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Abstract

Integrated Effect of Attitude Motion Control and

Electronic Stability Control based on

14-DOF Nonlinear Full Vehicle Model

Edward Youn

Department of Mechanical and Aerospace Engineering
Graduate School, Gyeongsang National University
Supervised By

Professor Iljoong Youn

The aim of this thesis is to analyze the advantages of the electronic stability
controller (ESC) and the attitude motion controller (AMC), and to study the
synergistic effect of the two controllers on comprehensively improving
vehicle safety, handling capability, and lateral ride comfort. The ESC, which
uses rear braking torques to enhance the vehicle's response to the desired
yvaw rate while keeping the sideslip under control, is designed based on a 7—
degrees-of-freedom (DOF) full vehicle model. This 7-DOF model for ESC
takes into account the vehicle’s longitudinal, lateral, and yawing motions,
along with the rotational velocity of each tire. The AMC, which uses active
suspension forces to control the vehicle’s attitude motion consisting of roll
and pitch motions, is designed based on another 7-DOF linear full vehicle.

This 7-DOF linear model for AMC takes into account the vehicle’s vertical,



rolling and pitching motions, along with the vertical motion of each tire.

Although the AMC does not have direct influence on the horizontal motions
of the vehicle, the two controllers are closely related to each other through
the tire models which calculate the longitudinal and lateral tire forces based
on the vertical tire force. The AMC indirectly helps improving ESC’s

performance by balancing out the vertical tire force distribution.

The two controllers are integrated and applied to a 14-DOF nonlinear full
vehicle model which takes into account all of the motions listed for both 7-
DOF models. The effectiveness of the individual controllers and the
integrated controller is thoroughly evaluated via simulations in various

conditions.
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1. INTRODUCTION

With user needs and development in technology, modern ground vehicles are
becoming more complex means of transportation with higher degrees of ride
comfort and safety. Two of the techniques to improve vehicle safety,
handling, and ride comfort are electronic stability control (ESC) [1] and
active suspension control. Attitude motion control (AMC) is a type of active
suspension control that uses a hydraulic actuator at each suspension to
create desired force upon the car body [2]. Unlike passive suspension
systems, the AMC can both add and dissipate energy from the system. With
the AMC, the force actuator can apply force independent of the relative
displacement or velocity across the suspension. The AMC results in a
better compromise between ride comfort and vehicle stability as compared to
a passive system [4, 5]. Compared to other active suspension systems, the
AMC has the added advantage of controlling the attitude of a vehicle, which
means it can react properly to the changing pitching and rolling angles due to
braking, acceleration, or centrifugal forces much like as done in [6]. More
examples on full-vehicle active safety control systems on global chassis

control are given in [2, 7].

ESC, as an extension of Anti-lock Braking System, provides unequal braking
torques to the vehicle's wheels in order to create necessary yaw moment to
control the yaw rate [3], which in turn enables the vehicle to follow the

driver’s intended direction. However, because of its dependency on the

1



vehicle velocity, sideslip angle, and the steering wheel angle, ESC has a
number of limitations. For instance, the conventional ESC relies solely on
the braking forces of rear tire in order to generate necessary yaw moment,
and a major drawback of the result is heavy reduction in vehicle speed. This
problem was resolved by introducing an improved ESC with added torque
transferring capability. By enabling the ESC to accelerate one wheel while
decelerating the other using techniques such as torque vectoring or all-
wheel-drive, the ESC minimizes the longitudinal speed reduction and

generates equally effective yaw moment.

Another limitation of the ESC is that the only factor that ESC can utilize to
create controlled yaw moment is the traction between each tire and the
ground. If the wheels on one side of the vehicle have much less traction than
the ones on the other side, ESC may not work to its full potential because the
wheel with less traction may not be able to create enough torque provided
that the wheel’s rotational velocity has an upper boundary. Integration of
AMC with ESC mitigates this problem by evenly distributing vertical forces
of the four tires. During cornering, accelerating, or braking, the
uncontrolled passive vehicle tends to lean towards the direction of the body
force such as centrifugal force. This creates uneven distribution of vertical
tire forces; the tires on one side have much greater traction than the ones on
the other side. The attitude controller developed for AMC calculates active
suspension forces required to make the vehicle tilt towards the opposite

direction of the body force, thus shifting the mass center, which in turn



evens out the ground forces acting upon tires and reduces the acceleration

acting on the car body, resulting in more reliable ESC.

The effects of integration of ESC and AMC are evaluated through simulations
run on 14-DOF nonlinear full vehicle model at various vehicle speeds.
Three types of steering conditions are considered for simulation inputs:
over-steering, under-steering, and neutral-steering. An over-steering
condition refers to a vehicle highly sensitive to the steering angle. This is
achieved by placing the center of gravity closer to the front than the rear.
By doing so, bigger vertical force will be provided to the front tires,
generating bigger longitudinal and lateral forces in the front than back. As a
result, the vehicle will show more sensitive response to the changing
steering angle in the front. On the other hand, an under-steering condition
i1s achieved by placing the center of gravity closer to the rear than the front,
resulting in the vehicle less sensitive to the steering angle. Generally, an
over—steering vehicle is perceived as less stable, and an under—steering
vehicle is more stable but sluggish. Although neutral-steering conditions
are considered to be 1deal for the steering wheel response, but the
conventional ground vehicles are designed to be varying degrees of under—
steering for safety issues because neutral-steering vehicles can lose
stability easily. The proposed integrated controller’'s performance
effectiveness 1s decided by how well it makes an over-steering vehicle

behave more like a neutral-steering vehicle.

This thesis is organized in four main sections. In section 2, the vehicle

3



models used 1in this paper are explained. In section 3, controller design
techniques are discussed. The simulation and analysis are carried out In

section 4 and conclusion is presented in section D.



2. VEHICLE MODELS

Three different full vehicle models are used in this study for the control
designs and simulation purposes. The design of ESC utilizes a 7-DOF
nonlinear model which takes into account the longitudinal, lateral, and yaw
motions of the vehicle chassis, and the rotational motion of each wheel. The
design of AMC utilizes another 7-DOF linear model which takes into account
the vertical, roll, and pitch motions of the vehicle chassis in addition to the
vertical motion of each wheel. The integration of the two controllers is then
applied to and simulated on a 14-DOF nonlinear model which takes into
account every degree mentioned in the first two full vehicle models. The
application of 14-DOF nonlinear model allows taking into consideration
nonlinear load transfer and coupling effects between the vehicle suspension

and the handling dynamics.

2.1. 7-DOF NONLINEAR MODEL FOR ESC

Figure 1: The overall schematic for the 7-DOF model for ESC

A 7-DOF full vehicle model is used to study differential braking—based yaw

stability control system also known as ESC. Figure 1 and Figure 2 illustrate



the schematics for the 7-DOF model used for ESC. This model includes 3-
DOF as lateral (), longitudinal (v) and yaw (w,) motions of the car body, in
addition to the 4-DOF as angular velocities of the four wheels (w;) where the
subscript 7 denotes numbers 1 through 4, which represent right front, left
front, left rear, and right rear wheels respectively. The subscript 7 will be

used in the same manner throughout the paper.

Direction of the vehicle

b
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el T !\x.":""'
: =2
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Figure 2: The schemati;s of the tire model and upper view of the 7-DOF model

(U-ay) z xg. (D

(V+o,u) szg. (2)

‘]z (Fxgl+Fxg4) b(FXQZ+Fxg3)+C(Fygl+Fygz)_d(Fy93+Fyg4) (3)

where J, denotes the yaw inertia of the car body, and mr the summation of m
and >~m,. The equations of F\, and F,,. are given by:

Fxgi = Fxti COS&i - Fyti sin 5|

) (4)
Fygi =F,sing, + Fyti COS o,

The &; denotes the steering angle of each wheel, and this thesis assumes 6; =

O for 7= {3, 4}. Additionally, the dynamic equation for each wheel is:

6



Ju®@ =—Fuf + 1 ()

where J,;, r;, and 7, denote the rotational inertia, instantaneous radius, and
ESC braking torque of each wheel, respectively. The method to obtain Fy

and Fy, is discussed in Section 2.3.

2.2. 7-DOF LINEAR MODEL FOR AMC

A 7-DOF linear full car model is used to design AMC based on active
suspension control. Unlike the former model, this model ignores u, v, w,
and the rotational velocity of each wheel. Instead, the 7-DOF in this model
includes pitch (0), roll (¢), heave (z.) motions of the car body, in addition to
vertical velocity (z) of each of four wheels. Figure 3 illustrates the

schematics for the 7-DOF model used for AMC.

