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STEERING EFFECTS OF ACTIVE SUSPENSIONS
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driver steering effort
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ABSTRACT
Automotive suspension systems have traditionally been a compromise between ride
comfort,road handling and load carrying. Due to these conflicting demands, semi-
active suspension has been an important feature among premium car manufactur-
ers. The type of active suspension considered in this thesis is an active anti-roll bar
system (AARB). The main objective of the AARB system is to provide roll-over
protection and better isolation to the passengers from the disturbances induced due
to road irregularities.

While the active suspension provides better comfort by attenuating the vertical and
roll disturbances to a great extent, it has certain adverse effects too. Active control
of suspension triggers the lateral vehicle movement due to kinematics and compli-
ance (K&C) of the wheel suspension. The suspension parameters such as bump
steer, roll steer and camber steer produces some lateral tyre force which needs to be
compensated. To ensure stability of the vehicle, lateral disturbances caused by road
bumps, crowned road and road banking needs to be attenuated. The master thesis
involves implementation of the AARB controller to improve stability and reduce the
steering effort while driving on the road with above mentioned disturbances. The
controller can be integrated with active steering system to reduce the overhead on
the steering actuator and increase steer-ability in auto-pilot mode. Also, the influ-
ence of K&C parameters on steering torque and yaw rate is studied using a linear
kinematic model developed in CarMaker. Further, AARB controller is extended to
handle cornering scenarios. The control strategy developed includes a state feedback
LQR, LQI and robust H∞ controller and validated with two different K&C setups
and their performance is compared.

In conclusion, simulation results show that there is potential in the AARB system
to reduce driver steering effort in driver-in-loop and increase steering range in auto-
pilot while using a certain kind of K&C setup.

Keywords: Active suspension, Active anti-roll bar, H∞ control, K&C, linear kine-
matic model, Reduce steering effort.
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1
Introduction

1.1 Motivation
The motivation of this thesis is to investigate the effects of active suspension system with
active anti-roll bars on steering and yaw motion. This thesis also includes implementation
of control strategies to actively control Active Anti-Roll Bar (AARB) system to compen-
sate for the lateral road disturbances such as road bumps, banking etc. Also, the steering
effort with driver-in-loop and overhead on the steering actuator are reduced thus increas-
ing the steering capability of the pilot assist. The suspension K&C effects on steering
wheel torque and yaw rate on steering is also studied.

1.2 Steering effects of Active Suspension Overview
A car is constantly subjected to a variety of forces during its normal operation which can
adversely affect its trajectory. Disturbances majorly originate from external sources such
as wind, road crowns and road bumps etc causing lateral-drift of the vehicle during its
motion. The driver needs to compensate with steering which is not desirable from the
comfort point of view. Heavy wind gusts and road crowns can be a safety issue if the
driver over-compensate/under-compensate with steering.

Optimizing a passive suspension system, it is very hard to meet comfort, handling and ride
stability requirements as passive suspension will always be a compromise between these
properties. Active Suspension Systems has been an important field of research in vehicle
dynamics. It has also become an important feature among premium car manufacturers as
they provide better ride comfort, road grip and handling ability. Using active anti-roll bar
it is possible to reduce the roll moment induced due to road irregularities. In addition,
it is also possible to control the vertical position of the wheels axle-wise [1]. In active
suspension systems, the electronically controlled actuators provides a significant increase
in terms of comfort. However, depending on the system architecture and control method
for the active system may be utilizing active dampers which produces optimal damping
forces or active anti-roll bars. The AARB system consists of an electric motor to control
the normal forces on individual tyres to counter different kind of road disturbances. Active
anti-roll bar can be used to assist steering to counteract yaw motion induced due to road
disturbances and wind gusts, thus reducing the steering effort of the driver.

The control strategy for an active anti-roll bar system measures body motion signal such
as body roll and pitch, vertical suspension movement and control the actuators which
produces desired normal force on individual wheels. However, as technology progresses,
more advanced sensors are installed in new cars from which the road profile can be es-
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1. Introduction

timated in a good way. The downside of introducing new sensors is increase in cost. A
Model based feedback control strategy is well suited for the current sensors on board to
control active anti-roll bar to maintaining its stability. Optimal control strategy uses a
system model to compute the optimal control signals based on the current states of the
system. The drawback with linear system theory and control is that it is not possible to
incorporate hard constraints such as actuator saturation in the controller design [21]. As
long as actuator saturation is far from being achieved these control techniques are of great
benefit as they are computationally less complex. They also provide framework to include
external disturbances and uncertainties in the control design. In addition, linear system
theory and controller design also is more easy to understand than its nonlinear counterpart.

Previous works have shown potential when using active anti-roll bar to drastically im-
prove the roll stability of a vehicle to prevent rollover [4]. The H∞ approach is taken to
design the controller for the active anti-roll bars using a yaw-roll vehicle dynamic model.
H∞ control method is implemented focusing on the uncertainties due to velocity and
sprung mass variation for a heavy vehicle [2]. Optimal LQR was applied to integrated
model of servo-valve hydraulic model and a yaw-roll model for a single unit heavy vehicle
[5]. Linear Parameter Varying (LPV) technique has been applied for active anti-roll bar
combined with active brake control on a single heavy vehicle with the varying parameter
being the forward velocity [6].

1.3 Active anti-roll bar Controller design goals
Upon completion of the project, the following research questions should be answered:

• How does suspension kinematics parameters effect the active anti-roll bar system
and its effect on steering angle and steering wheel torque?

• How to formulate a transfer function between change in normal load to steering
wheel angle?

• How to develop a controller for the anti-roll bar to attenuate yaw disturbances for
high and low frequency disturbances to increase straight line stability and extend
to cornering situations?

• How to utilize the AARB system to mitigate steering effort while normal driving and
extend steering ability of pilot assist by decreasing overhead on steering actuator?

1.4 Scope of Thesis
The scope of the thesis is focused around the study of active roll bar system and its effects
on steering. It includes design and implementation of a AARB controller to mitigate steer-
ing effort and improve steering ability of pilot assist systems which also involves analysis
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1. Introduction

of suspension kinematics and propose changes required to implement the AARB controller
to effect steering system. In order to implement the controller in a real car, additional
work is required that will be outside of the scope. The information that is fed to the
controller is assumed to be pre-processed communication with sensors and actuators in
the car is assumed to be in place.

A validated IPG CarMaker car model to test and evaluate the controller is available and
will be used during the project. A linear dynamic model of suspension and lateral motion
is developed considering linear suspension kinematics in the model to analyze active sus-
pension effects on steering angle. The linear system model is validated by comparing with
the IPG CarMaker model. Two kinematic setups are compared and kinematic parameter
effects on steering wheel torque are analyzed and the analysis is done by developing a
linear kinematic model in the Carmaker. Control methods such as LQR, LQI and robust
H∞ techniques are used and the controllers performance are compared. The AARB con-
troller is tested for high and low frequency road disturbances such as road bumps and
banked roads. The controller is tested for straight ahead motion and then extended to
cornering scenarios as well. The controller will be tuned and evaluated by assessing vehicle
body motions while making sure that the actuator saturation levels are not reached.

1.5 Outline of the Thesis
• Chapter 2 contains theory about relevant vehicle dynamics and model validation

results are presented. It also introduces the control problem that needs to be solved
when trying to improve ride comfort with active anti-roll bar system.

• Chapter 3 contains theory about LQR, LQI and H∞ methods which are used to
develop the AARB controller.

• Chapter 4 describes a detailed suspension kinematics analysis. It involves compar-
ing two existing kinematic setups and quantification of kinematic parameters on its
effect on steering wheel torque.

• Chapter 5 presents simulation testing of the implemented controllers and obtained
results for three different driving scenarios.

• Chapter 6 contains a discussion of the obtained results together with suggestions
for future work and the conclusion of the thesis.
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2
Modeling

This chapter mainly describes the mathematical modeling of 7-DOF vertical full car model
and the extended bicycle model to capture the suspension and lateral dynamics of the car
respectively. The dynamic model is implemented to analyze the effects of anti roll bar
torque on yaw rate and overall path of the vehicle. Also, the effects of road disturbances
on vehicle’s roll, pitch and yaw angles are studied. Further the linear model is used in the
design of AARB controller. The model is validated by comparing its states with that of
CarMaker results for a maneuver. The chapter starts with the description of the vehicle
motions and coordinate systems followed by the detail modeling approach. Then the two
models are combined effectively to form a roll-yaw model. Finally, suspension kinematics
and compliance model is added to the roll-yaw model and the active anti-roll bar control
problem is formulated.

2.1 Vehicle Motions and Coordinate Systems
The coordinate system used in the entire thesis is shown in 2.1.It is in accordance to the
ISO 8855 standards. According to this coordinate system, the longitudinal motion of the
vehicle is described by positive X axis, the lateral motion is described by the Y axis, left
of the driver being the positive orientation and the vertical motion is represented by the Z
axis. The rotations about the vehicle CoG are also included in this system of coordinates.
The roll, pitch and yaw rotation are the rotation around the X axis, Y axis and Z axis
respectively.

Figure 2.1: Vehicle motion degrees of freedom according to ISO coordinate
system [9]

5
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In addition to this coordinate system, a wheel is best described in its own local coordinate
system for each tire, also according to ISO 8855. The forces and moments which are acting
on the wheel from the ground are shown in 2.2. The other quantities, such as slip angle
(α) and camber angle (γ) in figure 2.2 are the variables which have considerable effects on
these forces and moments which is discussed in further chapters. The coordinate system
for a single wheel can be seen in figure 2.2.

Figure 2.2: Wheel coordinate system. Forces and moments on tyre from ground
from ISO 8855 [19]

The definitions of few of the wheel angles which are extensively used in this thesis is de-
scribed below.

• Steer Angle: The Steer angle (δ) is the angle from vehicle longitudinal axis to
the wheel plane about the vehicle vertical axis [9]. Assuming vehicle XY-plane is
parallel to road plane, this angle is same as angle from vehicle longitudinal axis to
the intersection between wheel plane and road plane.

• Inclination angle: The inclination angle or camber angle (γ) is the angle from
vehicle longitudinal axis to the wheel plane about the vehicle longitudinal axis [9].
Camber angle is set in order to have better contact patch on the road and for the
stability of the car. As seen from the front of the car, if the centre line is inclined
inwards, it is called negative camber, and if it is inclined outwards, it is called pos-
itive camber.

• Static Toe Angle: The Static toe angle (δtoe) is the angle between vehicle longi-
tudinal axis and the wheel plane about the vehicle vertical axis, with the vehicle at
rest and steering in the straight-ahead position [9]. is when forward portion of the
wheel is closer to the vehicle centre line than the wheel centre.
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2. Modeling

2.2 Tire Model
Tire Model provides a mathematical model for the interaction between the vehicle tires
and the road surface. The tire forces produced in longitudinal and lateral direction are
generally presented as a function of tire slip angles. The example of slip curve is shown
in the figure 2.3. This thesis mainly focus on the lateral tire model, thus only lateral tire
forces are considered from now on.

