 J-turn at µ = 0.85 and V = 100 km/h:

The second closed loop maneuver conducted is the J-turn maneuver. At first, the test
is performed at high speed and dry asphalt with CoF 0.85. The vehicle path is shown
in figure 6.46, where the TVC-ARS performed the tightest maneuver followed by the
ARS-DB, then the conventional vehicle.

Figure 6.47 (a) shows the steering angle at the 1st axle, which is the same for all cases.
Figure 6.47 (a) and (b) shows shat the ARS didn’t activate or engage in the controllers,
which means that only TVC and DB were active in the TVC-ARS and ARS-DB, respec-
tively.

The dynamic response shows a significant drop in the vehicle’s speed that varies from
28 to 50 km/h in the case of the conventional vehicle and the TVC-ARS, respectively,
as shown in figure 6.48 (a). Figure 6.48 (b) shows that the TVC-ARS generated lower
lateral acceleration, while the ARS-DB and the conventional vehicle reached the same
maximum acceleration. In addition, The TVC-ARS has the highest yaw rate and least
sideslip, as shown in figures 6.48 (c) and (d).

In the case of the TVC-ARS, a higher load is transferred to the vehicle’s left side. This
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Figure 6.25: DLC maneuver at µ=0.85 and speed 100 km/h; Braking forces at each
wheel

resulted in applying higher corrective driving torque to the left side in comparison to the
right side, as presented in figure 6.49.

Figure 6.50 shows the braking torque applied on each axle in the case of the ARS-DB.
It can be seen that the 1st axle’s right wheel start to slip and the controller starts braking
the 2nd axle’s right wheel until the slip decreased.

6.4.4.2 J-turn at µ = 0.5 and V = 100 km/h:

The maneuver is also performed on wet asphalt with CoF 0.5, the vehicle path is shown
in figure 6.51 for all cases. It can be seen that the TVC-ARS has the highest maneuver-
ability, while the ARS-DB has the least.

In figure 6.52, for the same 1st axle steering angle, as shown in figure 6.52 (a), the rear
axles’ steering angles are different. In case of the TVC-ARS, the 3rd axle’s steering
angle is higher than the ARS-DB, while the 4th axle’s steering angle is less, as shown
in figures 6.52 (b) and (c). This can be related to the different contribution of TVC and
DB in both controllers.

Notably, the TVC-ARS has the least drop in the vehicle’s speed in comparison with
other cases, as shown in figure 6.53 (a), even though it has the highest maneuverability.
The higher maneuverability and speed yield higher lateral acceleration, as presented in
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Figure 6.26: DLC maneuver at µ=0.5 and speed 100 km/h (a) Vehicle trajectory (b)
Lateral error

Figure 6.27: DLC maneuver at µ=0.5 and speed 100 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle
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Figure 6.28: DLC maneuver at µ=0.5 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

figure 6.53 (b). In addition, the TVC-ARS has a higher yaw rate and sideslip than the
ARS-DB, as can be seen in figures figure 6.53 (c) and (d), respectively.

Figure 6.54 shows the corrective torque applied on the right and left wheels’ sides.
Despite the high oscillation at the beginning of the maneuver, the controller was able to
stabilize fast and reach a steady value.

6.4.4.3 J-turn at µ = 0.2 and V = 100 km/h:

The J-turn maneuver is repeated on an icy road with a CoF 0.2 and the vehicles’ path in
figure 6.55 shows very low maneuverability for all-cases.

The steering angles of the 1st axle is shown in figure 6.56 (a), where all cases has the
same input. Meanwhile, the 3rd and 4th axles’ steering angle are presented in figures
6.56 (b) and (c), respectively. It can be observed that the rear axles’ steering angles are
almost the same for the TVC-ARS and the ARS-DB, which means that the TVC and
DB are not activated in both controllers.