Figure 3: The overall schematic for the 7-DOF linear model for AMC

The dynamic equations for the car body model used in AMC design are:



m'z'C:Zfi 6)

.o 4
J =0 (-Fu)-(f,+f)a+(f,+ )b (7)
i=1
.. 4 (8)
‘]yel = hszxsi _( fl + f2 )C+( f3 + 1:4 )d
i1
myZ = kti Z; — fi (9)

Notice that the value z; is the tire deflection of each wheel and can be

summarized as:

Ly =1Ly~ (10)
A 12 4
F m ; F,
«— X ¢’% : -
K, EE['!'] b, M hr k4;‘: b,
m,,z_/rz R x//—w m,, JZ 4
3 e

1
kg k.2
‘B
% _ T= T
= o3 = Zo4

Figure 4: The rear view of the 7-DOF linear vehicle model for AMC

The summations of Fy and Fy in equations (7) and (8) are the total
longitudinal and lateral forces acting on car body. Since the model is unable
to generate these forces independently, the forces are directly imported from
the nonlinear model described in the next section. Figure 4 illustrates the

rear view of the 7-DOF linear vehicle model for AMC. The distance of the
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roll center of the vehicle to c.g. is denoted by h, and is multiplied by the
summations of forces to calculate rolling and pitching momentums generated
by the ground forces. Suspension forces of car body, f;, are generated by
the addition of actuators to the suspension system. Adding the control force
(up) with spring and dumper can produce upward and downward forces, the

equations for these forces are:

fl = klzsl + blzsl +U,

fz = kzzsz + bzzsz +U,
. (11)
fs = k3zss + bszss +U,

f,=k,z, +b,z, +U,

where z, is the deflection value of each suspension, and the suspension

deflections can be summarized as:

Z,=12,—12 +Cb +ag
z,=1,—12, +C6 —bg
Z,=12,—2,—0d6 —bg
z,=12,,—1,—d6 +ag

(12)

where z, denotes the vertical displacement of c.g. of each tire. Finally, for

the purpose of simulating the linear model, total 17 states are defined as:

X =2 .60.4.0.6.2.2,202,.22,2..2,.2. 27 7 ] (13)
= c? I’¢I’ 1771 155115527553 1554151115121 5t3 1 %t4 ) u21%u3*u4

ul?

2.3. 14-DOF NONLINEAR MODEL

The 7-DOF models are sufficient to test the ESC and AMC separately.

However, in order to evaluate the performance of the integration of the two

9



controllers, a more complex model is required. Notice that the two models
do not have any common degree of freedom. 7-DOF from each model will
be put together to design a 14-DOF nonlinear model. Figure 5 illustrates
the schematics of the 14-DOF nonlinear full car model used in investigating
the vehicle side slip angle and yaw rate in response to steering angle, active
suspension, and brake torque inputs. The nonlinear passive vehicle model
as discussed in [2] consists of 6-DOF at the mass centre of the vehicle body
and 2-DOF at each of the four wheels. The 6-DOF represent the vehicle
body’s longitudinal, lateral, and vertical motions in addition to roll, pitch, and
yvaw motions in x, y, and z directions of the body-fixed coordinate. The 2-
DOF at each of the four wheels consists of vertical and rotational motions of

each wheel.

Coordinate frame 2:
coordinate frame attached to tire—
ground contact point (x" v’ z')

Figure 5: The overall schematic for the 14-DOF nonlinear full vehicle model

The set of dynamic equations for the 14-DOF nonlinear model follows:

10



m(u+o,w-wy)=Y F, +mgsing (14)

m(V+o,u-ow)=>Y F. —mgsingcosd (15)
m(W+ oy -au)=Y"(F, +F, )-mgcosgcosd (16)
3y, =Y My —a(Fy +Fy)+b(Fy,+Fyy) (17)
3,0, =Y M —C(F+Fy,)+d(Fe+Fyy,) (18)

3,0, =Y My +a(Fy +Fy ) -b(Fy + Fey ) +¢(Fr+ Fp) -0 (Fg +Fr)  (19)

ysl ys3

where U, V and W are the longitudinal, lateral, and vertical accelerations at

the c.g. of the vehicle in body fixed coordinate, respectively. Similarly, a,,

@, and , are the roll, pitch, and yaw angular accelerations, respectively.

The remaining 8-DOF consists of 2-DOF representing vertical and rotational

motion at each wheel in the following form:

M (Wui TV, — a)yuui ) =Fi - m;d COSHCOS¢ - I:zsi - I:dzi (20)

zgsi

Ji@, =—F

xti

r+z, (21)

where w,; and w; are vertical acceleration and angular acceleration of each
wheel. The cardan angles 6, ¢, and w can be derived from the following

differential equations:

11



0 =w,cos¢ —,sing (22)
¢ =0 +o,sing tand +o,tand cosg (23)

Y=o, sing + o, cos¢ (24)
cosd cosd

Finally, the list of 25 states used in deriving the differential equations of the
nonlinear model follows:
X, =[U,V,W,9,¢,w,wy 0, 0, 0, (0, 03,0, ,

. (25)
Xsl’XSZ ’XS3 ’Xs4 ’th’XtZ 'Xt3 ’XI4 ’Wul’Wuz ’Wu3 'Wu4]

where x,;-; and Xx,;,-; denote the suspension and tire deflections of each
wheel, respectively. More detailed list of equations of the 14-DOF nonlinear

model will be given in Appendix A.

Two different tire models are utilized in this study as the means to acquire
the tire forces, Fy, and F,, The linear tire model simply calculates the
forces as the product of the cornering (or longitudinal) tire stiffness and the
sideslip angle (or longitudinal slip ratio), whereas the pacejka tire model
plugs in the experimentally chosen constants into Pacejka Magic Formula.
More comprehensive comparison between the tire models are made in the

Simulations and Analysis section.

2.3.1. Linear Tire Model

An advantage of the linear tire model is that it uses simple linear equations.

12



However, with these simple equations come obvious limitations. The tire
forces are linearly correlated to the tire slip ratio and sideslip angle, and are
only accurate in the small range around zero slip conditions. If slip value
exceeds a certain threshold, the linear tire model will not generate accurate

results.

The tire forces are calculated in the following equations:

|:zgi
Fa = Caaty (26)
zgi, static
I:zgi
Fyti =- E Caiayi (27)
zgi, static

where C,, C,, ay, and a, are longitudinal stiffness, cornering stiffness,

longitudinal slip ratio, and sideslip angle of the tire, respectively.

As described in [9], the longitudinal slip ratio and sideslip angle of the tire

are given as:

__ o —Uy
XI max(rla)l’um) (28)
-1 Vgi
a; =tan"| —|-4, (29)
ug

Division of vertical tire force, F,,; by the static vertical force, F,g staticy 1S
necessary in order to take into account the vertical force distribution of the

four wheels depending on the location of center of gravity of the vehicle.

13



They are calculated as:
Fi = KX, (30)

bd

F.ooo=— =
zg1,static (a+b)(c+d)mg+mU1g (31)

F ad

292, static — W mg +m,,g (32)

ac

F S = —
29 3, static (a + b)(C N d) mg + mu3g (33)

bc

F E—
29 4,static (a+b)(c+d)mg+mu4g (34)

where k&, is the spring constant of each wheel.

2.3.2. Pacejka Tire Model

Because of the linear tire model’s inevitable limitations, pacejka tire model is
implemented according to [10]. In comparison with the linear tire model,
the pacejka model does a much better job in mimicking the real tire's
behavior. The pacejka model shows similar behavior as the linear tire
model up to a certain point, and then the tire forces show a gradual decrease
much like in a real life scenario. The pacejka tire model takes F,,; and ay;
(or a,) given in equations (28) and (29) as inputs. Whether calculating the
longitudinal or lateral tire force, the pacejka model has its base equation as

the following:

14



F,(F

zgi?

a;)=Dsin{Ctan™ (B, )} +V (35)
where the subscript j denotes the x or y directions of force, and
B, =B(1-E)(a; +H)+E[ tan {B(a; + H )} (36)

The value of aj; is either a; or a,., Depending on the values of B, C, D, E, H,
V, and x the output of the equation can resemble longitudinal force, lateral
force, or self-aligning torque (A7) of the tire. The M, is assumed to be zero
in this study because steering angles of the wheels are arbitrarily set,

uninfluenced by A7, The effect of M, is negligible in any simulations.

The factor B is called the stiffness factor because it influences the slope of
the output at the origin. The equation of 5 follows:

astgiz +a,F

] forF .
aSFzgi xti
=4 CDe (37)

a,sin {a4 tan ™ (a,Fy )}1;3[1)2|7| for F

where the tire camber angle (y) is assumed to be zero in this study. The
constants a; appear in the calculations of other factors as well, and are used

to fine tune the final output of the Magic Formula.

The factor Cis called shape factor because influences the limits of the range

of the argument of the sine function and it is simply defined as:

15



C=aq, (38)

Since the factor D determines the peak amplitude of the output, it is called

the peak factor, and is defined as:

D=aF, ’+a,F (39)

zgi 2" 29

The amplitude of the peak value is determined by D, but at what time it
occurs is determined by £, which is therefore called the curvature factor.
The bigger the value of £, the further away the peak value is from the origin.

The equation for the curvature factor is as the following:

E=aF_ ’+aF,+a, (40)

6" zgi 7" zgi

Finally, the vertical and horizontal shifts of the tire force are determined by
IV and H, but, as shown in the following equations, they are both assumed

zero because the camber angle is zero.

v 0 for F,,
- a10|:zgi2 +a11Fzgi |7| for I:yti (41)

{0 for F,, (49

ayly| for F

2.3.3. Combined Pacejka Tire Model

When braking maneuver and cornering maneuver are performed separately,

the pacejka tire model above gives satisfying results for the longitudinal and

16



lateral tire friction forces. However, when braking and cornering are
performed simultaneously, as in this study, calculating the longitudinal and
lateral forces separately will result in error because the two forces are
closely coupled together. Therefore, adjustments in the tire force equations

are required.