Figure 2.3: Pacejka magic formula tire parameters [7]

The slope of the curve at zero lateral slip angle is called the cornering stiffness. The lateral
slip angle of the tire is given by the relation

α = arctan (vy/vx) (2.1)

Here α is the lateral tire slip angle, vx and vy are the tire velocities in x and y direction in
the wheel coordinate system. From figure 2.3 its evident that for small slip angle α, the
lateral tire force Fy is linear and is equal to product of slip angle and the cornering stiffness.
However, with the increase in slip angle the curve reaches a maximum friction coefficient
µmax and Fy reaches a plateau. Other parameters such as inflation pressure of the tire,
surface conditions (eg. dry/wet tarmac, snow, ice), the tire and the road temperatures
also effect the lateral slip curve in a great manner. The non-linear tire models can be
obtained using empirical model known as Pacejka magic formula shown in figure 2.3. The
curve fit has a general form

Fx
Fz

= D sin (C arctan (BSx − E(BSx − arctan (BSx)))) (2.2)

Where B is a stiffness parameter, C is a shape parameter, D is a peak value parameter,
and E is a curvature parameter describing the curve [7].
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2.2.1 Linear Model
The tire model can be simplified by linearizing the model. The linear tire model is given
by

Fy(α) = −Cαα (2.3)
Fy is the lateral tire force developed in the tire, α is lateral slip of the tire and Cα is tyre
cornering stiffness [7]. This model is accurate only for small lateral tyre slip angles. This
model is utilized for vehicle model linearization to generate linear plant model used for
controller synthesis presented further in this chapter.

2.2.2 Influence of vertical load
The vertical load on the tire greatly influences the behaviour of the tire and is one of the
important aspect of cornering performance of the vehicle.

Cα(Fz) = CCα0Fz (2.4)
From equation 2.4, it is seen that the normal force is directly proportional to lateral force
Fy. Substitute equation 2.4 in equation 2.5.

Fy = −Cαα = −CCα0Fzα (2.5)

The approximation which is made here is that Cα α Fz with proportionality coefficient
CCα0 the Cornering Coefficient (or Lateral Slip Coefficient) [7]. It is assumed that normal
load depends only on the position of CoG and thus the load transfer and other effects are
neglected in the vehicle model.

2.3 7-DOF Full car Vertical Model
This section describes the full-car suspension model with passive springs,dampers and
anti-roll bars. The full-car model has seven degrees of freedom: heave, roll, pitch and
vertical displacement of the four unsprung masses. The physical model of the full-car
model is shown in figure 2.4.

Figure 2.4: 7-DOF Full car Vertical Model [11]
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In the model shown in figure 2.4,
lf = a1, lr = a2, b1 = b2 = w

2

equation for sprung mass acceleration:

mẍs + cf (ẋs − ẋ1 + b1ϕ̇− a1θ̇) + cf (ẋs − ẋ2 − b2ϕ̇− a1θ̇)
+cr(ẋs − ẋ3 − b1ϕ̇+ a2θ̇) + cr(ẋs − ẋ4 + b2ϕ̇+ a2θ̇)

+kf (xs − x1 + b1ϕ− a1θ) + kf (xs − x2 − b2ϕ− a1θ)
+kr(xs − x3 − b1ϕ+ a2θ) + kr(xs − x4 + b2ϕ+ a2θ) = 0

(2.6)

equation for body roll:

Ixϕ̈+ b1cf (ẋs − ẋ1 + b1ϕ̇− a1θ̇)− b2cf (ẋs − ẋ2 − b2ϕ̇− a1θ̇)
−b1cr(ẋs − ẋ3 − b1ϕ̇+ a2θ̇) + b2cr(ẋs − ẋ4 + b2ϕ̇+ a2θ̇)

+b1kf (xs − x1 + b1ϕ− a1θ)− b2kf (xs − x2 − b2ϕ− a1θ)− b1kr(xs − x3 − b1ϕ+ a2θ)
+b2kr(xs − x4 + b2ϕ+ a2θ) +MR = 0

(2.7)

Equation for body pitch:

Iy θ̈ + a1cf (ẋs − ẋ1 + b1ϕ̇− a1θ̇)− a1cf (ẋs − ẋ2 − b2ϕ̇− a1θ̇)
+a2cr(ẋs − ẋ3 − b1ϕ̇+ a2θ̇) + a2cr(ẋs − ẋ4 + b2ϕ̇+ a2θ̇)
−a1kf (xs − x1 + b1ϕ− a1θ)− a1kf (xs − x2 − b2ϕ− a1θ)

+a2kr(xs − x3 − b1ϕ+ a2θ) + a2kr(xs − x4 + b2ϕ+ b2θ) = 0

(2.8)

Equation for unsprung mass FL displacement:

mf ẍ1−cf (ẋs−ẋ1+b1ϕ̇−a1θ̇)−kf (xs−x1+b1ϕ−a1θ)−kR
1
w

(ϕ−x1 − x2
w

)+ktf (x1−y1) = 0
(2.9)

Equation for unsprung mass FR displacement:

mf ẍ2−cf (ẋs−ẋ2−b2ϕ̇−a1θ̇)−kf (xs−x2−b2ϕ−a1θ)+kR
1
w

(ϕ−x1 − x2
w

)+ktf (x2−y2) = 0
(2.10)

Equation for unsprung mass RL displacement:

mrẍ3 − cr(ẋs − ẋ3 − b1ϕ̇+ a2θ̇)− kr(xs − x3 − b1ϕ+ a2θ) + ktr (x3 − y3) = 0 (2.11)

Equation for unsprung mass RR displacement:

mrẍ4 − cr(ẋs − ẋ4 + b2ϕ̇+ a2θ̇)− kr(xs − x4 + b2ϕ+ a2θ) + ktr (x4 − y4) = 0 (2.12)
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2. Modeling

Here we assume that,
m1 = m2 = mf (2.13)

m3 = m4 = mr (2.14)

2.3.1 Anti-Roll Bar Model

Figure 2.5: Roll bar with wheel deflection length difference [12]

Here, stabilizer deflection lengths are xl and xr. Fstabi2Susp,l and Fstabi2Susp,r are normal
forces acting at the wheel centre. Fstabi,l and Fstabi,r are normal forces acting at the sta-
bilizer mounting points (along the axle). tzl and tzr are wheel centre displacements

Electro-mechanical active AARB with controller actively generate torque TAARB at the
center of the bar. The reaction force of active AARB can be expressed by the model shown
in 2.15.

Fstab = Tarb/Larb (2.15)

The passive AARB model MR in equation 2.7 is replaced by -wFstab . The Fstabi on two
individual wheels in an axle depends on the roll distribution ratio (r) which is described
as,

Fstabi,front = r ∗ Tarb/Larb (2.16)

Fstabi,rear = (1− r) ∗ Tarb/Larb (2.17)
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According to 2.5, the AARB force is applied at the centre of the wheel and Stabilizer force
Fstabi is produced when right and left wheels are compressed in opposite direction. The
roll bar force can be defined in two ways i.e. using a wheel deflection length difference or
a deflection angle difference. Here, the model with wheel deflection difference is used.
It is also considered that for an axle, stabilizer force acting on left and right wheels are
equal and opposite,

Fstabi,l = −Fstabi,r (2.18)

2.4 Linear One-Track Model
One-track lateral dynamics model is considered to establish relationship between road
disturbances and yaw rate. This section describes the linear single track model to describe
the lateral and yaw motion of the car [4]. The physical model of the bicycle model is shown
in figure 2.6.

Figure 2.6: Steady State One-track model (bicycle model) [20]

From Newton’s second law of motion along Y-axis,

may = Fyf
+ Fyr (2.19)

Here ay is the inertial acceleration of the vehicle at CoG at y axis and Fyf
and Fyr = Fcr

are the lateral tire forces of the front and rear wheels respectively. ay can be written as
the acceleration ÿ which is due to motion along the y axis and the centripetal acceleration
VxΨ̇ .

ay = ÿ + VxΨ̇ (2.20)

substitute 2.20 in 2.19 to get,

m(ÿ + Ψ̇Vx) = Fyf
+ Fyr (2.21)
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The equation for the yaw dynamics is given by taking moment about the z axis,

IzΨ̈ = `fFyf
− `rFyr (2.22)

Figure 2.7: Tire Slip Angle [4]

Using a linear tyre model, the slip angle of the front and rear wheel is given by,

αf = δ − θV f (2.23)

αr = −θV r (2.24)

where θV f and θV r are is the front and rear tire velocity angle. The lateral tyre forces for
the front and rear wheel is given by,

Fyf
= 2Cαf (δ − θV f ) (2.25)

Fyr = 2Cαr(−θV r) (2.26)

The following relations can be used to calculate θV f and θV r :

tan(θV f ) = ẏ + `f Ψ̇
Vx

(2.27)

tan(θV r) = ẏ − `rΨ̇
Vx

(2.28)

Using small angle approximations,

θV f = ẏ + `f Ψ̇
Vx

(2.29)
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θV r = ẏ − `rΨ̇
Vx

(2.30)

From the equations above the lateral acceleration and yaw acceleration can be written as,

ÿ = (−2Cαf + 2Cαr
mVx

)ẏ − (Vx + 2Cαf `f − 2Cαr`r
mVx

)Ψ̇ + (2Cαf
m

)δ (2.31)

ψ̈ = (−2`fCαf − 2`rCαr
IzVx

)ẏ − (
2`2fCαf − 2`2rCαr

IzVx
)Ψ̇ + (2`fCαf

Iz
)δ (2.32)

2.5 Suspension Kinematics and compliance
Suspension kinematics illustrates the spacial variation of a wheel caused due to change in
the suspension positioning parameters (compression and steer) action. Movement of the
wheel due to suspension compression and rebound is called Suspension kinematics and
that due to pure steer actions is termed as steering kinematics. Some wheel movement
also exist due to superposition of suspension deflection and steering in reality. Compliance
describes the spacial movements of a wheel caused due to forces generated at the wheel
causing elastic deformations of the wheel suspension. Suspension forces and torques pro-
duces movements of the wheel in directions other than in their effective direction due to
the complexity of the vehicle suspension system [12]. Movements are explained through
coordinates (primary and secondary) in an axis system as shown in figure 2.2 with wheel
center as the center of the axis system.

The table 2.1 describes the context of kinematics and compliance. Primary coordinates of a
wheel comprises of wheel compression and steer actions. Kinematics is defined as an effect
on the secondary coordinates due to force free movements of the wheel suspension and is
a function of the primary coordinates.On the contrary to the kinematics, the compliance
is defined as the change of secondary coordinates due to external forces acting upon the
wheel [12]. External forces and torques which affect the secondary coordinates are listed in
table 2.1. In this thesis, the main focus is on the changes in toe, bump steer, camber and
bump camber due to wheel compression and steering as these have the most dominating
effect on yaw and steering torque. The other effects such as caster etc are not considered
in the study.