A navigable drop in the vehicle’s speed is shown in figure 6.57 (a). Meanwhile, the
controlled vehicles show a lower lateral acceleration than the conventional vehicle, as
in figure 6.57 (b), and more stabilized yaw rate and minimum sideslip (almost zero), as
can be seen in figures 6.57 (c) and (d), respectively.
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Figure 6.29: DLC maneuver at µ=0.5 and speed 100 km/h; Corrective driving torque
of the right and left wheels’ side

and subtracted from the right and left wheels’ side for ICC

6.4.5 Increased-step Slalom

The increased step slalom is a severe open-loop test in which the driver applies an in-
creased sine wave-like steering wheel angle followed by constant steering when driving
on a road with CoF 0.85 with a speed of 65 km/h. The vehicle trajectory to the same
steering input is shown in figure 6.58. It can be observed from the figure that the con-
ventional vehicle didn’t complete the maneuver, while the controlled vehicles did.

Figure 6.59 (a) shows the same steering input on the 1st for all cases. Furthermore,
figures 6.59 (b) and (c) show no contribution of the ARS in all controllers.

Figure 6.60 (a) shows that the vehicle’s speed is dropped drastically in all cases, how-
ever, the drop in case of the ARS-DB (dropped to 28 km/h) is a little higher than the
TVC-ARS (34 km/h). Meanwhile, all controllers kept the lateral acceleration below
the rollover threshold and prevent the vehicle from rollover. On the contrary, the con-
ventional vehicle’s lateral acceleration exceeded that threshold and rollover occurred, as
can be seen in figure 6.60 (b). It is also noticed that the ARS-DB controller resulted
in a higher yaw rate than the TVC-ARS, which lead to a higher sideslip, as shown in
figures 6.60 (c) and (d), respectively. However, the ARS-DB shows a lower steady-state
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Figure 6.30: DLC maneuver at µ=0.5 and speed 100 km/h; Braking forces at each
wheel

sideslip than the TVC-ARS.

The corrective driving torque distribution on each wheels’ side in the case of the TVC
controller is presented in figure 6.61. The figure shows a higher torque on the left side
that tends to stabilize and reach a constant value at a time of more than 25 seconds,
while the right side reached zero. This can be related to the circular path at the end of
the maneuver as shown in figure 6.58.

The braking torque associated with the activation of the DB controller can be observed in
figure 6.62. The figure shows a high braking effort applied by the controller to maintain
stability and prevent rollover, which made the breaking be applied to the 1st to 4th axle
on the left side and to the 2nd axle on the right side due to the high braking wheels’ slip.

6.5 Chapter summary

In this chapter, a novel multi-chassis controllers coordinator based on genetic program-
ming was presented to control the lateral stability of the 8x8 combat vehicle. In addition,
a performance map that shows a qualitative evaluation for TVC and ARS was presented
based on a series of simulation-based maneuvers. This map was processed through a
new coordination equation and used to generate Neuro-fuzzy based control rules. To
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Figure 6.31: DLC maneuver at µ=0.2 and speed 100 km/h (a) Vehicle trajectory (b)
Lateral error

Figure 6.32: DLC maneuver at µ=0.2 and speed 100 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle
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Figure 6.33: DLC maneuver at µ=0.2 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

ease future hardware implementation, the Neuro-fuzzy coordinator’s rules were sim-
plified to three equations using genetic programming-based software, which showed a
significant reduction in the processing time. Moreover, a simple fuzzy-based coordi-
nator was used to coordinate the differential braking and ARS controllers based on the
road friction coefficient.

After that, the integrated controllers were tested by conducting several maneuvers on
dry, slippery, and icy roads at high speed in comparison with the uncontrolled vehi-
cle using slalom, DLC, FMVSS, J-turn, and step slalom maneuvers. The simulations
showed that the vehicle stability was extremely enhanced by the controllers in compari-
son with the uncontrolled vehicle.
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Figure 6.34: FMVSS maneuver at µ=0.85 and speed 100 km/h (a) Vehicle trajectory
(b) Close up to the vehicle’s lateral shift

Figure 6.35: FMVSS maneuver at µ=0.85 and speed 100 km/h (a) Average Steering
angle of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering

angle of the 4thaxle
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Figure 6.36: FMVSS maneuver at µ=0.85 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