The vectors and values required for this method are illustrated in Figure 6:

Y\
Vy Vet
Vs u eff
V Vi
sy
------- q
F A\ \&

Figure 6: The top view of the tire schematics for combined pacejka model

Vi« is a product of the instantaneous radius and the rotational velocity of the
tire which represents the expected longitudinal velocity. ueg 1S the effective
longitudinal velocity of the tire. The difference between the expected and
the effective longitudinal velocities is the longitudinal slip velocity, V.
Likewise, the difference between the expected (Vy) and the effective (Veg)
lateral velocities is the lateral slip velocity, Vs,. However, the value of
expected lateral velocity is zero, thus the value of Vg is equal to v in the

opposite direction.
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Vy ~0 (43)
st :Vx — Uy
(44)
Vsy :Vy ~Vett = Verr

In this method, new theoretical slip value and its components are introduced

as the following:

oSy (45)

p=\o’+0,

Because the new theoretical slip vector has the same direction as the slip

speed vector Vg, the following holds true:

%

F==—F(o
2¥(0)
%

Fo=—"F(¢ 46
” (¢) (46)
P

Fy:ZyFy(go)

where F(¢) is a pacejka model described in Equation (35). More detailed

explanation is available in the reference [10].
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3. CONTROL DESIGN

In the previous section, three types of full car models are introduced: 7-DOF
nonlinear model for ESC, 7-DOF linear model for AMC, and 14-DOF
nonlinear model for the integration of the controllers. For ESC, a sliding
mode control technique is used to calculate control braking torques to make
the vehicle follow the desired yaw rate and sideslip angle. On the other
hand, for AMC, an optimal linear attitude controller with tracking control
technique is used to calculate the desired control active suspension forces to
make the vehicle follow the desired roll and pitch angles. In this section, the

implementation of each controller will be reviewed in detail.

3.1. ELECTRONIC STABILITY CONTROL

The main goal of a vehicle stability control system is to assist the vehicle to
follow the trajectory intended by the driver by preventing the vehicle from
spinning or drifting out. There are various types of vehicle stability controls
including anti-lock braking system, steer—-by-wire system, and active torque
distribution systems. As an extension of anti—lock braking system, the ESC
adjusts the vehicle's yaw rate by providing extra braking torque to a wheel

which in turn creates necessary yaw moment to keep the vehicle on track.

This research assumes the vehicle to be a four—-wheeled vehicle with a rear
differential. The critical drawback of the conventional ESC as opposed to

steering wheel controller is that the control forces can only provide braking
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torque, resulting in inevitable decrease in vehicle speed. The conventional
rear—differential drive vehicle cannot distribute torque efficiently. However,
this speed reduction can be mitigated if the ESC has full control over the
torque distribution using techniques such as torque distribution or all-wheel
motor drive; the wheels can now not only brake, but also accelerate. By
splitting the required control force of the inner wheel and feeding it as an
acceleration torque to the outer wheel, the controller can generate virtually
the same yaw moment with much less decrease in the vehicle speed. More

on this is discussed in the later sections.

3.1.1. Conventional ESC

The sliding surface for the controller is defined as:

S:pyaw(a)z_wzd)-l_ps(ﬂ_ﬂd) (47)

where w,; 0, and G, are desired yaw rate, sideslip angle, and desired sideslip
angle at the c.g. of vehicle. p,., and ps are design coefficients for the yaw
rate and sideslip angle. The desired yaw rate can be calculated by
considering the longitudinal velocity, total length and mass of the vehicle,

and the cornering stiffness as given in [9]:

u
W,y = — )
(c+d)+ M (d=0) (48)
2(c+d)C,

There is a debate on whether the following the calculated desired sideslip
angle is significant in achieving a stable maneuver, but this study assumes
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that B; = O is for the best of interests. The calculation of the theoretical
desired sideslip angle will be presented later this section, but it will not be

used in the implementation of the ESC.

Differentiation of the sliding surface with G; =0 results in:
S.:pyaw(d)z_a.)zd)+psﬁ (49)

For the sliding surface to reach zero asymptotically, the dynamics should

conform to the following equation:
§=—KgcS (50)
Replacing s and § with equations (47) and (49) results in the following:
Pyan®; + ps,B = Pyan@u — Kese (pyaw (wz — Wy )"‘ psﬂ) (51)

where Kgxsc is tuned to control overall effectiveness of ESC. G andjf can be

calculated from following equations:

p=tan” (Xj (52)
u
p=(1+tan*(p))” (X—Etan(ﬁ)j (53)
u v

The expressions for the longitudinal, lateral, and yaw accelerations of 7-DOF

model can be obtained from equations (1), (2), and (3) as the following:
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=—+aV (54)

—o,u (55)

0. = (Fxg1+ Fxg4)_b(|:xgz + Fx93)+C(Fygl+ Fygz)_d (Fyg3 + FY94) (56)
’ J

z

Via substitution into equation (53), A can be written as

F U-— FV

ygi

3 _ i i-1 _ (57)
h= mT(u +V?) “

By using the relationship between ground forces (F.., F.) and tire forces
(Fvi, Fy) given in equation (4), and by substituting @,and A, the equation

(51) can be reorganized in the following way:

4
ZKFX'(I xt|+ZKFyt| yii psa)z pyaw zd KES(: (pyaw(a)z_a)zd)-l_psﬂ) (58)
i=1

=4 4

ZKFm Fa = 'OyaWa.)Zd ~Kesc ('Oyaw (a)z — @Oy )+ psﬂ) _(ZKFYH I:yti —,Osa)z}

E (59)
n

X2

Finally substituting %y, with the relationship given in Equation (5):
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4 4
ZKFxtiri_lrbi _ZKFxtiri_ld)i‘]i =X X (60)

i=1 i=1
: 1 : 1
ZKFxtiri Thi :)51_)(2"‘2’(%'] @,J; 61
i=1 i=1
23
where kry; and kg, are defined as the following:
a c
Keyy = COS S, Praw _ pzsv — | +sing, Praw p;u 5
J, mT(u +v) J, mT(u +v)
—b w \'% . CPyaw
Keyp =COS S, fya - p; — |+sin &, Pyan p;u -
. me(ut+v?) J, m(u+v?)
. - Do, py
Fxt3 JZ mT (U2 +V2)
o _3a  py
T m (Ut (62)
c -a
Keg =C0SS Pyaw + pzsu — |+sind, Pyaw + 'DZSV -
J, o m(u+v?) J, o omp(ut+v?)
c b
Ky = COS 3, Praw pzu — [+sind, Praw 'OZSV 5
I, m(uP+v?) I, omp(ut+v?)
Ken = _dpyaw + s:u
s J, my (u? +v?)
K — _dpyaW + psu
MY, m (U v?)

More detailed mathematical steps to reach the solutions are given in the
Appendix B. Finally, an individual braking torque could be isolated if all

other braking torque is zero as illustrated below:

Tps = KFXt3_1r3(Zl — X2 "‘Za) if {Tbl’TbZ’TbA} =

0
) _ (63)
Ths = Kixa 1r4(7(1 —X2 +7(3) if {Tbl’rbz’z—“} =0
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By considering only rear wheels for breaking, the breaking controller

algorithm for the vehicle stability control is given as follows

Begin
Ty = Tpy =0
1

Ths = K;xwgrs(ll — X2 +753)

if 7,,>0
_ » (64)
T3 =0, T =K_ T, (Zl — X "'Zs)
else
7, =0
end

3.1.2. ESC with Constant Longitudinal Speed Assumption

The ESC described above takes into account varying vehicle speed and the
desired yaw acceleration and the wheel’s rotational acceleration. However,
since these are not explicitly available real time due to coupling effect. In
order to overcome this problem, the controller takes the values from one
frame ago. Therefore, there is a slight delay equal to the size of the frame
rate (bms) in the three values used. To build an ESC that does not depend
on the three wvariables, it is possible to build a much simpler ESC that
assumes constant vehicle speed. Though less practical than the former, the
design of this controller cancels many terms out on the assumptions of a

small sideslip angle, small steering angle, and a constant longitudinal velocity.

With aforementioned assumptions, the equations for sideslip angle of the

vehicle and its derivative can be simplified as the following:
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\'
p=— (65)
u

.V
pB=— (66)
u

KFm:pyaw(acos5l+csin51)+sin51&
Jz m.u
Kexiz —%(csin 5, —bcosd,)+sind, Ps
_ PPy
Kexis = ]
ap aw
Kexta ‘JZ -
67
prtlZ%(ccosd—asin@)mos&l Ps
z m.u
Ky = 2 (ccosd, +bsiné, ) +cos s, Ps
_df)aw Ps
KFyt3=\]—y+H
~4Pya
Keyta :J—V_,_%

where uis no longer a function of time but a constant.