Primary Coordinates Secondary Coordinates External Forces and Torques
Wheel compression Toe angle Side force
Steering Camber angle Longitudinal force

Spin angle Aligning torque
Wheel track Camber torque
Wheel base Spin torque
Vertical wheel
translation

Table 2.1: Kinematics and Compliance [12]
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2.5.1 Bump Steer Model
Bump steer or roll steer is defined as the tendency of the wheel of a car to steer itself as
it goes through a suspension stroke [7]. It is generally expressed in terms of change in toe
angles for a certain suspension displacement. Suspension kinematics is designed to reduce
the effects of bump and roll steer. The model for this effect is obtained from Kinematics
and Compliance measurement data of real production vehicle and is expressed as a linear
equation as shown in equation 2.33.

∆δ = δtoe + Cbs(zs − zus) (2.33)

where, ∆δ = Change in toe angle (degrees)
Cbs = Bump Steer Gradient (deg/m)
zs = Sprung mass displacement
zus = Unsprung mass displacement
The initial position of the suspension deflection is zero. Positive displacement is considered
as bump and negative displacement is considered as rebound.

2.5.2 Bump Camber Model
Bump camber effect is defined as the change in camber angle as it goes through a suspen-
sion stroke [7]. It is generally expressed in terms of change in camber angles for a certain
suspension displacement. This camber gain has considerable effects on the lateral forces
generated by the tyres. The linear model for this effect is obtained from Kinematics and
Compliance measurement data of real production vehicle as shown in equation 2.34.

∆γ = γ + Cbc(zs − zus) (2.34)

where, ∆γ = Change in camber angle (degrees)
Cbs = Bump camber gradient (deg/m)
zs = Sprung mass displacement
zus = Unsprung mass displacement
The initial position of the suspension deflection is zero. Positive displacement is considered
as bump and negative displacement is considered as rebound.

2.6 Roll-Yaw Model
Most studies on active anti-roll bar systems utilize the yaw-roll model with force or torque
as the control signal [6]. The active anti-roll bar produces roll moment which influences
both vertical and lateral motion of the car. The full car vertical model explains the
relation between sprung mass displacement, body roll angle, pitch angle, unsprung mass
displacement and road excitations is combined with the extended bicycle model explains
the relation between lateral velocity, yaw rate and road excitation by taking steering angle
as an input to the model as illustrated in sections 2.3 and 2.4. The suspension kinematics
and compliance model acts as the bridge in linking the vertical and lateral model. The
bump steer effects is added as additional steer angle and the camber effects is added as an
lateral force component. The roll-yaw model uses the same coordinate system as the other
two dynamic models. The cross terms of roll-yaw model are small and can be neglected.
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ÿ = (Cαf
∗ (δfl + ((Cbsfl ∗ (x− x1− (θ ∗ a) + (φ ∗ d))))− (Vy + (a ∗ ψ̇))/(Vx))+

Cαf
∗ (δfr + ((Cbsfr ∗ (x− x2− (θ ∗ a)− (φ ∗ c))))− (Vy + (a ∗ ψ̇))/(Vx))+

Cαr ∗ (δrl + ((Cbsrl ∗ (x− x3 + (θ ∗ b) + (φ ∗ d))))− (Vy − (b ∗ ψ̇))/(Vx))+
Cαr ∗ (δrr + ((Cbsrr ∗ (x− x4 + (θ ∗ b)− (φ ∗ c))))− (Vy − (b ∗ ψ̇))/(Vx))+

Kflstiff
∗ (γsfl + (Cbcfl ∗ (x− x1− (θ ∗ a) + (φ ∗ d))))+

Kfrstiff
∗ (γsfr + (Cbcfr ∗ (x− x2− (θ ∗ a)− (φ ∗ c))))+

Krlstiff
∗ (γsrl + (Cbcrl ∗ (x− x3 + (θ ∗ b) + (φ ∗ d))))+

Krrstiff
∗ (γsrr + (Cbcrr ∗ (x− x4 + (θ ∗ b)− (φ ∗ c)))))/m− ((Vx) ∗ ψ̇)

(2.35)

ψ̈ = (Cαf
∗ a ∗ (δfl + ((Cbsfl ∗ (x− x1− (θ ∗ a) + (φ ∗ d))))− (Vy + (a ∗ ψ̇))/(Vx))+

Cαf
∗ a ∗ (δfr + ((Cbsfr ∗ (x− x2− (θ ∗ a)− (φ ∗ c))))− (Vy + (a ∗ ψ̇))/(Vx))−

Cαr ∗ b ∗ (δrl + ((Cbsrl ∗ (x− x3 + (θ ∗ b) + (φ ∗ d))))− (Vy − (b ∗ ψ̇))/(Vx))−
Cαr ∗ b ∗ (δrr + ((Cbsrr ∗ (x− x4 + (θ ∗ b)− (φ ∗ c))))− (Vy − (b ∗ ψ̇))/(Vx))+

Kflstiff
∗ a ∗ (γsfl + (Cbcfl ∗ (x− x1− (θ ∗ a) + (φ ∗ d))))+

Kfrstiff
∗ a ∗ (γsfr + (Cbcfr ∗ (x− x2− (θ ∗ a)− (φ ∗ c))))−

Krlstiff
∗ b ∗ (γsrl + (Cbcrl ∗ (x− x3)))−

Krrstiff
∗ b ∗ (γsrr + (Cbcrr ∗ (x− x4 + (θ ∗ b)− (φ ∗ c)))))/Izz

(2.36)

2.7 Reduced Roll-Yaw Model
The full roll-yaw model illustrated in section 2.6 has unsprung mass displacements as de-
grees of freedom which is helpful in theoretical analysis of the active suspension where as
it requires estimation of these states to synthesis the AARB controller. Thus to reduce
the complexity of the controller, reduced roll-yaw model is utilized where unsprung mass
states are replaced by road disturbances in the linearized system. This is achieved by
assumption shown in equations 2.37 and 2.38.

xi = Zri (2.37)

where i= 1,2,3,4

ẋ1 = ˙Zr1
ẋ2 = ˙Zr2
ẋ3 = ˙Zr3
ẋ4 = ˙Zr4

(2.38)

The reduced roll-yaw model is obtained by substituting equations 2.37 and 2.38 in equa-
tions 2.6,2.7,2.8,2.35 and 2.36

15



2. Modeling

2.8 State-Space Representation
The model analysis and control design of the active anti-roll bar system is performed by
rearranging the equations of the roll-yaw model given in 2.6 and 2.7 in the state-space
form. The state-space model for the roll-yaw model with active AARB is represented
below.
State dynamics equation:

˙x(t) = AAARB ∗ x(t) +BAARB ∗ u1(t) + EAARB ∗ u2(t) (2.39)

Measurement equation:

y(t) = CAARB ∗ x(t) +DAARB ∗ u1(t) +DdARB ∗ u2(t) (2.40)

The states for the roll-yaw model is represented by the vector

x(t) = [x ẋ θ θ̇ φ φ̇ x1 ẋ1 x2 ẋ2 x3 ẋ3 x4 ẋ4 ẏ ψ̇]T (2.41)

The control input for AARB system is the Combined roll torque acting on the car (front
and rear).

u1(t) = TAARB (2.42)

The other inputs for the model is shown in the vector

u2(t) = [Zr1 Zr2 Zr3 Zr4 δfl δfr δrl δrr]T (2.43)

The reduced roll-yaw model is used for controller design illustrated in further in this chap-
ter. The states for the model is represented by the vector

x(t) = [x ẋ θ θ̇ φ φ̇ ẏ ψ̇]T (2.44)

The state-space matrices of reduced roll-yaw model are given in equations A.1, A.2, A.3
and A.4. The disturbance matrix for the AARB system is shown in A.2. The disturbance
signals in the model include road excitation on front left wheel Zr1, road excitation on
front right wheel Zr2, excitation on rear left wheel Zr3, excitation on rear right wheel Zr4
and steering angle for all for wheels, δfl, δfl, δfl, δfl. The outputs of the system are body
displacement x, body deflection rate ẋ, pitch angle θ, pitch rate θ̇, roll angle φ, roll rate
φ̇, lateral velocity ẏ, yaw rate ψ̇.

2.9 Dynamic Model Analysis
The eigenvalues of the system dynamical matrix A or the poles of the roll-yaw model and
reduced roll-yaw model are shown below.
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Figure 2.8: Poles of roll-yaw model and reduced order model.

All the poles of the system are in the negative half plane, thus the system is stable [14].
Both the models are not controllable but satisfies the stabilizable condition.

2.10 Model Validation Results
The aim of this section is to verify the dynamic models by comparing them to a validated
vehicle model in CarMaker. The state variables of the roll-yaw model and the reduced
roll-yaw model is developed in simulink uses the model parameters of an existing vehicle
model and are compared with the state variables from the CarMaker model. The road
profile used in the test consists of a single sided bump of amplitude 0.05m which triggers
a combined motion of heave, roll and pitch. The front right wheel hits the bump first
followed by the rear right wheel. The passive CarMaker model used in this test had pas-
sive suspension with passive roll bar. The road profile used in the test is shown in 2.9.
From the validation results in figure 2.11 and 2.13, it can be seen that the model is not as
damped as the CarMaker model as the road displacement is so fast that the linear damper
assumption is not valid for relatively high frequency disturbance inputs.

Two sets of kinematic setups will be compared in this thesis. Thus two sets of roll-yaw
model are implemented i.e. with kinematic setup-1 and setup-2. The validation results
of kinematic setup-2 are shown in figures 2.11 and 2.13. It can be seen that for small
amplitudes of road bump, state variables from the suspension match the CarMaker model
quite closely. However, the dynamics are very similar when assessing the shapes of the
curves. The main difference is in the amplitude of the curves. The roll-yaw model and
the reduced roll-yaw model are simplified linear models which only captures state state
dynamics of vertical and lateral dynamics compared to the vehicle model in CarMaker
which describes the full dynamics of a real car. Thus some differences between the models
are inevitable. It can also be seen that the behaviour of the reduced model is similar when
compared to that roll-yaw model for smaller amplitudes of bumps. Thus reduced roll-yaw
model can be utilized for controller design purposes as it has all of its states measured in
the car while the un-sprung states in the full roll-yaw model needs to be estimated while
designing the controller.
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Figure 2.9: Single bump road displacement as disturbance input to the car for
Roll-Yaw and reduced Roll-Yaw model validation
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2. Modeling

2.10.1 Roll-Yaw with kinematic setup-1 model validation
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Figure 2.10: Roll-Yaw with kinematic setup-1 Model Validation results
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2.10.2 Roll-Yaw with kinematic setup-2 model validation
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Figure 2.11: Roll-Yaw with kinematic setup-2 Model Validation results
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2.10.3 Reduced Roll-Yaw with kinematic setup-1 model val-
idation
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(b) Sprung mass velocity plot
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Figure 2.12: Reduced Roll-Yaw with kinematic setup-1 Model Validation results
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2.10.4 Reduced Roll-Yaw with kinematic setup-2 model val-
idation

0 2 4 6 8 10 12

Time

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

Z
c
g
 (

m
)

