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ABSTRACT-In order to reduce the negative effects of dynamic coupling among vehicle subsystems and improve the
handling performance of vehicle under severe driving conditions, a vehicle chassis control integration approach based on
a main-loop and servo-loop structure is proposed. In the main-loop, in order to achieve satisfactory longitudinal, lateral
and yaw response, a sliding mode controller is used to calculate the desired longitudinal, lateral forces and yaw moment
of the vehicle; and in the servo-loop, a nonlinear optimizing method is adopted to compute the optimal control inputs, i.e.
wheel control torques and active steering angles, and thus distributes the forces and moment to four tire/road contact
patches. Simulation results indicate that significant improvement in vehicle handling and stability can be expected from

the proposed chassis control integration.

KEY WORDS : Vehicle dynamics, Chassis control integration, Longitudinal slip ratio control, Four wheel steering,

Direct yaw moment control, Tire nonlinearities

NOMENCLATURE

a . distance from front axle to vehicle CG
a.q . desired longitudinal acceleration by driver
b . distance from rear axle to vehicle CG

c,Cy Cs: tire modeling parameters
d; d, : front and rear wheel track widths

F, : tire longitudinal force in traveling direction

F, : tire forces along vehicle longitudinal axis

F¢  : tire lateral force perpendicular to traveling direction

F. : tire forces perpendicular to vehicle
longitudinal axis

F, : vehicle motion forces and yaw moment vector

Fy; @ tire longitudinal force in the wheel plane

F, F,: vehicle longitudinal and lateral forces
g . constant of gravity acceleration

L, . vehicle moment of inertia of yaw

K : nominal understeer characteristic

L : vehicle wheelbase

M. : vehicle yaw moment

m, . mass of entire vehicle

ro - wheel efficient rotational radius

Sres - Tesultant tire slip ratio

s, 8s . tire longitudinal and lateral slip ratios
u, v, r. vehicle longitudinal ,lateral and yaw velocities

*Corresponding author. e-mail: duffayli@gmail.com

Ve Vp . wheel rotational velocity and wheelvelocity

o, . : front and rear tire slip angles

I, - tire adhesion coetficient |

1, i longitudinal and lateral components of
adhesion coefficient

£, r : front/ rear

i=1-4: front left, front right, rear left and rear right

Abbreviation

4WS : four wheel steering

ABS : anti-lock braking system
DOF : degree of freedom

DYC : direct yaw moment control
LSC : longitudinal slip ratio control
TCS : traction control system

1. INTRODUCTION

Over the past twenty years, various mechatronic systems
for vehicle chassis control, ¢.g. ABS/TCS, 4WS and
active suspension, have been developed and brought into
the market, resulting in significant improvement in
vehicle handling and ride comfort. However, due to the
essential dynamic coupling among vehicle subsystems,
separately-developed control strategies could not overcome
the increasing complexity and unfavorable interactions of
subsystems, which in return demands more and more
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sophisticated consideration of both software and hardware
aspects (Fruechte er al., 1989). Therefore, individual
functions of the subsystems, e.g. steering, braking, and
traction, must be dependently and cooperatively controlled to
achieve the best overall performance of vehicle, which is
the so-called integrated vehicle chassis control.

Among those pioneer works, an integrated control
system of active suspension, front wheel steering and
ABS/TCS was designed for real vehicle models (Yokoya
et al., 1990; Kawakami et al., 1992), and its advantages
were evidently presented. Based on LQR optimal control
theory, the coordination between suspension and steering
was investigated (Harada and Harada, 1999). Morecover,
different cooperative control approaches for suspension
and braking system were proposed and evaluated
(Smakman, 2000; Nouillant ef al., 2002; Valasek et al.,
2004).

But more frequently, the integration of longitudinal
and lateral dynamics, e.g. direct yaw moment control
(DYC) and active steering, has been investigated extensively
based on different control strategies (Horiuchi ef al,
1999; Manning et al., 2000; Shino ef al., 2002; Cherouat
et al., 2004; Mokhiamar and Abe, 2004; Kim et al.,
2006). This 1s because active steering and DYC are
basically two preferable chassis control systems to
improve vehicle handling and stability. Furthermore,
since its primary principle 1s to achieve a stabilizing yaw
moment from differential longitudinal forces between left
and right tires, DYC could not utilize tire lateral forces
directly and thus it is less effective in lateral motion
control. On the other hand, active steering has a
significant effect on lateral control by adjusting tire slip
angles and thus providing demanded lateral forces. But
due to tire nonlinearities, its effectiveness is considerably
reduced when tire/road contact is near saturation region
(Furukawa and Abe, 1997). With this in mind, the
integration of active steering and DYC can certainly
provide a promising improvement in both lateral and yaw
motion control.