When the steering angle is small, the magnitude of the vehicle’s longitudinal

velocity does not change much and the lateral velocity is nearly zero. It is

easy to see that the two ESC controllers shown above would produce very

similar control torque if the value of u does not change and the value of v is

However, as soon as the steering angle of the simulation goes

near Zzero.
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over a certain threshold, the control force generated by the latter ESC
becomes less reliable because the longitudinal velocity of the vehicle

decreases significantly while the lateral velocity and sideslip rapidly increase.

3.1.3. ESC with Torque Vectoring or All Wheel Drive

For a conventional differential vehicle, the control torque can be applied in
only one of the rear wheels. In other words, the control torque of one side
should be zero while the other is non—zero in order to gain maximum yaw
moment possible, because the wheels can only accelerate in one direction.
However, the constraint disappears if the vehicle can control each wheel
freely so that each wheel is free to accelerate in any direction
simultaneously. For instances, a vehicle with torque vectoring option can
freely transfer a torque from one wheel to the opposite wheel, and an
electric vehicle with two separate motors in the rear axle can freely control
each wheel’s torque separately. With an assumption that such an option is
available, the brake control torque calculated in Equation (63) can be split
into two torques of opposite direction—an accelerating torque and a brake
torque—before they are applied to the rear wheels. The new ESC can
successfully provide the equally—effective yaw moment while significantly
mitigating overall speed reduction of the vehicle compared to the
conventional ESC. This concept has not been fully explored by this thesis,
but a simple model that splits the calculated brake torque with a ratio of one
half has been tested. As expected, compared to the conventional ESC, the

new ESC showed much less vehicle speed reduction. The results are
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presented in the simulation section. In the future, more study on calculating
the exact desired ratio between the accelerating torque and the brake torque
1s necessary. The proof of concept is available in the Simulation and

Analysis section.

3.2. ATTITUDE MOTION CONTROL

The main goal of a vehicle attitude motion control system is to reduce the
effect of centrifugal force in a cornering maneuver by tilting the opposite
direction of the force. Tilting toward the center of the curve shifts the
center of gravity, generating force by gravity that cancels out the centrifugal
force to a certain degree. Reducing the effect of centrifugal force improves

ride comfort in the lateral direction.

Not only does the AMC enhance the ride comfort, it also enhances vehicle
safety by providing better road holding capability to the tires. In an
uncontrolled passive vehicle's cornering maneuver, the vertical forces
exerted on the outer wheels is greater than on the inner wheels because the
lateral forces exerted on the car body tend to make the car tilt outward,
which then causes the tire deflection of the outer wheels increase. The
AMC, by setting the desired roll angle in the opposite of the passive angle,

evens out the differences between the left and right tire deflections.

This objective is achieved using an optimal linear attitude controller with
tracking control as explained in [2]. 7-DOF simple linear full car model

which ignores the longitudinal, lateral and yaw motions of car body and
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rotational motion of wheel can be expressed by the continuous time state

space vector equation as

X = Ax + Bu + Dw (68)

The definition of matrices A, B, and D are given in the Appendix C, and the

discrete time state space vector equation is:
x(k+1) = Ax(k)+B,u(k)+Dw(k) (69)

where A; = I+ Ad¢, B; = Bd¢, and D; = Dd#.  With the state space, x, defined
in (13) of the previous section, the desired state vector x4 is given as the

following:
x, =[0,6, ,4,,0,0,0,0,0,0,0,0,0,0,0,0,0,0]" (70)

where x,» and x,; are the desired pitch and roll angles respectively. The

disturbance input vector, w, is defined as:
. . . . T
W:[2011202’203’204’Mx’My] (71)

where wj;-, are the vertical velocities of the tire—-ground contact points
caused by road disturbances, and ws-s are summations of longitudinal and
that of lateral body forces applied to the suspension mounting points of the
vehicle. It is assumed that all of the disturbances are known before the

calculation of the control forces.

With the predetermined disturbances, the desired pitch and roll angles in (70)
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can be calculated by considering the effect of the mass times gravity, and the

method is explained thoroughly at the end of this section.

The active tracking optimal controller minimizes the performance index .,
which is composed of acceleration, roll acceleration, pitch acceleration,
suspension rattle spaces, errors between desired and actual angle of car

body, road holding forces, and control forces as given below.

1 . . . 2
J =TIIDJCEL [p1X12 +p2X42 +/03)(52 + 104X62 -I—p5X72 +p6X82 + p7X92 * Ps (Xdz - Xz)

2 2 2 2 2 2 2 2 2 (72)
10y (Xis =X, ) + DXy + P + DXy + PruXiy + Pl + Py + piuiZ + Ul Jat

By expanding and rearranging the performance index given above, the
optimal control matrices Q, R, N1, N2, M1, and M2, which are used in the

following discrete—time quadratic control equation, can be determined.

32k )61 @k, () x(K) #u” ()Ru ) w(k) Mw(l)  (73)

+2(x, (K)-x(K))" Nyu (k) +2(x, (k)-x(K))" Naw(k)+2w(k)" Mlu(k)}

The elements of each matrix are given in Appendix C. Minimizing Equation

(72) results in the following optimal control force:
u(k)=-(R+BJPBl)'1{(BlTPA1-NlT)x(k)+(M1T+BfPDl)w(k)+ijd(k)+BTbRT(k+1)} (74)

where P is derived by solving the Algebraic Riccati equation:
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P=A"PA-(A"PB)(R+B'PB)'(B'"PA)+Q (75)

and br is derived by solving the feed—-forward excitation function, which
includes future information of the system states, desired states, and

disturbance states.

After substituting u into Equation (69), the closed loop system equation of the

simplified linear full car model is obtained as:

x(k+1)= (A, +B,K,)x(k)+B,K,x, (k)+(D, +B,K;)w(k)+B,K,b." (k+1)
K,=-(R+B,'PB,) (B,’PA, -N,")
-1
K,=-(R+B,"PB,) NJ (76)
K,=-(R+B,"PB,) (M," +B,"PD,)
K,=—(R+B,'PB,) B,

where Kj-4 are control gains for the x, x4, W, and bg, respectively.

3.2.1. Desired Roll and Pitch Angles

HE

Figure 7: The rear view of the 7-DOF linear model
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Figure 8: The side view of the 7-DOF linear model

The desired roll angle and pitch angle are assumed to be predetermined.
They are calculated by taking into account the longitudinal and lateral forces
exerted on the tire—ground contact points. As illustrated in Figure 7 and
Figure 8, the pitching and rolling momentum exerted on the car body are
defined to be the product of the ground forces and the rolling and pitching

centers as the following:

(77)

where A, and 4, are the height of the roll and pitch centers respectively. In
order to cancel out the momentums, the desired pitching and rolling

momentums would be the exactly the opposite as shown below:

(78)

The objective of the AMC is to generate M., and M,, using the gravitational

force mg. The momentum is the product of mg and the radius perpendicular
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to the direction of mg as shown below:

M,y = mgh.sing,

M, =mghsing (79)

Substituting M, and M, and solving for desired roll and pitch angles would

result in the following:

_ [_MJ (80)
0, =sin* 4

It is to note that the desired roll and pitch angles generated by this equation
may be above the realistic threshold. It is assumed that the vehicle has the
roll and pitch limits to be 20 degrees and 10 degrees, respectively. This
definition of limits puts an upper boundary on AMC’s capability to cancel out
centrifugal forces and to evenly distribute the vertical tire forces. If this roll
and pitch angle limits are removed, the controller may work more effectively,

allowing the vehicle to behave much like a motor cycle.

3.2.2. Notes on Preview Information

According to [2], 0.3 seconds of preview information provides significantly
more reliable control forces in terms of tracking control. The study
presents three types of preview information which are considered for this
study’s simulations: 1) deterministic information, 2) rate of change

information, and 3) limited information. The deterministic information
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assumes that the information in interest (F,, and 7, in this case) is entirely
known prior to simulations. This method naturally provides the best results
in simulations. However, in the real world, it is not realistic to have the
exact future information available at all times. Therefore, the practicality of

the deterministic information may be put to debate.

The rate of change information assumes that the rate of change of data at
each time frame will persist for the preview interval. If the vehicle is
currently accelerating, the preview information assumes that the vehicle will
continue to accelerate at a same rate for the preview interval. This
information is incomplete compared to the deterministic information, but is
the most realistic and practical method to apply in real world. This
information shows best performances in situations with slow rate of change
such as soft S—turn maneuvers. For the systems that have states that has
high frequency of abrupt changes such as drones, the reliance on rate of

change information alone is not advisable.

The limited information assumes that the system’s current state will be
nearly constant for the preview interval. It is the simplest form of use of
preview information and shows the least favorable performance. This
information shows the best performance in steady state environments with

minimal rate of change such as in steady curve maneuvers.

Though it would be possible to apply each of the three types of information

to the design of AMC and compare the results, the study could be done some

33



other time in the future. Because the focus of this study is on the effects of
integration of AMC and ESC on a nonlinear full vehicle model, this study

assumes that the deterministic information is available for all simulations.

3.3. INTEGRATION OF THE TWO CONTROLLERS

As have been previously mentioned, the ESC and AMC developed using the
7-DOF models are applied to 14-DOF nonlinear model in order to be
evaluated on the effects of integration. Since ESC does not depend on
vertical motions of the vehicle, the static differences in tire and suspension
deflections does not affect the performance of ESC. Therefore, the ESC
designed for 7-DOF model can be directly applied to the 14-DOF model
without any modification. However, the AMC, which depends heavily on
vertical motions of the vehicle, requires a modification before being applied

to the 14-DOF model.