Sprung Mass Displacement Roll-Yaw reduced Model Validation

Zcg Model

Zcg CarMaker

(a) Sprung mass position plot

0 2 4 6 8 10 12

Time

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

Z
c
g
 V

e
l 
(m

/s
)

Sprung Mass velocity Roll-Yaw reduced Model Validation

Zcg vel Model

Zcg vel CarMaker

(b) Sprung mass velocity plot
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(d) Pitch rate plot
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Figure 2.13: Reduced Roll-Yaw with kinematic setup-2 Model Validation results
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2.11 Frequency Response of the AARB system
In this section, the frequency response of the AARB system is studied. The frequency
response is characterized by the magnitude and phase response of the system, versus
frequency. The AARB system has only one input which is the roll torque acting on the
whole vehicle. Hence, it is sufficient to verify the effect of chassis roll torque on the yaw
rate and roll angle outputs. The frequency response of the reduced roll-yaw models with
setup-1 and setup-2 are obtained by plotting the magnitude and phase measurements
through a Bode plot.
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(a) Bode plot for TF(Tarb → φ) with setup-1
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(b) Bode plot for TF(Tarb → ψ̈) with setup-1
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(c) Bode plot for TF(Tarb → φ) with setup-2
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(d) Bode plot for TF(Tarb → ψ̈) with setup-2

From bode plot analysis of the TF(Tarb → φ) and TF(Tarb → ψ̈), it can be noticed that
the transfer function gain is really less and is about -85dB for both the kinematic setup.
However for TF(Tarb → ψ̈), the magnitude is about -95dB and -100db for setup-1 and
setup-2 respectively. From 2.14b and 2.14d, it can seen that the model with kinematic
setup-1 is more understeered than that with setup-2.
Further from the bode plots it can be seen that The amount roll torque required to produce
unit change in roll angle and yaw rate is very high which is not quite energy efficient. Thus
AARB system can be used only to correct small yaw rate/ steering angle changes.
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3
Control Theory

In this chapter the theory behind control design is presented. At first, linear state-space
representation of the reduced roll-yaw dynamic model is presented and its stability is
analyzed. This is followed by the control design methodology of LQR, LQI and H∞ robust
control techniques which are implemented to control the AARB system.

3.1 Linear Quadratic Regulator
Linear Quadratic Regulator (LQR) is an optimal control method of the class of model
based controllers. An optimization problem is solved by utilizing the linearized model.
A state feedback controller is designed for the AARB controller as all the states of the
reduced roll-yaw model are assumed to be measurable/available.

The control input is given as,

u(t) = KLQR,AARBx(t)AARB +Kr,AARBr(t)AARB (3.1)

KLQR,AARB is the feedback gain which is computed using state-feedback LQR theory.
Kr,AARB is the reference gain, x(t)AARB are the states of the reduced Roll-Yaw model and
u(t) is the control input.

The closed loop form for the AARB controller is then described by:

ẋAARB = (AAARB −BAARBKLQR,AARB)x(t)AARB +BAARBKr,AARBr(t)AARB (3.2)

y = (CAARB −DAARBKLQR,AARB)x(t)AARB +DAARBKr,AARBr(t)AARB (3.3)

Here, Kr,AARB is not influencing the stability of the closed loop plant so it’s not used for
the control design.

The LQR method is used for optimal pole placement by minimizing the cost function:

min(J) =
∫ ∞

0

1
2x

TQx+ 1
2u

TRu (3.4)

The controller is synthesized for the model with fixed vehicle speed. The optimal con-
troller gain KLQR,AARB is computed by using an lqr command in matlab.

The cost function J will be minimized to the obtained control input. Q matrix is used
to penalize the state related energy and R penalizes the control input energy in the cost
function. By increasing the values of the weights Q and R, the states and control inputs
are penalized more. All eigenvalues of the plant designed with LQR control will be stable
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regardless of the original locations of poles guaranteed by the Riccati equation [13]. The
LQR system is tuned for desired optimal performance by tuning the state cost matrix Q
and an input cost matrix R. Since the system input is the torque generated by the AARB
motors it is reasonable to set the weight in R as high as possible so as to use the vehicle
energy cautiously. However, the R weighting needs to be set considerably small as high
roll torque is required to produce a small yaw rate as seen from the bode plot shown in
figure 2.14a and figure 2.14d. Further, in the Q matrix, the interesting states are the roll
and yaw rate, thus it is reasonable that these states will have higher weights than other
states. Each setting is tested on the IPG CarMaker model in an simulation environment.

In many scenarios it is desired that the closed loop has integral action to have no steady
state error. In this thesis, yaw angle needs to be tracked on low frequency road distur-
bances. To impart integral action on the loop, the system is re-formulated by creating a
number of additional states equal to the number of outputs for which zero steady state
error must be ensured. By augmenting the state space system as shown in equations 3.7
and 3.8, integral action will be imparted onto the loop. Integral state for the yaw rate
state is added so as to track yaw angle of the vehicle.

z(t) =
∫

(yAARB(t)− rAARB(t))dt (3.5)

˙z(t) = y(t)− r(t) = Cx(t) +Du(t)− r(t) (3.6)

[ ˙x(t)
˙z(t)

]
=

[
A 0n∗q
C 0q

] [
x(t)
z(t)

]
+

[
B 0n∗q
D −Iq

] [
u(t)
r(t)

]
(3.7)

y(t) =
[
C 0q

] [
x(t)
z(t)

]
+Du(t) (3.8)

The control law for the LQI controller is given by,

u(t) = KLQR,AARBx(t)AARB +Kr,AARBr(t)AARB +Kzz(t) (3.9)

The optimal controller gain KLQI,AARB is computed by using an lqi command in matlab.

3.2 Robust H∞ Control
A MIMO system is said to be robust if it possess good stability margin, low sensitivity
to plant and controller variations, and good disturbance rejection to high frequency dis-
turbance inputs [17]. The above robustness properties can be modified by altering the
feedback loop and the gains associated with it. This section will illustrate the concepts of
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feedback manipulation to achieve a robust design using H∞ control technique.

The nominal plant G consists of matrix of transfer function with roll torque as input and
states as the output. The disturbance model Gd is defined by the transfer functions with
road disturbance, steering angle as input and states as the output. The matrices G and
Gd are given in A.1 and A.2. The interconnected system stability is check by the small
gain theorem,

||G||∞ ∗ ||Gd||∞ < 1 (3.10)
The H∞ norm of the G and Gd are given below. It can be seen that the product of them
is < 1.

||G||H∞ = 7.9926e− 04
||Gd||H∞ = 29.1711

Generalized ∆-P-K structure is derived for the active roll bar system as shown in 3.1

Figure 3.1:
H∞ Controller structure for AARB system.


y∆
zu
zp
v

 =


0 01x8 01x8 1

WuWim 01x8 01x8 Wu

−WpGminWim WpWr −WpGdminWd −WpGmin
−GminWim Wr −GdminWd −Gmin

 ∗

u∆
r
d
u

 (3.11)

The augmented plant P is given by,
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P =


0 01x8 01x8 1

WuWim 01x8 01x8 Wu

−WpGminWim WpWr −WpGdminWd −WpGmin
−GminWim Wr −GdminWd −Gmin


where,

P11 =

 0 01x8 01x8
WuWim 01x8 01x8

−WpGminWim WpWr −WpGdminWd


P12 =

 1
Wu

−WpGmin


P21 =

[
−GminWim Wr −GdminWd

]
P22 = −Gmin

The P-K structure loop is closed using a technique called (Lower) Linear Fractional Trans-
formation, LFT, which is shown in equations below -

z = Fl(P,K)w = Nw

z = (P11 + P12K(I − P22K)−1P21)w

where z =
[
zp zu v

]T
, w =

[
r d u

]T
Formulation of the robust control problem is done in an uncertain model environment.
Uncertainty/perturbations can be external disturbances at the output/input or unmodeled
dynamics of the plant. It can also be parameter variations which would change the stability
of the plant. Under uncertainty, the closed-loop gets the following form,[

y∆
z

]
=

[
N11 N12
N21 N22

]
∗

[
u∆
w

]
(3.12)

where, u∆ = ∆y∆ and

Fu(N,∆) = N22 +N21∆(I −N11∆)−1N12 (3.13)

For the AARB controller,

N(P,K) =

 −TiWiM KSoWr −KSoGdminWd

WuSiWim WuKSoWr −WuKSoGdminWd

−WpGminSiWim WpSoWr −WpSoGdminWd
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N11 = −TiWiM

N12 =
[
KSoWr −KSoGdminWd

WuKSoWr −WuKSoGdminWd

]

N21 =
[

WuSiWim

−WpGminSiWim

]

N22 =
[
WuKSoWr −WuKSoGdminWd

WpSoWr −WpSoGdminWd

]

The Control input is considered to be 30% uncertain as actuator dynamics is not modeled.
The uncertain plant model is shown in the figure 3.2. The uncertainty layout used is input
multiplicative unstructured uncertainty as shown in the plot 3.12. Thus the augmented
plant model is an uncertain state-space model.
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Figure 3.2: Uncertain plant model with 30% uncertainty in the control input

Weights are additional information provided for the control design. In order to formu-
late the standard structure for the H∞ controller defined for the AARB controller, the
frequency weighting functions Wp, Wu, Wd and Wr are defined to characterize the perfor-
mance objectives and perform loop shaping. The performance weighting of the yaw rate
is integral weighed to reduce yaw angle error and low pass filter is developed for actuator
rate limitation as weighting for the control input.The bode plot for the transfer function
is shown in the plot 3.3a. Also, LPF are used as weightings for disturbance and reference
signals. The bode plot for the filter used for disturbance signal is given in figure 3.3b

The control law is given by,
u(t) = −KH∞,AARBx(t) (3.14)
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such that ||Fl(P,K)||∞ < γ i.e. the induced 2 norm from w to z, given x measurement is
smaller than a given γ.

The cost function for the H∞ control problem is min-max function and is given by,

minumaxwJ(u,w) =
∫ ∞

0

1
2x

TQx+ 1
2u

TQuu− γ2wTw (3.15)

10
-3

10
-2

10
-1

10
0

10
1

-20

-15

-10

-5

0

5

10

15

20

M
a

g
n

it
u

d
e

 (
d

B
)

W
P

Frequency  (rad/s)

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

M
a

g
n

it
u

d
e

 (
d

B
)

W
u

Frequency  (rad/s)

(a) bode plot for performance filters for yaw rate and control input
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(b) bode plot for disturbance filter Zr

γ is a parameter which acts as an upper-bound to the ∞ norm of the transfer function
from w to z, which guarantees nominal performance. This kind of control problem is
called a min-max problem where a saddle point exists in the solution between best case
control input and worst case disturbance rejection. The state feedback H∞ controller
with disturbance rejection level γ can be obtained on a pre-tuned performance objective.
Performance and stability of the controller is evaluated using small gain theorem to define
Nominal Stability (NS), Nominal Performance (NP), Robust Stability (RS) and Robust
Performance (RP). The conditions for these are given below.