Figure 6.37: FMVSS maneuver at µ=0.85 and speed 100 km/h; Corrective driving
torque of the right and left wheels’ side

168



Figure 6.38: FMVSS maneuver at µ=0.85 and speed 100 km/h; Braking forces at each
wheel

Figure 6.39: FMVSS maneuver at µ=0.5 and speed 100 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift
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Figure 6.40: FMVSS maneuver at µ=0.5 and speed 100 km/h (a) Average Steering
angle of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering

angle of the 4thaxle

Figure 6.41: FMVSS maneuver at µ=0.5 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response
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Figure 6.42: FMVSS maneuver at µ=0.5 and speed 100 km/h; Corrective driving
torque of the right and left wheels’ side

Figure 6.43: FMVSS maneuver at µ=0.2 and speed 100 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift
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Figure 6.44: FMVSS maneuver at µ=0.2 and speed 100 km/h (a) Average Steering
angle of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering

angle of the 4thaxle

Figure 6.45: FMVSS maneuver at µ=0.2 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response
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Figure 6.46: J-turn maneuver at µ=0.85 and speed 100 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift

Figure 6.47: J-turn maneuver at µ=0.85 and speed 100 km/h (a) Average Steering
angle of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering

angle of the 4thaxle
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Figure 6.48: J-turn maneuver at µ=0.85 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) yaw response (d) vehicle sideslip response

Figure 6.49: J-turn maneuver at µ=0.85 and speed 100 km/h; Corrective driving torque
of the right and left wheels’ side
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Figure 6.50: J-turn maneuver at µ=0.85 and speed 100 km/h; Braking forces at each
wheel

Figure 6.51: J-turn maneuver at µ=0.5 and speed 100 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift
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Figure 6.52: J-turn maneuver at µ=0.5 and speed 100 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle

Figure 6.53: J-turn maneuver at µ=0.5 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response
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Figure 6.54: J-turn maneuver at µ=0.5 and speed 100 km/h; Corrective driving torque
of the right and left wheels’ side

Figure 6.55: J-turn maneuver at µ=0.2 and speed 100 km/h (a) Vehicle trajectory (b)
Close up to the vehicle’s lateral shift
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Figure 6.56: J-turn maneuver at µ=0.2 and speed 100 km/h (a) Average Steering angle
of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering angle of

the 4thaxle

Figure 6.57: J-turn maneuver at µ=0.2 and speed 100 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response
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Figure 6.58: Step slalom maneuver at µ=1 and speed 65 km/h

Figure 6.59: Step slalom maneuver at µ=1 and speed 65 km/h (a) Average Steering
angle of the 1staxle (b) Average Steering angle of the 3rdaxle (c) Average Steering

angle of the 4thaxle
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Figure 6.60: Step slalom maneuver at µ=1 and speed 65 km/h (a) Vehicle longitudinal
speed (b) lateral acceleration (c) Yaw response (d) Vehicle sideslip response

Figure 6.61: Step slalom maneuver at µ=1 and speed 65 km/h; Corrective driving
torque of the right and left wheels’ side
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Figure 6.62: Step slalom maneuver at µ=1 and speed 65 km/h; Braking forces at each
wheel
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CHAPTER 7

Conclusions and Future Work

This chapter presents the conclusions that are arisen from this study. Then, the major
contributions and recommendations for future work are introduced. Finally, the refereed
journals and conferences paper are listed.

7.1 Conclusions

In this study, the maneuverability and lateral stability of an 8x8 combat vehicle were
investigated. The maneuverability was assessed under operation with several passive
steering modes at low-speed maneuvers. In addition, three different lateral stability con-
troller strategies; Active Rear Steering (ARS), Differential Braking (DB), and Torque
Vectoring Control (TVC), are introduced. The controllers showed a recognizable en-
hancement in the vehicle’s lateral stability. Moreover, two Integrated Chassis Con-
trollers (ICCs) using ARS-DB and TVC-ARS were presented and evaluated ant limited
handling driving conditions. The important conclusions from this research study are
listed below:

1. The literature review showed that there is a paucity in publications regarding:

(a) Investigating the vehicle’s maneuverability for multiple steering configura-
tions.