3.3.1. Differential Equation for 14-DOF Model

The nonlinear differential equation is expressed as the following:
Ex, =F(x,) (81

where the 25 states of the nonlinear differential system, X,, is given in (25),

and the disturbance vector is given as the following:
W, =[ Wy Wy, Wyg Wy, 0,7 | (82)

where w,;-, are vertical road disturbance, & the steering angle input, and 7
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the braking torque input.

Using 4™ order Runge-Kutta algorithm, the nonlinear differential equation

can be solved as the following:

n

xn(k+1):xn(k)+%(k1+2k2 + 2K, +k, ) (83)
k, =Ex'F(x, (k))
K, :Ex‘lF(xn(k)Jr%klj
y (84)
K, :ExlF(xn(k)Jr?kzj
(k)

k, = EX7F(x, (k)+Atk,)

The kj-4 are strictly for the Runge-Kutta algorithm and are unrelated to the

control gains in Equation (76).

3.3.2. Consideration of Static Deflections

One of the critical differences between the 7-DOF linear model for AMC and
the 14-DOF nonlinear model is that the former does not consider static
deflections of tires and suspensions. The 7-DOF linear model assumes the
equilibrium state of the vehicle, and the initial values for suspension and tire

deflections are all zeros.

In comparison, the nonlinear model has the static deflections because its
equilibrium state takes into account the effects of mg  The nonlinear

model’s initial conditions for the tire and suspension deflections, therefore,
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must be calculated as shown below:

_ mgd
th,static 2k1 (C n d )
_ mgd
XtZ,statlc 2k2 (C-l—d)
(85)
B mgc
Xt3,static 2k3 (C n d)
B mgc
Xt4,stat|c 2k4(C+d)
X =| =M, |4
sl,static 2(C+d) ul ktl
Xepae =| =9, &
s2 ,static 2(C+d) u2 kt2
o (m g (86)
s3,static u3
| 2(c+d) Ke
_|__Mmc 9
Xs4,static - 2(C+ d ) + mu4J kt4

where x,;4~;7 are the suspension deflections and x,;5-2; the tire deflections.
When running the nonlinear model with the AMC controller disabled, the
simulation runs smoothly. However, the problem arises when AMC is
enabled in the 14-DOF nonlinear model. The AMC designed in the linear
model has functionality to output control forces to evenly distribute the
vertical tire forces. When applied to the 14-DOF nonlinear model, the
controller detects the static deflections and attempts to make the deflections
zero, causing not only the massive spikes in the beginning, but also a static

error throughout the simulations. In order to fix this issue, a copy of X, is
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newly defined as Xpymp, SO that prior to whenever the control force u is

calculated in the following manner,
U (k)= K Xpmp (K) + KXy (k) + Kw(k)+ K, b " (k+1) (87)

At each iteration before being applied in the calculation of u, the Xump 1S

modified as the following:

mgd
Xo14tmp (k) = Xn14(k)—m
1

mgd
Xn15tmp(k):an5(k)_m
ngc (88)
anﬁtmp(k)zxnm(k)_m
3
mgc
Xn17tmp(k):Xn17(k)_m
4
Kooy (K) = X (K) | 5 m,, | &
n18tmp nl8 2(C+d) ul k
1l
~ [ md 9
Xn19tmp(k)_xnlg(k) (2(C+d)+muz Ky,
(89)

|
Xozomp (K) = Xnz (k)_{ 3 musJi
|

mc
Xn21tmp(k):Xn21(k)_[ +m

This method allows AMC to ignore the tire and suspension static deflections

of the 14-DOF nonlinear model.
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4. SIMULATION AND ANALYSIS

In this section, various comparisons are made between wide ranges of
simulations with different conditions in order to evaluate the effectiveness of
the controllers on the vehicle safety, lateral stability, handling capability, and
ride comfort. The 14-DOF vehicle model without any control input is
denoted as ‘PAS,” the model with only electronic stability control input
applied as ‘ESC,” the model with only attitude motion control input applied as

‘AMC,” and the model with both ESC and AMC applied as ‘ESC+ AMC.’

Three types of steering conditions are defined for 14-DOF nonlinear full
vehicle model: over—steering, under—steering, and neutral-steering. The
constants and conditions used in the simulation are listed in Table 4.1

available below:

Table 4.1: Vehicle Parameters

Variable Name Steering Type
Over-steering | Under-steering Neutral-steering
m Sprung mass 1440kg 1440kg 1440kg
[ Wheel mass 80kg 80kg 80kg
Jy Sprung mass roll inertia 900kg m° 900kg m° 900kg m°
i Sprung mass pitch inertia 2000kg m° 2000kg m° 2000kg m°
J, Sprung mass yaw inertia 2000kg m° 2000kg m° 2000kg m°
ki Tire stiffness 200kN m' 200kN m' 200kN m '
Iy Maximum tire radius 0.285m 0.285m 0.285m
h Sprung mass c.g. height 0.75m 0.75m 0.75m
hy c.g. distance to roll center 0.6m 0.6m 0.6m
hp c.g. distance to pitch center 0.7m 0.7m 0.7m
Car Tire cornering stiffness 26k Nm '’ 26k Nm '’ 26k Nm '
Cii Tire longitudinal stiffness 100k N m " 100k N m 100k N m *
a c.g. distance to right axle 0.75m 0.75m 0.75m
b c.g. distance to left axle 0.75m 0.75m 0.75m
c c.g. distance to front axle 1.016m 1.524 m 1.25m
d c.g. distance to rear axle 1.524m 1.016 m 1.25 m
ki, ko Front suspension stiffness 35kN m ' 30k Nm ' 3.25k Nm '
ks, ky Rear suspension stiffness 30kN m ' 35k Nm 3.25k Nm '
b1, b2 Front susp. damping coefficient | 2.5kNs m 2k Ns m ! 2.25k Ns m '
b3, by Rear susp. damping coefficient | 2k Ns m " 2.5k Ns m! 2.25k Ns m "
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4.1. TIRE MODEL COMPARISON

Two types of tire models are compared in this thesis: the linear tire model
and pacejka tire model. The linear tire model simply outputs a product of
slip variable (sideslip angle or longitudinal slip ratio), tire stiffness coefficient
(cornering or longitudinal stiffness), and vertical force distribution ratio. On
the other hand, the pacejka model has its foundation on arbitrary equations
based on experimental data. The linear tire model is simple and useful, but
it comes with limitations. Figure 9 and Figure 10 illustrate the comparison
between the longitudinal and lateral tire forces generated by the linear tire
model and the pacejka tire model. Both models show upper (/,, = 8,000 N)

and lower (F,, = 2,000 N) boundaries.

Figure 9: Longitudinal force generated by the two Figure 10: Lateral force generated by the two
tire models. Bigger value of vertical force (Fzg) tire models. Bigger value of vertical force (Fzg)
creates steeper forces. Negative and positive creates steeper forces. Negative and positive
longitudinal slip ratios mean decelerating and sideslip angles mean slipping to left and right

accelerating respectively. side of the tire respectively.

When the magnitudes of steering angle and vehicle speed are reasonably low,
so that the small sideslip angle and longitudinal slip ratio may be assumed,

the linear tire model shows acceptable behavior, generating similar results as
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the pacejka model. However, as shown in Figure 9 and Figure 10, the
longitudinal and lateral tire forces, F, and F,,, of linear tire model increase
at a much faster rate in high sideslip and longitudinal slip regions. The
effect of this rapid rate of increase is demonstrated in the Figure 11 through
Figure 18. It is experimentally proven on the 14-DOF nonlinear full vehicle
model that the pacejka tire model is much more reliable than the linear tire
model. As shown in Figures (4.3) to (4.5), given small steering angle (0.3°)
and slow speed (20km/h), the type of tire models has negligible effect on the
longitudinal and lateral forces generated. However, given significantly
bigger angle (4°) and faster speed (80km/h) as in Figures (4.6) to (4.8), the
linear tire model does not generate reasonable force outputs while the
pacejka tire model still does. Because of its better reliability, only the

pacejka tire model is used for the simulations in the following sections.

Figure 11: Steering input for 14-DOF nonlinear Figure 12: Front left longitudinal tire forces
full vehicle model with neutral steering condition. generated by the two models. All four wheels
have similar profiles.
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Figure 13: Front left lateral tire forces generated Figure 14: Steering input for 14-DOF nonlinear
by the two models. All four wheels have similar  full vehicle model with neutral steering condition.

profiles.
Figure 15: Front left longitudinal tire forces Figure 16: Front left lateral tire forces generated
generated by the two models. by the two models.

4.2. THE EFFECTS OF ESC

Three different types of ESC are introduced in this thesis. The first is a
conventional ESC for vehicles with differentials. This model is the simplest
model which makes many assumptions such as constant longitudinal vehicle
velocity and constant rotational velocity of each wheel. A more complex
ESC is developed in order to take into account the changing vehicle velocity
and acceleration of each wheel, but the performance difference was

negligible, thus the conventional ESC is used for simplicity. More research
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is necessary in order to explore the full potential of the ESC’s capability to

utilize variable speed.