• NS: Eigenvalues of N have to be negative.

• NP: NS plus ||N22||∞ < 1 guarantees that the performance specifications are met.
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• RS: NS plus ||N11||∞ < 1, the SGT is met.

• RP: RS plus ||N ||∞ < 1 shows stability of the closed loop.

The H∞ controller synthesis is done using the hinfsys command in matlab.

3.3 Controller Tuning
This section illustrates the AARB controller tuning for LQR, LQI and H∞ controllers
for different kinematic setups. The results shown in the chapter 5 compares different
control methods for two contrasting kinematic setups. Further, the controller needs to
be tuned separately for driver-in-loop and driver-out-loop cases. Chapter 5 describes why
different controller tuning is required for the above mentioned cases. Here, the controller
performance tuning functions and matrices are presented.

3.3.1 Controller tuning for Driver-in-loop (Roll weighting)
and kinematic setup-1

• LQR: Q = diag(
[
[1 1 1 1 50000000 1 1 1]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 50000000 1 1 1]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1000000(1/(s+ 0.01)) 1 1 1]

]
)

3.3.2 Controller tuning for Driver-in-loop (Yaw rate weight-
ing) and kinematic setup-1

• LQR: Q = diag(
[
[1 1 1 1 1 1 1 5000000]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 1 1 1 20000000 20000]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1 1 1 1000000(1/(s+ 0.01))]

]
)

3.3.3 Controller tuning for Driver-in-loop (Roll weighting)
and kinematic setup-2

• LQR: Q = diag(
[
[1 1 1 1 50000000 1 1 1]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 50000000 1 1 1]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1000000(1/(s+ 0.01)) 1 1 1]

]
)
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3.3.4 Controller tuning for Driver-in-loop (Yaw rate weight-
ing) and kinematic setup-2

• LQR: Q = diag(
[
[1 1 1 1 1 1 1 5000000]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 1 1 1 20000000 20000]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1 1 1 1000000(1/(s+ 0.01))]

]
)

3.3.5 Controller tuning for Driver-out-loop and kinematic
setup-1

• LQR: Q = diag(
[
[1 1 1 1 1 1 1 5000000]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 1 1 1 50000 5000000]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1 1 1 100000(1/(s+ 0.001))]

]
)

3.3.6 Controller tuning for Driver-out-loop and kinematic
setup-2

• LQR: Q = diag(
[
[1 1 1 1 1 1 1 20000000]

]
), R = 0.001

• LQI: Q = diag(
[
[1 1 1 1 1 1 1 50000 50000]

]
), R = 0.001

• H∞ : Wp = diag(
[
[1 1 1 1 1 1 1 10000(1/(s+ 0.1))]

]
)

The makeweight function in matlab is used to design frequency based filters.
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4
Suspension Kinematics

This chapter illustrates the characteristic behaviour of two suspension kinematics and com-
pliance setups which are used to evaluate the performance of the AARB controller. This
chapter also involves analysis of individual and combined effects of kinematic parameters
on steering wheel torque and yaw rate under the influence of active roll torque provided
by the AARB system. The Kinematic parameters are quantified using linear 3-DOF kine-
matics model in IPG Carmaker to lay down a marker for suspension design. The chapter
starts with the description of the sign conventions and coordinate systems used in the
IPG CarMaker followed by the description of the 3-DOF linear kinematic model. Further,
the qualitative analysis is done for the two pre-defined non linear suspension kinematics
are illustrated and individual and combined effects of suspension kinematic parameters
are quantified. Finally, a marker is laid on to how the suspension kinematics needs to be
setup for the AARB controller to work effectively.

4.1 IPG Carmaker: Sign conventions
The sign conventions and co-ordinate systems used in representing the suspension kine-
matics parameters in IPG Carmker are described below.

• Toe Angles: The anti-clockwise rotation of wheel when viewed from top view is
considered to be positive rotation. Thus positive toe angles are represented as +rz
on the right wheel and -rz on the left wheel as shown in 4.1.

Figure 4.1: Sign convention for toe angles in CarMaker [12]
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• Camber Angles: The clockwise rotation of wheel when viewed from rear view is
considered to be positive rotation. Thus negative camber angles are represented as
-rx on the right wheel and +rx on the left wheel as shown in 4.2.

Figure 4.2: Sign convention for camber angles in CarMaker [12]

• Wheel Compression: The upward motion of the wheel when viewed from rear
view is defined as positive compression q0 and tz when measured from the centre of
the wheel as shown in 4.3.

Figure 4.3: Sign convention for wheel compression in CarMaker [12]

The suspension parameters are narrowed down to static toe, static camber, bump steer
and bump camber in kinematic analysis carried out in this chapter. Also, this thesis
only deals with front kinematic analysis as front axle steering is considered in this thesis.
Hence, rear suspension kinematics is not considered for kinematic analysis.
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4. Suspension Kinematics

4.2 Kinematic and Compliance: Linear Model
In order to study and analyze the effects of the above mentioned kinematic parameters, a
linear model is derived using IPG Carmaker. A linear 3-DOF model utilize linear equations
to describe the kinematic movements for translations and rotations of the wheel. Linear
3-DOF model uses 3-generalized coordinates. The model linear 3 DOF can be given by
an equation [12].

k(q0, q1, q2) = coff + c0 ∗ q0 + c1 ∗ q1 + c2 ∗ q2 (4.1)

k(q0,q1,q2) = one of the three translations(tx, ty, tz) or 3 cardan rotation angles(rx, ry,
rz) with a rotation sequence Z-X-Y.
coff = offsets for q0,q1,q2.
c0 = gradient depending on compression q0.
c1 = gradient depending on compression q1 of opposite wheel.
c2 = gradient depending on steering coordinate q2.

The linear model derived above is used for quantification of kinematic parameters described
in further section.

4.3 Suspension Kinematics Analysis
In this thesis, two suspension kinematic setups are used and the performance of the AARB
controller with both the setups will be compared in chapter 5. The kinematic setup-1 and
setup-2 are qualitatively analyzed and the results are shown in the figure 4.4. Kinematic
setup-1 and setup-2 are evaluated for a sinusoidal 20 degree steering angle maneuver with
period of 20 seconds. The two kinematic setups are also evaluated on handsoff mode along
straight line. In both maneuvers, the vehicle is subjected to constant 2000 Nm roll torque
which is further divided into front and rear roll torque. The main difference between the
two setups are analyzed.

From the plot 4.4, it can be seen that for kinematic setup-1, reduction in steering wheel
torque is seen when the active roll torque is produced in the direction opposite to the
direction of conventional body roll during cornering. The figures 4.4a and 4.4b shows that
for a +ve yaw rate, constant +2000Nm roll torque decreases the steering wheel torque.
Similarly for -ve yaw rate, constant -2000Nm torque decreases the driving effort for setup-1
while its quite opposite in the case of setup-2. Similar behaviour is seen by comparing
their lateral acceleration plots in figures 4.4c and 4.4d when subjected to constant roll
torque.

In the handsoff mode, the results shown in 4.4e and 4.4f shows that the steering angle
moves in the direction of roll torque in setup-1 while the behaviour of setup-2 is quite
exactly the opposite. In the figures 4.4e and 4.4f, it can be seen that +ve roll torque
produces +ve steering wheel angle while -ve roll torque produces -ve steering wheel angle
for setup-1. The exact opposite trend is seen for kinematic setup-2.
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(b) Steering Wheel Torque vs Yaw rate plot for
driver-in-loop with setup-2
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(c) Steering Wheel Torque vs Lateral
acceleration plot for driver-in-loop with setup-1
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(d) Steering Wheel Torque vs Lateral
acceleration plot for driver-in-loop with setup-2
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(e) Steering wheel angle vs Yaw rate plot for
driver-out-loop with setup-1
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Figure 4.4: Qualitative analysis of the two kinematic setups at a constant vehicle
speed of 100 km/hr
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4.4 Influence of KC parameters on steering torque
and yaw rate

The main aim of the thesis is to reduce the steering wheel torque with the anti-roll bar
controller which induces body roll, it is important to identify the effects of individual
kinematic parameter on the steering wheel torque and its behaviour on application of roll
torque.

The manuever used for quatification is that the steering wheel angle is set to 0 degrees
and step roll torque of ± 2000 Nm is applied to the car at 100km/hr. The steering wheel
torque and yaw rate are recorded for two different kinematic setup where the parameters
varies by 30% in magnitude. The 3-DOF linear kinematic model in CarMaker is is used
in this simulation and the results are recorded in the tables 4.1 and 4.2.

SteerTq BS 0.1 BS 0.13 BC 0.1 BC 0.13 δToe 0.01 δToe 0.013 γ 0.01 γ 0.013
BS 0.1 13.2024 0 13.8706 14.0716 10.4793 9.6130 13.0081 12.9509
BS 0.13 0 17.0315 17.7127 17.9115 13.7386 12.6751 16.8077 16.7386
BC 0.1 13.8706 17.7127 0.5091 0 -0.1045 -0.2774 0.4805 0.4743
BC 0.13 14.0716 17.9115 0 0.7046 0.0555 -0.1292 0.6721 0.6646
δToe 0.01 10.4793 13.7386 -0.1045 0.0555 -0.6333 0 -0.5317 -0.4988
δToe 0.013 9.6130 12.6751 -0.2774 -0.1292 0 -0.7669 -0.6259 -0.5815
γ 0.01 13.0081 16.8077 0.4805 0.6721 -0.5317 -0.6259 -0.1549 0
γ 0.013 12.9509 16.7386 0.4743 0.6646 -0.4988 -0.5815 0 -0.1569

Table 4.1: Effects of BS (rad/m), BC (rad/m), toe (rad) and camber (rad) on
steering wheel torque (Nm) under influence of a roll torque

YawRate BS 0.1 BS 0.13 BC 0.1 BC 0.13 δToe 0.01 δToe 0.013 γ 0.01 γ 0.013
BS 0.1 2.2839 0 2.3700 2.3959 2.0475 1.9814 2.2635 2.2575
BS 0.13 0 2.8830 2.9678 2.9940 2.5899 2.5027 2.8593 2.8516
BC 0.1 2.3700 2.9678 0.2585 0 0.2318 0.2394 0.2565 0.2561
BC 0.13 2.3959 2.9940 0 0.2851 0.2538 0.2593 0.2827 0.2822
δToe 0.01 2.0475 2.5899 0.2318 0.2538 0.1592 0 0.1670 0.1696
δToe 0.013 1.9814 2.5027 0.2394 0.2593 0 0.1735 0.1839 0.1873
γ 0.01 2.2635 2.8593 0.2565 0.2827 0.1670 0.1839 0.1696 0
γ 0.013 2.2575 2.8516 0.2561 0.2822 0.1696 0.1873 0 0.1697

Table 4.2: Effects of BS (rad/m), BC (rad/m), toe (rad) and camber (rad) on
yaw rate (deg/s) under influence of a roll torque

The diagonal elements of the tables are the effects of individual parameters. It can be
noticed that the bump steer has the largest effect on both steering wheel torque and yaw
rate as these parameters increases the most when bump steer is increased by 30%. In
the tables 4.1 and 4.2, cross correlation terms shows the combined effects of kinematic
parameters on steering wheel torque and yaw rate.
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5
Simulation Results

This chapter illustrates the performance of the AARB controller in a simulation environ-
ment using simulink and IPG CarMaker. The controller design is implemented in simulink
and the controller testing is done using a validated vehicle model provided by the IPG
CarMaker.