However, most literatures on integrated vehicle control
are focused only on the main loop design, i.e. the desired
stabilizing lateral force and yaw moment are supposed
always available under any situations. Less consideration
was taken in actual tire force generation and distribution
mechanisms. But due to tire nonlinearities and underlying
vehicle dynamic coupling, this kind of main-loop design
1s sometimes too optimistic and can not provide sufficient
accuracy and effect of stability control. Therefore, it is
necessary to further consider tire nonlinearities and also
how the stabilizing forces and moment can be optimally
distributed to each tire. Hattor1 ef al. (2002) proposed a
nonlinear force distribution method, and the optimum
distribution is achieved only through longitudinal slip
ratio regulation. Emphasizing on tire workload, Mokhiamar

and Abe (2004) proposed an optimal distribution method
based on a weighted cost function which only includes
tire workload. Shen et al. (2006) also proposed a chassis
control integration based on g-synthesis approach in the
main-loop, and it also considered the actual forces and
moment distribution.

Based on the foregoing studies, this research investigates
a main/servo-loop based control integration between
longitudinal shp ratio control (LSC) and active steering
control, taking into account both actual tire force genera-
tion and optimum force distribution. More specifically, in
order to ultimately divide the entire vehicle stability
control problem into the control task and actual control
actuation, the four nonlinear tires in the servo-loop are
treated as special actuators to generate the desired
stabilizing forces and moment for the whole vehicle, 1.e.
the plant in the main-loop, just as a general controller-
actuator-plant control problem. As a result, the force optimal
distribution can be solved as a force tracking problem
through sequential quadratic programming approach,
based on a weighted cost function including both force
tracking error and control input limit consideration.

This paper is organized as follows: Section 2 addresses
a nonlinear tire model and vehicle dynamics; Section 3
states the proposed chassis control integration 1n details,
including the main-loop and servo-loop design; Section 4
presents the numerical simulations and the proposed
integration design is also compared with the individually
equipped LSC and 4WS cases; finally, Section 5 gives
the conclusions of the research.

2. VEHICLE MODELING

2.1. Nonlinear Tire Model

A simple Burckhardt approach (Kiencke and Nielsen,
2000) is used to describe the tire combined slip
characteristics. The modeling details are summarized in
Equations (1)—(5) as follows.
)—C3* Shes (1)

€2 SRes

ﬂRes(SRes) = Cy (1 —€

e = W57 S5 - (2)

)
o = J(vrcosa—v,)/v,, VRCOSAL <Y, )
: | (vrcosoL—v,)/(Vecosa.), VRCOSOL >V,

_ J(I+s)tana, vgcosa<v, 4)
tana, VRCOSOL>V,,

Ss

The resultant tire longitudinal and lateral forces I; and F
are defined in the direction of wheel traveling velocity v,
and the direction perpendicular to it, as can be seen in
Figure 1. The force calculation can be carried out as

{FLZHLFZ:SL'FZ'ﬂRes/SRes (5)
FS = ;uSFZ = SS'FZ°/uRes/SRe.s- ’
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in which the equivalent wheel rotational velocity v, 1s
estimated as the product of wheel angular velocity & and
effective wheel radius r..

In above equations, tire slip angle « can be computed
as o, = 0,—~6, and a, = 0,—c,, where angles o;and o;
of front/rear axles can be estimated as ¢,= atan[(v+ar)/u)]
and o,= atan[(v-br)/u)], respectively.

By using the above equations, the tire longitudinal
force F'; and lateral force F changing with varying slip
ratios and slip angles are plotted in Figure 2.

2.2. Total Forces and Moments on Vehicle Body
The forces of each tire should be further transformed into
the vehicle coordinate system x,-y, for vehicle motion
force calculation, as indicated in Figure 3.

Referring to Figure 1, the contribution that the front

left tirc makes to the total forces and moment can be
calculated as

(F., =F,,- cos(Gs)—Fs - sin(oy)
Fy = Fp-sin(cp)+Fg - COS(GJ')
M., = Fii-(asinc,—dcosc,/2)
. +Fg - (acoso+dsing,/2)

—

(6)

Therefore, the total forces F, developed from four tires
can be summarized as follows

F,=[F, F, M.]'=M;: F, (7)

where the tire forces are F, = [F,, Fs.4)', and the
directional matrix M is

—al a, a, d, “b] —bl —b2 —'b;
MF = b] b] bz bg a, a, d, a; (8)
LL L s s

The elements of M, can be expressed as:

Figure 1. Forces of front left tire.