The two aforementioned ESCs both have a major disadvantage of inevitable
speed reduction. This is because the only available source of control forces
i1s the braking force. In attempt to solve this major drawback of the original
ESC, a new ESC is proposed with an assumption that each wheel is motor-
driven as in common electric vehicles available today. The new concept is
simply that the braking control torque calculated by the original ESC can be
split in half and provided to the opposite wheel as the accelerating control
torque. Doing so not only generates the same yawing momentum required
by the controller, but it also minimizes the speed reduction present in original

ESC.

To evaluate the performance of this ESC, an S-Turn maneuver is simulated
on the 14-DOF nonlinear full vehicle model with the initial speed of 50km/h
and the steering angle input given as in Figure 17. In order to maximize the
clarity of the ESC performance, an over—steering condition is applied to the

vehicle model.

As shown in Figure 18, the old ESC’s longitudinal vehicle velocity drops to
almost half of its initial velocity only 5 seconds into the simulation. This is
not just a simple undesired effect, but it can potentially be a significant issue
because the ESC assumes constant vehicle velocity in its control torque

calculations. The new ESC significantly minimizes velocity reduction
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compared to the old ESC. Figure 19 shows that both ESCs have outstanding
performance in following the reference yaw rate, and the advantage of the
new ESC is not so apparent. In Figure 20, however, it is apparent that the
new ESC follows the reference yaw angle more closely than the old ESC

does.

Figure 17: Steering input of the S—turn simulation Figure 18: Change of vehicle longitudinal velocity
at 50km/h over time for each simulation

Figure 19: Reference and measured yaw rate of Figure 20: Reference and measured yaw angle of
each simulation each simulation

Following the reference yaw rate closely comes with a cost. An ESC
designer often needs to compromise between the yaw rate and sideslip angle
of the wvehicle by assigning proper weighting factors that decide which to
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prioritize. If yaw rate is the priority, the vehicle will need a strong
instantaneous yawing momentum, which inevitably results in bigger sideslip
angle. On the other hand, if zero sideslip angle is the priority, the vehicle
should not make rapid turns, which results in slower response time for yaw
rates. In this thesis, bigger emphasis is put on following the reference yaw
rate instead of following the zero sideslip angle. Therefore, both ESC
shows satisfying results in terms of following the yaw rate, but the sideslip
reduction is limited. Figure 21 and Figure 22 show the front and rear tire
sideslip angles. It is shown that the new ESC is less effective in reducing
the sideslip angle compared to the old. This is because the old ESC can
reduce the sideslip angle and still follow the reference yaw rate at the cost
of the longitudinal velocity. The new ESC does not allow the longitudinal
velocity to reduce significantly. Although the new ESC shows bigger
sideslip angles than the old ESC, it follows the reference yaw rate without
decrease in the vehicle speed while keeping the sideslip angle the same level
or even smaller than the uncontrolled vehicle, which further proves the new

ESC’s effectiveness.
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Figure 21: Sideslip angle of the rear right wheel Figure 22: Sideslip angle of the front
right wheel

As previously stated, the new ESC is still in its developmental stage and
currently remains as only a concept. Figure 23 and Figure 24 show the
control torque output of the original and new ESCs. The new ESC splits the
control torque calculated in the original algorithm in half and provides it to
the other wheel as an acceleration torque. For example, at Time = 1 second
of the figures, the rear left control torque is calculated to be —1000Nm in the
original ESC, and the new ESC splits the torque in half and provide 500Nm

torque to the opposite wheel as an acceleration torque.
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Figure 23: Control torque of the rear left Figure 24: Control torque of the rear right
wheel wheel

Finally, the front tire deflections are featured in Figure 25because the effect
of the controllers on tire deflections is one of important topics in this thesis.
As shown in the figure, there is no apparent effect the controller exerts on

the tire deflections.

Figure 25: Tire deflections are not very much affected by ESC alone.

4.3. THE EFFECT OF AMC

The main purpose of attitude motion controller is to generate moment using
the vehicle’s attitude and gravity in order to cancel out the moment created
by centrifugal force and longitudinal force. This concept is very similar to
that of an ice skater tilting his or her body in the opposite direction of the
centrifugal force in order to create a moment using the body mass, the tilt
angle, and the gravity. One of the limitations of AMC, however, is that it

shows rather slow response time. For example, if the AMC is tested in the
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S—turn simulations as in the previous section, it will generate unsatisfactory
results. In order to evaluate its effectiveness, the AMC is simulated on a
14-DOF nonlinear full vehicle model with neutral steering condition at
80km/h. The steady curve steering angle of 2 degrees is given as input as

in Figure 26.

Figure 26: Steering input for 14-DOF nonlinear full
vehicle model with neutral steering condition.

Figure 27 and Figure 28 illustrate the desired roll and pitch angles. Unlike
the ice skater or a motor cycle, ground vehicles have much more limited
range of roll and pitch angles due to its body dimensions. For this
simulation, as shown in Figure 27, in order to generate enough moment to
entirely cancel out the rolling moment created by the centrifugal force, the
vehicle needs to be able to tilt to =50 degrees. This is highly unrealistic
because the vehicle has limited length of each suspension and radius of the
each tire. It has been found from trial and error that the stable roll angle
threshold for this specific 14-DOF nonlinear model is 25 degrees. If the

vehicle crosses this threshold, it will create in illogical results such as
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negative suspension or tire deflections and cause the simulation to crash.
The same idea applies to the pitch angle of the vehicle, setting its threshold
to be 10 degrees. However, like how it is much more likely to have a
vehicle to roll over than pitch over, it is rare for the desired pitch angle to

exceed the given threshold.

Figure 27: In order to generate enough moment Figure 28: The reference pitch angle has the
to cancel all moment created by the centrifugal threshold of 10 degrees.
force, the vehicle needs to tilt to =50 degrees

Also shown in the figures are actual roll and pitch angles of the passive
vehicle model and the vehicle model with AMC applied. Notice that the
magnitudes of the actual roll and pitch angles fall short of the required roll
and pitch angles. This is because the controller has to consider not only the
desired roll and pitch angles but also other factors such as tire and
suspension deflections and limit of control forces. The order of priority is
determined by the weighting factors in the performance index of Equation

(72). The weighting factors are arbitrarily decided by the designer.
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Figure 29: Total roll moment of controlled and Figure 30: Total pitch moment of controlled and
uncontrolled vehicle models uncontrolled vehicle models

Figure 31: Left and right front tire deflections of Figure 32: left and right front vertical tire forces
controlled and uncontrolled vehicle models of controlled and uncontrolled vehicle models

Figure 29 through Figure 36 all illustrate the effects caused by the AMC
applied. Figure 29 and Figure 30 show the total roll and pitch moments
created by the passive vehicle and the AMC-applied vehicle. As stated
previously, the total moments cannot be completely cancelled out because of
the upper boundary of the roll and pitch angles due to the vehicle model's
dimensional limits. The vertical tire forces heavily depend on the tire
deflection of the vehicle. As shown in Figure 31, the difference between left
and right tire deflections of the passive model is significantly big. This

means that, at peak point where Time = 3 seconds, the right tire will receive
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over 7,000 N of vertical force while the left tire will receive barely 1,500 N,
according to Figure 32. On the other hand, the difference between the left
and right vertical tire forces of the AMC-applied vehicle at the same time
frame is only 2,100 N, a significant drop compared to the passive model’s
5,700 N. As was illustrated in Figure 9 and Figure 10, regardless of the tire
model, the magnitude of the vertical tire force is very influential to the
longitudinal and lateral tire force outputs. This leads to a hypothesis that
states, although the attitude motion controller only controls vertical motions
of the vehicle, it does have indirect influence over the longitudinal and lateral

motions of the vehicle.

The hypothesis can be strengthened by analyzing other states of the vehicle
model relating to the vehicle’s longitudinal and lateral motions. First, Figure
33 shows a slight reduction in the vehicle’s longitudinal deceleration caused
by F.; and F,, during cornering. Figure 34 shows a more significant
reduction is lateral velocity of the vehicle. As shown in Equation (52), the
sideslip angle of the vehicle has direct relationship with the lateral and
longitudinal velocity. An increase in longitudinal velocity and decrease in
lateral velocity means a definite decrease in sideslip angle of the vehicle.
Furthermore, Figure 35 shows that the lateral forces of the left and right
front tire are much more balanced in AMC model in comparison to that of
passive model. The difference between the left and right tire forces of AMC
vehicle is less than 1,000 N, while that of passive vehicle is 3,200 N. These

figures directly prove the cause and effect relationship between vertical tire
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forces and lateral tire forces. More balanced tire forces means better road
holding capability. This is again demonstrated by Figure 36, which shows
much reduced sideslip angle of the tire. Each of the four tires of the

simulation shows very similar behavior.

Figure 33: Effects of AMC on longitudinal Figure 34: Effects on lateral velocity
velocity

Figure 35: Left and right front lateral tire forces Figure 36: Front left tire sideslip. Each tire has
a similar profile.