This chapter mainly presents the difference in the controller performance while using two
contrasting sets of kinematic setups presented in chapter 4 and the results are presented
for driver-in-loop and driver-out-loop modes. In order to evaluate the performance of the
AARB controller, overall three different test scenarios are created where section 5.1 and
5.2 aims to test for high and low frequency road disturbances such as road bumps and
banked roads respectively. The third test in section 5.3 aims to test the controller for
small steering angle changes.

In the driver-out-loop test case, to test the performance of the AARB controller, the
driver hands-off scenario is created by using 0Nm steering torque as the input where as in
the driver-in-loop, IPG driver produces steering angle inputs for the controller and the car.

5.1 Test Scenario-1 - Road Bumps
In this scenario, the car is subjected to high frequency disturbances on either side of the
car in the form of a road bump at two different time instances on a straight track. The
scenario is setup in a way that at one time instant wheels on one side of the car is subjected
to a road bump while the road profile on the left hand side is a flat surface. The resulting
vehicle body motion is a combined roll and pitch motion with an additional heave motion.
This test scenario is interesting because it induces a yaw rate on the car. The driver needs
to counter steer in order to correct the yaw rate induced to keep the car on track. The
AARB controller produces a roll torque on the car using the active anti-roll bar actuator
which produces counteractive yaw rate which is effectively due to the suspension kinematic
setup of the car.

The road profile for the driver-in-loop test case is a straight road with two sharp bumps
with one bump on either side of the car. The road displacement of the road bumps for
this test is shown in the figure 5.1. The test is performed for a constant speed of 100km/h.
The road profile for the driver-out-loop case is a straight road with a single bump on the
right side of the car. The road displacement for this test scenario is shown in the figure 5.2.
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Figure 5.1: Double bump road displacement as disturbance input to the car at
100 km/hr for driver-in-loop case
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Figure 5.2: Single bump road displacement as disturbance input to the car at
100 km/hr for driver-out-loop case
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5.1.1 Driver-In-Loop
The objective of the AARB controller with the driver-in-loop is to reduce the steering
effort of the driver which the driver has to apply to keep the car on track. Thus roll
and yaw rate disturbances are rejected which are caused by high frequency road bumps
by providing extra roll torque by the AARB actuator. This test scenario only involves
road disturbances on a straight track. The peak roll angle and yaw rate induced on the
car due to bump increases with increase in height of the road bump. The performance
of the AARB controller varies with the kinematic setup of the car. Thus, the controller
is tested for two different kinematic setups which are introduced in the chapter 4. Also,
three different controllers have been investigated i.e. LQR, LQI and robust H∞ controller.

In the controller tuning, roll angle and the yaw rate needs to be weighed in-order to achieve
the objective. The steering wheel torque reduction and yaw rate reduction are almost the
same when roll angle and yaw rate are weighed shown in plots 5.12a and 5.6a. However,
weighting body roll angle produces better performance in reducing body roll, lateral de-
viation, lateral acceleration and steering angle. The controller performance with yaw rate
tuning is tested by introducing a delay of 0.5s in driver reaction and results are shown in
figures 5.4a, 5.8a, 5.10a and 5.14a.

As a result, for kinematic setup-1 and setup-2, the body roll angle in both the setups
shown in figures 5.3a and 5.3c is almost reduced to zero with the AARB controller and
there is no much difference in the pitch angle as the road disturbance is a single sided bump.

The yaw rate plots for both the kinematic setups are shown in figures 5.5a and 5.5c. From
the plots, it can be seen that the yaw rate with setup-1 is reduced while it increases with
setup-2. This contrast result can be seen as the vehicle moves in the direction of the roll
torque applied while the behaviour is the opposite with setup-2.

Thus, the lateral deviation of the car with setup-1 is decreased to a great extent while the
lateral deviation has increased with setup-2. The lateral deviation plots for setup-1 and
setup-2 are shown in figures 5.7a and 5.7c. From these results it can be concluded that
there is a fundamental conflict in reduction of body roll angle and yaw rate.

The roll torque produced by the active roll-bar is shown in figure A.1a considerably re-
duces the lateral acceleration when compared with no controller. The plots are shown in
figures 5.9a and 5.9c respectively. The reduction is almost by 50% in case of setup-1 while
it is comparatively less with setup-2. From [18], its shown that the steering wheel torque
is directly proportional to lateral acceleration up to a certain extent. As a result, steering
wheel torque decreases almost by half by the controller with kinematic setup-1 which is
shown in figure 5.11a. The steering torque reduction is quite small with setup-2 when
compared to that of setup-1 which is shown in the plot 5.11c.

Further, comparing the control methods implemented for the AARB controller it can be
seen that all three controllers, LQR, LQI and H∞ controller have similar performances for
this test scenario in terms of reducing roll angle, lateral acceleration and steering wheel
torque. Differences in comparison is more evident in future test scenarios.
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Figure 5.3: Driver-In-Loop: Roll angle comparison for road bumps
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Figure 5.5: Driver-In-Loop: yaw rate comparison for road bumps
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Figure 5.6: Driver-In-Loop: yaw rate comparison with yaw rate weighting for
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Figure 5.7: Driver-In-Loop: lateral deviation comparison for road bumps
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Figure 5.8: Driver-In-Loop: lateral deviation comparison with yaw rate
weighting for road bumps
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Figure 5.9: Driver-In-Loop: lateral acceleration comparison for road bumps
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Figure 5.10: Driver-In-Loop: lateral acceleration comparison with yaw rate
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Figure 5.11: Driver-In-Loop: steering wheel torque comparison for road bumps
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Figure 5.12: Driver-In-Loop: steering wheel torque comparison with yaw rate
weighting for road bumps
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Figure 5.13: Driver-In-Loop: steering wheel angle comparison for road bumps
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Figure 5.14: Driver-In-Loop: steering wheel angle comparison with yaw rate
weighting for road bumps
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5. Simulation Results

5.1.2 Driver-Out-Loop
Another application of the AARB controller is increasing the overall steering ability in
the driver-out-loop mode. This can be achieved with AARB controller working in co-
ordination with the steering actuator, thus reducing overhead on the steering actuator as
well. To achieve this, mainly the yaw rate disturbances induced by the road bumps needs
to be attenuated to maintain straight line stability.

The steering ability is improved as the overall steering torque required to decrease the yaw
rate is reduced with an active roll torque acting on the car. Yaw rate and its integral state
variables are weighed in the controller and the controller is tuned to reduce the overall
yaw rate which in turn decreases the over lateral deviation. Thus achieving larger steering
angle within the steering torque limits.

In this case, steering actuator is not included and only AARB controller is used for yaw
disturbance rejection for controller evaluation purposes. This case is tested as "handsoff"
test case in IPG Carmaker. The performance is evaluated for two different kinematic
setups.

The body roll angle for kinematic setup-1 and setup-2 are shown in figures 5.15a and 5.15b.
It can be seen that roll angle has decreased in the case of setup-1 whereas it increases with
setup-2. The yaw rate shown in plots 5.16a and 5.16b, it can be seen that transient oscil-
lations are reduced and the steady state yaw rate is reduced to zero in setup-1 whereas in
case of setup-2, it settles to a constant yaw rate value.

Thus, the lateral deviation with and without the controller for setup-2 is almost the same
which is shown in figure 5.17b whereas setup-1 with AARB controller produces large re-
duction in lateral deviations as shown in the plot 5.17a.

Further, lateral acceleration decreases with setup-1 when compared with no AARB con-
troller while it increases with setup-2 thus producing greater steering wheel angle. The
steering torque required to correct yaw disturbances in these situation is reduced. The
lateral acceleration plots are given in figures 5.18a and 5.18b.

The roll torque produced by weighting the yaw rate and its integral state are shown in
A.3a and A.4a results in greater counter steering wheel angle to decrease the lateral de-
viation. The steering wheel angle for both the setups are shown in the plots 5.19a and
5.19b. A fundamental contrasting behaviour in reducing roll angle and yaw rate is seen
in the performance of the AARB controller with setup-2. In the case of setup-1, active
roll torque produced reduces both roll angle and yaw rate of the car. There is no much
difference in the pitch angle when compared to that of without controller and is shown in
A.3b and A.4b.

Further, comparing the control methods implemented for the AARB controller with setup-
1, it can be seen that lateral deviation is reduced by tracking of the yaw angle inH∞ controller
with integral weightings on yaw rate performance and LQI. However, H∞ controller shows
promising performance as it manages to reduces lateral deviation when compared to oth-
ers. Performance of controllers in terms of reducing yaw rate and roll angle are quite
similar.
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Figure 5.15: Driver-Out-Loop: roll angle comparison for road bumps
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Figure 5.16: Driver-Out-Loop: yaw rate comparison for road bumps

0 5 10 15

Time (s)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

L
a

te
ra

lD
e

v
ia

ti
o

n
 (

m
)

LateralDeviation simulation with Carmaker

LateralDeviation No Controller

LateralDeviation LQR

LateralDeviation Hinf

LateralDeviation LQI

(a) Lateral Deviation with setup-1

0 5 10 15

Time (s)

-1

0

1

2

3

4

5

6

L
a

te
ra

lD
e

v
ia

ti
o

n
 (

m
)

LateralDeviation simulation with Carmaker

LateralDeviation No Controller

LateralDeviation LQR

LateralDeviation Hinf

LateralDeviation LQI

(b) Lateral Deviation with setup-2

Figure 5.17: Driver-Out-Loop: lateral deviation comparison for road bumps
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Figure 5.18: Driver-Out-Loop: lateral acceleration comparison for road bumps
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Figure 5.19: Driver-Out-Loop: steering wheel angle comparison for road bumps
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5. Simulation Results

5.2 Test Scenario 2 - Banked Roads
In this scenario, the AARB controller performance is tested for a car driven on banked
road, one side of the car is in bump where as the other side is in rebound. Low frequency
road disturbances such as banked roads and road crowns induces a certain yaw rate on
the car which needs to be constantly corrected by the driver or the steering actuator.

The objective of the AARB controller with driver-in-loop is to reduce the overall driving
effort, i.e. steering wheel torque by producing a roll torque to reduce the yaw rate error
of the car. In driver-out-loop mode, the overhead on the steering actuator is reduced by
reducing the yaw rate and lateral deviation of the car using the AARB.