(b) The dependency of the lateral stability controllers on the yaw reference
model and control objectives contradiction.

(c) Considering the lateral stability for autonomous multi-axle vehicles.

(d) Exploit advance machine learning techniques, especially Genetic-Programming
(GP), in the lateral stability control field.

2. The maneuverability investigation of different passive steering configurations at
very low speed showed that:
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(a) The highest maneuverability was obtained by counter All-Wheel Steering
(AWS) configuration.

(b) Counter-AWS generates almost zero sideslip.

(c) Parallel steering is beneficial for performing a zero yaw motion, with no
rear-end swing.

3. The utilization of the independent active steering of the 3rd and 4th axles is more
effective than only actively steering the 4th axle in terms of:

(a) Better exploitation of the axles in decreasing the vehicle sideslip.

(b) High improvement in the vehicle transient response.

(c) Prevent the vehicle rollover and increase the vehicle stability.

4. The synthesized cost function to optimize the Gain-Scheduled Linear Quadratic
Regulator (GSLQR) gains resulted in attaining the vehicle stability with minimum
steering of the rear axles. Moreover, replacing the scheduled gains with simple
GP-based equations led to a smooth transition between the control gains at various
driving conditions.

5. The developed AISMC was effective in enhancing the vehicle stability on rough
terrain and was able to compensate for the yaw disturbances.

6. Steering the 3rd and 4th axles effectively enhanced the path-following accuracy
than conventional front-steering controller, such as:

(a) Tightening the design requirements to achieve better tracking performance.

(b) Adding constraints to the integration of the position and heading angle track-
ing error for better stabilization at high-speed tracking.

7. The integration between ARS stability controllers with the conventional front-
steering improves the path-following performance during high-speed operation.

8. The developed activation criterion based on the phase portrait (phase-plane) anal-
ysis of the vehicle’s nonlinear model was efficient in achieving less use of the
braking torque and consequently enhancing the vehicle’s longitudinal dynamics.

9. The proposed Genetic Programming (GP) technique showed more effectiveness
than the Neuro-Fuzzy (NF) one in terms of:
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(a) Train the GP algorithm with a lower-dimensional dataset in comparison to
Neuro-Fuzzy (NF) control method.

(b) The ability of the GP algorithm to interpolate and extrapolate for the pro-
vided dataset, which resulted in better performance than the NF-based con-
troller when tested in driving conditions beyond the trained dataset.

(c) Resulted in developing a controller with less processing time than the NF-
based one.

10. Limiting the vehicle sideslip drastically enhanced the TVC performance.

11. The developed ICCs significantly improved the vehicle stability at severe driving
conditions without contradiction between the controllers.

12. The developed TVC-ARS controller has higher capabilities in stabilizing the ve-
hicle at almost all the driving conditions than ARS-DB. However, the advantage
of the low-cost implementation of the braking controller over TVC makes the use
of ARS-DB preferable.

7.2 Future work and recommendations

The future work and recommendations include a list of research ideas that can maximize
the vehicle’s and controllers’ performance:

1. Assess the vehicle maneuverability using the developed steering modes over soft-
terrain.

2. Develop an active suspension system to be integrated with the developed ARS for
better off-road operation.

3. Use advanced optimization techniques to reach the optimal driving and braking
tire forces for torque vectoring and differential braking controllers.

4. Implement the developed steering configurations in a trajectory planning algo-
rithm and test the tracking performance for off-road operation.

5. Use new machine learning techniques such as deep learning in the vehicle stability-
related research, i.e. estimation of the road conditions and friction coefficient,
which will enhance the controller performance.
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6. The integration between lateral, longitudinal, and vertical dynamics controllers
and deriving a 3-dimension performance map to the vehicle can lead to achieve
optimal utilization of the combat vehicle in the operation field.

7. Perform a sensitivity analysis for the effect of changing the rear wheels’ kinemat-
ics on the ARS controller’s performance.
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