4.4. THE EFFECTS OF INTEGRATIONS OF ESC AND AMC

In the previous sections, the independent effectiveness of the electronic
stability controller and attitude motion controller is demonstrated. ESC is
designed in a 7-DOF model that only takes into account parallel-to—-the-

ground motions. ESC does not produce any beneficial effect on vehicle's
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vertical motion (i.e. rapid yaw rate only creates bigger roll angles), but it
heavily depends on the tire forces because the only way for the ESC to
control the vehicle is through the tire—ground frictions forces of rear two
wheels. On the other hand, AMC is designed in a 7-DOF model that only
takes into account vertical motions. Although AMC has direct effects on
only the vertical forces using active suspensions, AMC may indirectly assist
ESC by evenly distributing vertical tire forces, which are directly related to
longitudinal and lateral tire force calculations. By evenly distributing the
vertical tire forces, the vehicle’s road holding capability increases along with

more stability.

The effects of the integration of ESC and AMC are demonstrated by
conducting simulations on a 14-DOF nonlinear full vehicle model with over—
steering condition at 80km/h. The steering input is given as shown in Figure
37. The integrated controller, as shown in Figure 38, still produces
satisfying results in evenly distributing tire forces, reducing the average
difference between the left and right tire deflections to 0.05m compared to
ESC model’s 0.15m and passive model’s 0.25m. The 0.1m reduction of tire
deflection difference in the ESC model compared to the passive model is a
result of speed reduction, which is not necessarily considered as
improvement. Because the tire deflections have direct relationship with the
vertical forces of the tires, the vertical tire forces of the integrated
controller is much more evenly distributed compared to the other two models

as shown in Figure 39. The evenly distributed forces are then used to
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generate lateral forces which are illustrated in Figure 40. In the passive
model, the peak difference between the left and right lateral tire forces is
around 1,700 N in passive model, 600N in ESC only model, and a mere 200 N
in the integrated model. This well-distributed tire forces results in better

road holding capability which then improves ESC’s performance.

Figure 37: Steering input for 14-DOF nonlinear Figure 38: Front left and right tire deflections
full vehicle model with over—steering condition.

Figure 39: Front left and right vertical tire Figure 40: Rear left and right lateral tire
forces. forces.
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Figure 41: Reference and measured yaw Figure 42: Vehicle sideslip angle comparison
rate of each simulation for each simulation.

The ESC i1s already optimized in following the yaw rate, thus there is
not much apparent improvement shown in Figure 41. However, the
effect of enhanced road holding capability is more clearly shown in
Figure 42, where the sideslip angle of the vehicle is significantly
reduced for the model equipped with the integrated controller
compared to the others. The root mean square value of the sideslip
of each simulation is calculated in order to help with more clear

understanding of the sideslip reduction.

1

N
ﬁRMS,AMC+ESC = \/N Z |ﬂAMC+ESC n
n=1

13 2
ﬂRMs,Esc: WZ|ﬂESC,n =0.2441 (90)
n=1
13 2
ﬂRMS,passive: N2|ﬂpassive,n =1.3701
n=1

where Nis the number of sample size of each simulation.

* 20,0995
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4.5. STABILITY TESTS

In order to further prove the advantage of the integrated controller, stability
test for each model is conducted as demonstrated in the face portraits of
Figure 43 through Figure 46. The stability tests help defining the simulation
models’ region of stability. Each point (x or o) is the initial point of an
independent simulation with the initial conditions set with the longitudinal
velocity at 50km/h and the corresponding yaw rate and lateral velocity. All
other disturbances inputs such as steering wheel angle or external torque are
set to zero. The goal of the simulation is to observe if the model can reach
the equilibrium point (yaw rate = O; lateral velocity = 0) within the time limit
with given initial conditions. Several conditions are defined to identify
unstable trials. If the magnitudes of vehicle velocity, yaw rate, roll angle,
and pitch angle exceed predefined thresholds at any point of each trial, or if
the vehicle model has not reached the equilibrium point at the end of each
trial, the trial is deemed a failure and marked with x before the next trial
begins. For example, in Figure 43, if the passive vehicle model begins trial
with initial longitudinal velocity of 50km/h, yaw rate of 40 deg/s, and lateral
velocity of —-4m/s, the trial does not reach the equilibrium point and is
marked with x, whereas the trial with initial yaw rate of 60deg/s and zero
lateral velocity does reach the equilibrium point and is marked with o. Note,
however, that a// simulations can reach the equilibrium point given enough
time because the tire friction forces continuously reduce the vehicle speed

over time. The stability tests only check if the system is able to reach the
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equilibrium point within a specific time limit. Thus comparing the stability

test plots shows the relative stability, not absolute stability.

It is important to note the difference in the area of region of stability (marked
with o) in each model’s simulation. The ESC in Figure 44 slightly improves
the vehicle model’s tolerance to both the lateral velocity and the yaw rate,
whereas the AMC in Figure 45, slightly improves the yaw rate tolerance,

seem to worsen the lateral velocity tolerance compared to the passive model.

Also notable is the twitchy, rough lines present in the AMC and ESC+ AMC
model simulations. This is due to abrupt change in control forces directly
influences the lateral tire forces. Although the crash threshold for the roll
angle is set to 25 degrees, the controller is free to utilize all the available
control force in attempt to make the vehicle stable, thus abrupt changes in

tire forces are inevitable.

Finally, Figure 46 shows the face portrait of the stability test results of the
integrated controller with satisfying outcome. The integration of ESC and
AMC dramatically increased the region of stability compared to any other
figures. Although the rough lines may seem to imply that the vehicle is
unstable, as long as the initial point of the line is marked with o, the vehicle
stayed within all of the thresholds of yaw rate, velocity, roll angle, and pitch

angle, and reached the equilibrium point within the time limit.
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Figure 43: Face portrait of stability test for the passive model.

Figure 44: Face portrait of stability test for the ESC only model.
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Figure 45: Face portrait of stability test for the AMC only model.

Figure 46: Face portrait of stability test for the integrated controller model.
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5. CONCLUSION

In this paper, the main objective was to present an integration of ESC and
AMC, and to analyze its synergistic effects on vehicle safety, lateral stability,
handling capability, and ride comfort using a full vehicle nonlinear model.
The AMC was designed using 7-DOF vertical model to improve the vehicle
handling capability and lateral ride comfort by tilting against the direction of
the rolling and pitching moment caused by centrifugal and longitudinal forces
which in turn evenly distributes the vertical tire forces. This technique
mitigates the lateral and longitudinal accelerations exerted on the passenger
during cornering and braking maneuvers. As presented in the simulations,
the AMC successfully evened out tire deflections and reduced acceleration
on passenger during cornering, but was unable to provide vehicle safety and
lateral stability due to large sideslip angle and yaw-rate due to limited roll
and pitch angles of the vehicle model. This issue was resolved by utilizing
the capabilities of ESC. Three variations of ESC were introduced in this
paper, a conventional ESC with constant speed assumption, another
conventional ESC with variable speed assumption, and an ESC for four-wheel
motor drive vehicles that mitigates conventional ESC’s speed reduction
problem. ESC was designed using the 7-DOF horizontal model which
considers lateral, longitudinal, and yaw dynamics, to control vehicle sideslip
angle as well as the yaw rate and to improve vehicle lateral stability by using
active rear—wheel braking system. The controllers developed were then
applied to 14-DOF nonlinear full vehicle model, and the results were
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analyzed. It was observed that the integrated controller reduced not only
the vehicle sideslip angle but also the yaw rate error. This has been
achieved by the balanced vertical force distribution on each tire. The
integration of ESC and AMC controllers was proven beneficial for the global

safety of the full vehicle.
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Appendix A

Equations for the 25 states of 14-DOF nonlinear full vehicle model:

mi =" (Fg)+mgsind—m(o,w-ao,\y) (A1)

mv =" (F)-mgsin$cosd—m(m,u-m,w) (A2)

M =" (F, + Fyy ) — Mg cos ¢ cos & —m(w,v — w,u) (A3)
0=w,c0s¢-w,sing (A4)
$=0,+o,singtand + o, tan Hcos ¢ (A5)

V= sin¢+a) cos ¢ (AG)

Ycos@ ‘cos@

4

‘Jyd)y:ZMyi_(Fzsl+FZSZ)C+(F253+FZS4)d (A7)
i=1
4
‘]xd)x=2Mxi_(Fzsl+Fzs4)a+(Fzsz+Fzsa)b (A8)
i1
‘sz)z =(Fxsl + Fxs4)a_(Fx32 + Fxs3)b
(A9)
+(Fpy+ Frep ) 6= (Fa + Fea ) d
Jo, ==-Fuh+7, (A10)
Jyw, ==F,1 +7, (A11)
Jy0; = —F 0+ 7, (A12)
Jo,=-F,n+7, (A13)
X = —W + W, (A14)
XSZ = _WSZ +Wu2 (A15)
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X3 =W + W,
Xgy =—W,, +W,,
Xy =Wy, —(cos & (w,, cos @ +Vv,, sing) —U,, sin 0)
X, =Wy, —(cos 8- (w,, Cos@+V,,sing) —u,, sin )
Xig = Wy; —(COS O - (W,5COS @ +V, 5 SiNg) —U, 5 Sin O)