The road profile for this test is that initially, the car is on a straight track for 50m and
then road with a continuous slope of 4% is simulated. The road displacement for this test
is shown in the 5.20. The test is performed for a constant speed of 100km/h. Same road
profile is used for driver-out-loop test case as well.
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Figure 5.20: Road displacement input on the car due to 4% banked road at 100
km/hr
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5. Simulation Results

5.2.1 Driver-In-Loop
The objective of the AARB controller with the driver-in-loop on a banked road is same as
the test scenario-1 which is to reduce the steering effort of the driver. This test scenario
mainly deals with rejecting roll and yaw rate disturbances induced by low frequency road
disturbances such as banked roads, road crowns and wind gusts by using the AARB system.

This test scenario only concerns maintaining the straight line stability of the car. Low
frequencies disturbances includes, disturbances in roll angle and yaw rate similar to test
scenario-1. The kinematic setup of the car plays a major role on the performance of this
AARB controller. Thus, the controller is tested for two different kinematic setups on a
4% banked road.

Ideally the AARB controller is tuned to mitigate the roll and yaw disturbances by weighing
roll angle and the yaw rate states in the control design. In the controller tuning, similar
situation to test scenario-1 arises i.e weighting the roll angle instead of yaw rate. The
controller performance with yaw rate tuning is tested by introducing a delay of 0.5s in
driver reaction. The performance of the controller in reducing the steering wheel torque
is better in both peak and steady-state error when the roll angle is weighed. this is shown
in the plots 5.12a and 5.11a. There is no much change in yaw rate and lateral acceleration
reduction as both roll and yaw rate weighting produces almost similar results which is
shown in the figure 5.6a, 5.5a, 5.10a and 5.9a. However, better results are obtained by
weighting body roll angle in reducing body roll, lateral deviation, and steering angle and
results are shown in figures 5.4a, 5.8a, 5.10a and 5.14a.

The body roll angle in for kinematic setup-1 and setup-2 is shown in the figures 5.21a
and 5.21b is almost completely reduced to zero by the AARB controller. This shows that
the direction of the body roll is against the direction of the slope. However due to the
contrasting behaviour of the kinematic setup, the yaw rate has considerably increased
while using setup-2 which is shown in 5.22b. There is no change in yaw rate for setup-1
as it is compensated by the driver which can be seen in the plot 5.22a.
Also, the lateral deviation seen with setup-1 is almost zero while the lateral deviation
is more with setup-2. The lateral deviation plots for setup-1 and setup-2 are shown in
figures 5.23a and 5.23b. The roll torque produced is shown in A.5a and A.6a produces
small reduction in lateral acceleration but is not high enough to considerably reduces the
lateral acceleration when compared with no controller and the plots are shown in 5.24a
and 5.24b respectively. As a result, About 0.4Nm reduction in driving effort can be seen in
steady-state while using the AARB controller with setup-1 while steering torque increases
with setup-2. Further, there is small increase in the pitch angle which is shown in A.5b
and A.6b.

Control methods implemented for the AARB controller are compared and it can be ob-
served that all three controllers, LQR, LQI and H∞ controller have similar performances
in terms of reducing roll angle, lateral acceleration, steering wheel torque but overall
H∞ control produces slightly better performance which is evident from the results. The
AARB controller performance for kinematic setup-1 and setup-2 are shown in the plots
5.21, 5.22, 5.23, 5.24, 5.25 and 5.26.
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Figure 5.21: Driver-In-Loop: Roll angle comparison for road banking
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Figure 5.22: Driver-In-Loop: yaw rate comparison for road banking
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(a) Lateral Deviation with setup-1
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Figure 5.23: Driver-In-Loop: lateral deviation comparison for road banking
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Figure 5.24: Driver-In-Loop: lateral acceleration comparison for road banking
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Figure 5.25: Driver-In-Loop: steering wheel torque comparison for road banking
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Figure 5.26: Driver-In-Loop: steering wheel angle comparison for road banking
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5. Simulation Results

5.2.2 Driver-Out-Loop
Increasing overall steering ability is one of the objective for the AARB controller in the
driver-out-loop mode. Thus overhead on the steering actuator is reduced as well. The
two main disturbances are the yaw rate and lateral deviation disturbances caused by the
banked roads and road crowns which needs to be attenuated to improve straight line sta-
bility of the car.

The steering wheel torque required to produce the required yaw rate correction is reduced
with the AARB system thus works similarly to the other two scenarios. Also, larger steer-
ing angle and larger yaw rate can be achieved within the steering torque limits put on
the steering actuator while using the AARB system. The AARB controller performance
in attenuating yaw disturbances is evaluated in this test scenario. This case is tested as
"handsoff" testcase in IPG Carmaker. The performance is compared for kinematic setup-1
and setup-2.

For setup-1, roll angle is given in the figure 5.27a. It is observed that the body rolls
and reaches a steady state value in the direction opposite to the slope in both the setups
with the AARB controller. The pitch angle settles to a constant value in case of setup-1.
The yaw rate shown in figure 5.28a and major improvement is seen in yaw rate where
it is reduced to zero. Thus, AARB controller with setup-1 produces close to zero lateral
deviations shown in figure 5.29a. The roll torque produced by yaw rate and its integral
state weighting is shown in figure A.7a resulting in greater counter steering wheel angle
to decrease the lateral deviation. The steering wheel angle for setup-1 is shown in figure
5.31a. Also, The lateral acceleration for the controller with setup-1 is reduced to zero.
Thus when steering actuator is used in co-ordination, small steering torque is required to
correct yaw disturbances in these situation. The lateral acceleration plots is given in the
plot 5.30a.

For setup-2, roll angle is shown in the plot 5.27b. It is observed that the body rolls and
gets unstable in the direction opposite to the slope. Also, the yaw rate increases largely to
an extent where it gets unstable which is shown in figure 5.28b. Thus, lateral deviations
with setup-2 increases when compared to no controller case. The lateral deviation plot is
shown in figure 5.29b. The roll torque produced by yaw rate and its integral state weight-
ing is shown in figure A.8a results in continuously increasing the counter steering wheel
angle. The steering wheel angle for setup-2 is shown in figure 5.31b. Also, an increase
in lateral acceleration is seen for setup-2. The lateral acceleration plots is given in the
plot 5.30b. Thus the AARB controller with setup-2 drives the system towards instability.
This happens due to the contrasting behaviour in roll angle and yaw rate reduction as the
body rolls opposite to the direction of the slope which increases the yaw rate and lateral
deviation of the car.

Comparison of the control methods implemented for the AARB controller are presented
with setup-1, it can be seen that lateral deviation reaches zero due to tracking of the yaw
angle in H∞ controller with integral weightings and LQI while there is some offset using
LQR. Performance of controllers in terms of reducing yaw rate and roll angle are quite
similar.
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Figure 5.27: Driver-Out-Loop: roll angle comparison for road banking
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Figure 5.28: Driver-Out-Loop: yaw rate comparison for road banking
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Figure 5.29: Driver-Out-Loop: lateral deviation comparison for road banking
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Figure 5.30: Driver-Out-Loop: lateral acceleration comparison for road banking
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Figure 5.31: Driver-Out-Loop: steering wheel angle comparison for road banking
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5.3 Test Scenario 3 - Controller Performance for
Cornering Scenario

This test scenario is used to test the performance of the AARB controller in low amplitude
steady state cornering. The objective of the controller in this scenario is to decrease the
steady state steering wheel torque in driver-in-loop case where as increase the steering
range in the driver-out-loop mode. While cornering, the car produces a body roll away
from the corner due to centrifugal force. The AARB controller produces a roll torque to
counteract this body roll and the by utilizing the roll steer effect of the car, the overall
driver effort is reduced in a high radius corner. In driver-out-loop mode, the steering
actuator torque is limited for safety. The AARB controller is quite useful in reducing the
overhead on the steering actuator by achieving the same yaw rate as produced without the
controller for a lesser steering torque, thus increasing the steering range in the driver-out-
loop. The AARB controller for kinematic setup-1 and setup-2 are compared for driver-
in-loop and driver-out-loop cases. The results for driver-in-loop are shown in plots 5.34,
5.35, 5.36, 5.37, 5.38 and 5.39. The results for driver-out-loop are shown in plots 5.40,
5.41, 5.42, 5.43, 5.44 and 5.44. The steering input used in the driver-in-loop test case and
the steering torque input in the driver-out-loop case are shown in 5.32a and 5.32b.
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Figure 5.32: Inputs signals for the steady-state cornering test case
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5.3.1 Driver-In-Loop
The AARB controller was tested for high and low frequency road disturbances in test
scenario-1 and test scenario-2. In test scenario-3 with the driver-in-loop, the performance
of the controller is evaluated for steady state cornering situations without road distur-
bances. The main objective of the controller here is to reduce the steering wheel torque
while achieving the same yaw rate as without controller. The cornering performance is
tested for two different kinematic setups with the AARB controller.

In cornering case, the yaw rate reference is computed by the lateral model based on the
steering angle input from the driver. In order to reduce steering wheel torque, the AARB
controller needs to produce active roll torque which negates the body roll caused due to
cornering. To produce sufficient active roll torque to reduce steering effort, yaw rate needs
to be set as the tracking variable as the torque produced due to roll angle is compara-
tively less. Yaw rate variable is not effective as not much yaw rate error is produced in
the driver-in-loop case. However, yaw rate could still be a good variable to control as it
hugely reduces the model complexity. Controlling other parameters like Steering Wheel
torque would be complex as it would involve driver model, steering model,lateral model
and the vertical model.

To overcome this problem we can scale the yaw rate reference and induce a small yaw rate
error as shown in 5.33. The roll torque thus produced reduces the steering wheel torque
while producing the yaw rate required to follow the path ahead. The magnitude by which
the yaw rate reference is scaled is limited by the body roll constraint. This scaling needs
to be done in a quasi-static way which is not implemented in this thesis.
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Figure 5.33: the yaw rate reference is scaled by a constant

The yaw rate is shown in 5.35a and 5.35b, it can be seen with AARB controller the de-
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sired yaw rate is achieved with both the kinematic setups. Thus, same lateral deviation
is achieved with both the setups as shown in 5.36a and 5.36b.

The steady state lateral acceleration for the controller with setup-1 decreases while the
lateral acceleration with setup-2 remains unchanged when compared to without controller
for the same yaw rate. From [18], its shown that the steering wheel torque is directly
proportional to lateral acceleration until certain maximum lateral acceleration is reached.
As a result, there is considerable reduction in steady state steering wheel torque which is
shown for both the setups in 5.38a and 5.38b. The lateral acceleration plots are given in
5.37a and 5.37b.

The body roll angle for setup-1 and setup-2 are shown in 5.34a and 5.34b. It is observed
that the body rolls into the corner and reaches a steady state in setup-1 while roll angle
is slightly reduced with setup-2. The pitch angle plots are shown in A.9b and A.10b. The
roll torque produced are shown in A.9a and A.10a. From this test scenario it can seen that
cornering with large radius, with body roll, the steering effort can be reduced considerably
while having setup-1 but cannot be achieved by using setup-2.