X4 = W,, —(cos 8- (w,, cosg+v,,sing)—u,,sin )

m,,W,, =cos¢-(cose-(F,, —
-sing-F,, —F,, —F

zs1

m,,9)+sing- Fxgl)

- mul(vul "0, — Uy 'Cl)y)

X

m,,W,, =cos¢-(cosé-(F
-sing-F ,-F,,-F

252

g2 muzg) +sing- Fxgz)

- muz(Vuz ",

i ~ Uz 'a)y)

m,sW,, =Cos¢-(cos & (F, ;-
-sing-F ,-F,,—F

253

m,;9) +siné- Fxg3)

- mu3(vu3 1@, —Uyz- a)y)

m, ,W,, =cos¢-(cosé - (F

ZQA—mu4g)+sin9~Fxg4)
-sing-F ,-F,,—F

S

4 mu4(vu4 (@0, — Uy, '(Uy)
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Appendix B

Derivation of Variable Velocity ESC Equation:

a(F +FX94)—b(F +Fxg3)+c(F +Fyg2)—d(F +Fyga)

xg1 xg2 ygl g3
J

z

Py, + PSB= Poa

a aw b aw s
:( Py _mV j(FXgl—O—FXM) ( fv _rf_v"zj(Fxgz+Fxg3)

CPhyaw _ PSU 4Py PU
+( Jy +mV J(Fygl_'_':ygz) [ Jy mV (Fyg3+Fyg4)_p5a)Z

z

a
:( Oy _ pSV j(Fxtlcosﬁ+Fxt4cos5 FuSing, —F,,sing,)

J,
—b
N pyaw_ J F,.,cosd, — Fytzslné' +F,;C080, — F SII’]5)
Cc
4 Pyaw J(FX sing, + F,;, cos s, + F,,sin s, + F, 0055)
—dpaw Psu i
HE : v ](Fxtss'n5 +F3 0086, +Fxt4S|n54+Fyt4C0354)_p5a)z

a C
= Fxtl{cos 51[ ?yaw - p\S/VZ J+sin 51[ 'jyaw ,0\5/ j}
z m z m

-b c
COS S, OPyaw PV +sin g, pyaw o
J mV 2 J mV

z

—b —d
+F34€0S 3, Py PV +sin &, " Py | P
J, mvV 2 J,

z

S

V2
Cos S, BPyaw _ PN +sin g, —d/)yaw
J, mV 2 V2

JZ

—a
+F cos§ pyaw P ]+sm5[ pyﬂw
mV

m
pu
m
PV
J, mV
PV
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PV
m

b
+F,, cosé( Pyan | _PsY ]+sm§( Pyaw_
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b
+F,; cos§ py""w 5 +sin g, pyaw IS
mV V?

JZ
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4
2:1: F KFVU + z FythFy'u

= pyawd)zd - KESC (pyaw (Ct)z T @Oy )+p5ﬂ)

where,
Kpa = Praw (acoso, +csm5)—%(vcos5l—usin 6,)
J; m(u®+v?)
—bp A o [cp X
Kpyo = COS S, = : +sin g, = :
P 2( J, m(u®+v?) L3, m(ur+v?)
pe _ _bpyaw . PV
Fxt3 —
J, m(u2+v2)
apyaw _ IDSV

KF 4 —
X J, m(u2+v2)

cp pu ; —ap A%
Key =COSO| —2% + s +sin g, oy s
P { J, m(u2+v2)] 1[ J, m(u2+v2)

praw pu - bpyaw pV
KFM:cosé{ 3 +m(uzs+V2)J+smé‘2( 3 +m(u25+\/2)
Kpyg = ~4Pp + U
e J, m(u®+v?)

K :—d,oyaw+ P
e J, m(u®+v?)

Derivation of Constant Velocity ESC Equation:
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a(Fxgl+Fxg4)_b(Fxgz+Fxgs)+C(Fyg1+Fng)_d(Fy93+Fyg4>+p 2Fy o
JZ S mTu z

a aw _b aw
- ’J’V (FytFue)+ pr (Fyo+Fus)

xg1 xg2
7 z
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,  Mmu : MU
a

- Fo (Fxtl C0sJ, +Fy, C0S 3, — Fytl sind, - FY“‘ sin 54)
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+ Pyau (Fx12 0S 9, — FytZ sin 0, +F3 €085, — Fyt3 sin 53)

z

Cp aw ps H i
J{ Jy +M](Fmsm51+Fytlcosél+Fxt25|n§2+Fy[200552)
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67



KFxtS =
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Keptz =
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+Fxt3 Jya + xt4 J
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Appendix C
Nonzero element of Ay;7;» matrix is defined as follows.
a,;, =—(b, +b, +b, +b,)/m
=(b,-c+b,-c—b,-d-b,-d)/m
=(b,-a=b,-b—b,-b+b,-a)/m
=k /m,a,=k/mag,=k/m.a,=k/m
w=0b/ma., .=b/ma.,=b/ma,=b/m
a,,=1a,=1
a,,=(c-(b+b,)-d-(b,+b,))/J,
=(-c-(b,-c+b,-c)-d-(b,-d +b,-d))/J,
=(-C-(b-a-b,-b)+d-(b,-a-b,-b))/J,
ae=-Ck/J, a,=-Ck I/l a,=dk/J a,=dKk/J
&, =-b-cld,  a,,,=-b-c/d a,,=b-d/J a,,=b-d/J,
a;, =(a-(b+b,)—b-(b,+b,))/J,
=(-a-(b,-c—b,-d)+b-(b,-c—b,-d))/J,
a.=(-a-(b-a+b,-a)—b-(b,-b+h,-b))/J,
a;o=—a-k/J  a,=b-k,/J a,=bk/J a,=-ak,/J
a;,, =—0-ald  a;;=b,-b/J a,,=h-b/J &, =-b-all

a6,1:_1’516,4:C’as,sza’a(r‘),u Q= -1 Ay = C7‘3‘7,5:_b7a7,15:1

g, =—1lag,=—0,8,=-ba,=1a,=-1a,=-0da;=2a3,;=1
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g =1, 8335 =1, 856 =1, 855, =1
a,,=b/m,a,,=-b-c/m, a,,=-b-a/m,
Ay =—K Imy, a,,,=—K,/my a,,=-0b/m,
&g, =h,/m, a;,=-b,-c/my,,a;,=hb,-b/m,
A, =K, Imy,, a5, =—K,/m, a5, =-b,/m,
A, =b,/m,a,,=b,-d/mg a,,=b-b/mg,
Qg =Ky /My, 85, =K /My, a5, =-D0,/m,

&7, :b4/mu4ra17,4 =b,-d /mu4’a17,5 =-b,-a/my,

Q79 = _k4 / My, Q4743 = _kt4 /mu4 Q717 = _b4 / m,,

Nonzero element of By, matrix is defined as follows.

b, =1/mi=1~4
b,, =-¢c/J,.,b,,=-c¢/J, b,,=d/J b,,=d/],
b5,1:_a/JX’b5,2 :b/JX’b5,3 :b/JX’b5,4 :_a/JX

b14,1 :_1/mul’b15,2 :_1/mu2’b16,3 :_1/mu3’b17,4 =-1/ m,,

Nonzero element of Dy matrix is defined as follows.
d4,e =1/ Jy,dS’5 =1/J,

d10,1 =1, d11,2 :1yd12,3 =1,d13‘4 =1

Element of Q(;7;» matrix is defined as follows.

0 =p,aa; +0,8,;,8,;+ 058585 ;
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Specially,

Oo2 = P18 581 5 T 0,84 584 5, T 385,85, + Og

Os3 = P18 38 3+ 0,8, 38, 3 + 0385385 3+ Oy

Oos = P11 66 + 028686 + 02856856 + 04

Q77 = P18y 7817 + 0,8, 784 7 + 03857857 + Os

Oss = P& g + 028,88, 8 T P3858855 + Op

Qoo = P18 g T Pr8y 98y 9 T P3859859 + 07

G010 = P1@10810 + P284108410 T P3285108510 T Pro
Giir = P88 + Po841184 11 + P38511850, + P
G210 = P11 15 + 2841084 15 T P3851,851, + P

Ois1s = Pr@4138 15 T 0813813 0385138515 T Oi5

where, ais an element of A matrix, =1~17, ~1~17

N1,/7.» matrix is defined as follows.
n,. = plai,ibl,j +p2a4,ib4,j +psas,ib5,j

where, a and b are elements of A and B matrixes, ~=1~17, ~=1~4

N2/:7w matrix is defined as follows.
n, = plai,idl,j +p2a4,id4,j +p33-5,id5,j

where, a and d are elements of A and D matrixes, ~=1~17, ~=1~6
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Ry matrix is defined as follows.

it P N2 N3 M4
1 2t Pis I3 l4
31 I3 I35 % P I34
M4 l4.2 N3 Na4t 7 |

where, I, =pbb;+pb,;b,; +pbs b, bis an element of B

M1 4.0 matrix is defined as follows.
m, = pldl,ibl,j +p2d4,ib4,j +,03d5,ib5,j

where, b and d are elements of B and D matrixes, =1~6, =1~4
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