The control methods implemented for the AARB controller with setup-1 are compared, it
can be seen that yaw rate and lateral deviation reaches a desired value by tracking of the
yaw angle in H∞ controller and LQI. It can be noted that both H∞ controller and LQI
performed equally well while comparing all other parameters.
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Figure 5.34: Driver-In-Loop: roll angle comparison for cornering scenario
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Figure 5.35: Driver-In-Loop: yaw rate comparison for cornering scenario
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Figure 5.36: Driver-In-Loop: lateral deviation comparison for cornering scenario
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Figure 5.37: Driver-In-Loop: lateral acceleration comparison for cornering
scenario
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(a) Steering wheel torque with setup-1
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Figure 5.38: Driver-In-Loop: steering wheel torque comparison for cornering
scenario
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Figure 5.39: Driver-In-Loop: steering wheel angle comparison for cornering
scenario
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5.3.2 Driver-Out-Loop
The objective of overall steering ability remains the same as test scenario-1 and scenario-2
but the major difference is that here the controller performance is evaluated in cornering/-
turning situations in the driver-out-loop mode. AARB controller increases the steering
angle considerably while maintaining steering torque with the prescribed actuator limits.
Thus higher yaw rate can be reached using a lesser steering wheel torque as some part of it
is produced with the AARB system. This can be attained with AARB controller working
in co-ordination with the steering, thus providing more room for the steering actuator to
achieve higher steering angles.

This test case mainly deals with evaluating how steering range is improved, thus road
disturbances are not considered. The steering actuator is not included and only AARB
controller is used for yaw rate reference tracking for controller evaluation purposes. This
case is tested with 1Nm of steering torque in IPG Carmaker and its performance with
kinematic setup-1 and setup-2 are compared. For AARB testing purpose, the reference
yaw rate is scaled considering the AARB actuator limits to produce yaw rate error re-
quired to produce roll torque which increases the yaw rate and lateral deviation of the
vehicle.

From the yaw rate shown in 5.41a and 5.41b, it can be seen how the AARB kicks in to
increase the steady state yaw rate with setup-1 but no improvements can be seen with
setup-2. Thus, the lateral deviation with setup-1 increases considerably shown in 5.42a
while it remains same with setup-2 and without the controller which is shown in 5.42b.

The roll torque produced by both setups are shown in A.11a and A.12a resulting in in-
crease in steering wheel angle with setup-1 to increase the lateral deviation while steering
wheel angles decreases with setup-2. The steering wheel angle for both the setups are
shown in 5.44a and 5.44b.

Similar to yaw rate, lateral acceleration for the controller with setup-1 is increases to new
steady state value while the lateral acceleration with setup-2 remains unchanged when
compared to without controller. The lateral acceleration plots are given in 5.43a and
5.43b.

The body roll angle for setup-1 and setup-2 are shown in 5.40a and 5.40b. It is observed
that the body rolls and reaches a steady state into the corner in setup-1 while roll angle
is close to zero with setup-2. The pitch angle plots are shown in A.11b and A.12b.

The control methods implemented for the AARB controller with setup-1 are compared,
it can be seen that yaw rate and lateral deviation is increased greatly by tracking of the
yaw angle in H∞ controller and LQI while LQR performance is not satisfactory. It can be
noted that H∞ controller performed slightly better than LQI as it provides greater design
flexibility.
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Figure 5.40: Driver-Out-Loop: roll angle comparison for cornering scenario
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Figure 5.41: Driver-Out-Loop: yaw rate comparison for cornering scenario
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(a) Lateral Deviation with setup-1
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Figure 5.42: Driver-Out-Loop: lateral deviation comparison for cornering
scenario
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Figure 5.43: Driver-Out-Loop: lateral acceleration comparison for cornering
scenario
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Figure 5.44: Driver-Out-Loop: steering wheel angle comparison for cornering
scenario
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6
Conclusion and Future Work

In this chapter, the objective of the thesis is recalled and discussed in concurrence with the
obtained results. Furthermore, actions for future work are suggested. Then conclusions
are drawn regarding how well the purpose of the thesis was achieved.

6.1 Conclusion
The purpose of the thesis is to study the effects of the active suspension system on steer-
ing and yaw motion of the vehicle and to decrease driver steering effort for various road
disturbances with driver-in-loop and to improve the auto-pilot steering ability using the
active anti-roll bar system . For this purpose, various model based control methods such
as LQR, LQI and robust H∞ control method was implemented. The common way to
formulate the control problem is to use a roll-yaw model which include full car suspension
dynamics with roll, pitch and heave and one track lateral dynamics model with the link
between suspension deflection and steering is established by a linear suspension kinematics
and compliance model. The research questions on formulation of transfer function between
steering angle and ∆Fz caused due to suspension deflection is obtained through kinematics
model and relation between suspension deflection and yaw rate is established in roll-yaw
model. The reduced order roll-yaw model is derived by removing the unsprung mass states
as these states needs to be estimated and unsprung mass acceleration measurements are
not available. The full and reduced order model is validated using the CarMaker model
and compared with each other. It can be seen that the full roll-yaw model and the reduced
roll-yaw model behaves very similar to each other.

Three different types of model based controllers were implemented and tested in simula-
tion environment for three different road scenarios. The different road scenarios include
high frequency disturbances such as road bumps, low frequency disturbances like banked
roads and road crowns in straight line driving while the third scenario includes cornering
situations. Thus yaw rate reference generator model is derived to produce yaw rate refer-
ence to the AARB controller.

From the results obtained, the first and foremost conclusion is that the performance of the
AARB controller largely depends on kinematic setup of the car. The results from all the
test scenarios prove that the AARB controller performance with kinematic setup-1 makes
it feasible to meet all the objectives which is to reduce steering wheel torque in the driver-
in-loop case and increase steering ability in driver-out-loop case. It was also observed that
there is no much effect on steering wheel torque and steer-ability with kinematic setup-2.
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To implement of the AARB system, the suspension kinematics needs to be setup similar
to setup-1. Kinematic analysis was carried out in chapter 4 using a linear kinematic model
in CarMaker to quantitatively analyze the effects of kinematic parameters and its effects
on lateral acceleration and steering wheel torque during AARB intervention.
From the tables 4.1 and 4.2, it can be concluded that the bump steer has the highest effect
on the steering wheel torque and yaw rate under the influence of active roll torque.

The AARB controller needs to be tuned separately for different kinematic setups. Also,
it needs different tuning for driver-in-loop and driver-out-loop cases. This is because the
controller performs better when roll angle is weighed compared to yaw rate in the driver-in-
loop case. To prove this, driver delay of 0.5s was introduced earlier and the comparative
results are presented in the chapter 5. Whereas, yaw rate and yaw angle needs to be
weighed in driver-out-loop case to attenuated yaw disturbances caused due to road dis-
turbances. However, the controller tuning remains same for different frequencies of road
disturbances and cornering scenarios for a particular vehicle speed.

Linear Quadratic Integral control has promising results as it minimizes yaw rate error and
its integral state error with less oscillations but is not as effective as the H∞ controller
in cornering scenario. The Linear Quadratic Regulator is promising for high frequency
disturbance rejection, however its performances is limited in low frequency scenarios as
large yaw angle error is induced in the low frequency scenario which the LQR will not be
able to handle.

The real-time implementation of this controller, the AARB system utilizes lot of energy
as large roll torque is needed to correct small yaw rate error which is explained in 2.11.
However, the performance of the AARB controller showed great potential in the simu-
lation results in decreasing the overhead on the steering actuator and increasing driving
comfort by decreasing driver effort.
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6.2 Future Work
Below are the future work recommendations for real-time implementations of the AARB
controller.

6.2.1 Dynamic Model
• The lateral dynamics model can be implemented to include different wheel angles

due to steering geometry and non-linear bump steer effects can be included.

• The model needs to be extended in order to handle road disturbances in cornering
scenarios. The present model does not include the kinematic effects caused due to
both steering and road disturbances.

6.2.2 Control Design
• Quasi-static method needs to be implemented to select the gain by which the yaw

rate reference needs to be scaled. This scaling factor needs to selected depending
on the steering angle and the vehicle speed while considering the constraint of the
body roll angle.

• The full state feedback is developed using reduced roll-yaw model as unsprung states
needs to be estimated. An observer can be implemented to estimate the unsprung
mass states to successfully utilize full roll-yaw model.

• The controller implemented in this thesis assumes constant vehicle speed. So, Linear
Parameter Varying (LPV) controller can be designed with vehicle speed being the
varying parameter.

• Control allocation techniques can be implemented as a vehicle is an over-actuated
system and the yaw moment can be distributed between multiple actuators satisfying
actuator constraints and minimal control effort objectives.

6.2.3 Suspension Kinematics
• Kinematic parameters are quantified in the tables 4.1 and 4.2 using linear 3-DOF

Model in IPG Carmaker to lay down a marker for suspension design. Suspension
kinematics needs to be designed accordingly if it is desired to affect steering with
the AARB system.
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A
Appendix 1

A.1 Results
The roll torque and pitch angle plots for all the test scenarios and shown below.
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Figure A.1: Roll torque and Pitch plots for kinematic setup-1 and high frequency
road disturbances with driver-in-loop
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Figure A.2: Roll torque and Pitch plots for kinematic setup-2 and high frequency
road disturbances with driver-in-loop
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Figure A.3: Roll torque and Pitch plots for kinematic setup-1 and high frequency
road disturbances with driver-out-loop
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Figure A.4: Roll torque and Pitch plots for kinematic setup-2 and high frequency
road disturbances with driver-out-loop
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Figure A.5: Roll torque and Pitch plots for kinematic setup-1 and banked road
with driver-in-loop
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Figure A.6: Roll torque and Pitch plots for kinematic setup-2 and banked road
with driver-in-loop
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Figure A.7: Roll torque and Pitch plots for kinematic setup-1 and banked road
with driver-out-loop
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Figure A.8: Roll torque and Pitch plots for kinematic setup-2 and banked road
with driver-out-loop
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Figure A.9: Roll torque and Pitch plots for kinematic setup-1 and cornering with
driver-in-loop
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Figure A.10: Roll torque and Pitch plots for kinematic setup-2 and cornering
with driver-in-loop
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Figure A.11: Roll torque and Pitch plots for kinematic setup-1 and cornering
with driver-out-loop
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Figure A.12: Roll torque and Pitch plots for kinematic setup-2 and cornering
with driver-out-loop
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The reduced roll-yaw model matrices are given by -

AAARB =



0 1 0 0 0 0 0 0
−82.51 −4.716 −21.62 −1.417 0 0 0 0

0 0 0 1 0 0 0 0
−11.89 −0.7794 −102.7 −5.883 0 0 0 0

0 0 0 0 0 1 0 0
0 0 0 0 −186.1 −10.64 0 0

0.06419 0 0.1008 0 0.8595 0 −5.543 −24.07
−0.0531 0 0.7754 0 −3.991 0 1.956 −6.791


(A.1)

BAARB =



0
0
0
0
0

−0.00846
0
0


(A.2)

CAARB =



1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1


(A.3)

DAARB =



0
0
0
0
0
0
0
0


(A.4)
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