Lateral Force Fg [kN]

e {..)Wv o e+ e
Longitudinal Force F, [kN]

Figure 2. Characteristics of tire force with combined slip.
(dry asphalt, F,=4 kN, s; = -1, a = 2°-10°)

a, = cosOGy, a, = c08C,, b, =sinc, b, = sinc,,
l, =-ad’2+b,-a,l,=—a,d/2+b,-aq,

[, =-a,d’2-b,-b,l,=—a,d.”2—b,- b,
bd/’2+a,-a,le=—bd/2+a-a,
l,=b,d2—a,-b,ls=-b,d.”2—a,-b.

o
Il

3. INTEGRATED VEHICLE CHASSIS
CONTROLLER DESIGN

As mentioned before, the control integration is imple-
mented into the main and servo loop as diagrammatized
in Figure 4. In this section, the reference vehicle model is
given first, and then the details of main-loop and servo-
loop controller design are presented.

3.1. Reference Model
As is well known, for vehicle stability control, vehicle
sideslip angle should be suppressed as small as possible,

Eﬁfi '

?‘1}}@

Figure 3. Vehicle model.
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Figure 4. Scheme of the control integration based on
main-loop and servo-loop structure.

so the desired lateral velocity is

V; = 0 (9)

The desired yaw rate r, can be derived from the designed
understeer characteristics, i.e.

po=—1 U5 (10)

where K 1s the desired understeer gradient, and u is the
longitudinal velocity.

To avoid large lateral acceleration that exceeds tire
cornering capability (Kiencke and Nielsen, 2000), the
yaw rate is constrained as

.g/u. - (11)

Additionally, as for acceleration or deceleration
maneuver, the commanded longitudinal acceleration can
be detected from foot pedal position. Therefore,
neglecting the delay effect of driver response, the desired
vehicle longitudinal velocity can be written as follows

us = o+ [la, o(T)dr. (12)

|rd <[res

3.2. Main-loop Control Design

According to the feedforward and feedback information,
particularly, the tracking errors between the desired and
actual values of longitudinal, lateral and yaw velocities,
the main-loop controller computes the desired total forces
and moment, i.e. F, F,, and M, which are to be
optimally distributed in the servo-loop to four tire/road
contact patches.

Since the tire is treated as a special actuator as shown
in Figure 4, the tire nonlinearities are then moved to the
servo-loop. Therefore, the control task can be made
easier, and a simplified model with 3 DOFs, i.e.
longitudinal, lateral and yaw motions of vehicle body,
can be adopted for the main-loop control design purpose,
as shown in Equation (13).

u=vr+U,/m,
v=—ur+U, m,. (13)
g};: U3/Izz

where the control inputs are
U=[U U, U]"=[Fu Fu M.4]".

For robustness consideration, a sliding mode controller 1s
employed. The nonlinear control problem in the main-
loop can be rewritten as

X, = f(X, )+ g/(X,0)- U, | | (14)

where the system states are X = [u v r]"..

Due to measurement noise and other model uncertamties,
the dynamic parts f;(X;f) and g, (X7) might deviate from
their nominal values, but the dev1at10ns can be bounded
as |Af] = |f— f|<F, and 0< S’ <g'g: <, where

f and g, are the nominal Values of f,and g, F;>0

and ﬁ (g:max gzmm)l/z- .
In order to suppress the tracking error e, = X,—X,,,

and to reduce the steady state error, a composlte sliding
surface, namely proportional-integral sliding surface, is
used (Slotine and Li, 1991),

S; = e;+7\,;ég, (15)
where A, >0, and &, = Jgej(r)dr.

The derivative of sliding function in Equation (15), is
Sf = éf"'}\«fef =ff+gf- Uf—/\}fd+7\f€f (16)

Defining u, = — ﬁ+ )'(id—lje‘i , the control law that
satisfies the sliding condition can be obtained as

U =g, [i—kSi—knsan(S)]. (17)
with k£;,>0,n;>0, and
k2f2/8f(Ff+ ni (18)

In fact, by substituting Eqatlon (17) into Equation (16),
there exists

. —~—ln -1 y
Si=(fi-g g NT(1-gg )Xt hie) (19)
~-1 '
+g g [—kuSi—kausgn(S))] .
Consequently,

. -1 ~~=1 n
Si-8i<[-g g: kut (g g: — D+ MIIS|-kS;
r—~—1 -1 n
< [—gf g sz+(gf g — 1)u;+F;]|S;l (20)
If %, satisfies Equation(18), then

g (Fi+n)+(g' g~ i

Therefore, we have

by 2> g?]

~—1 ~~-1 N
—g. g kut(gg: —Du+F.<—n,

and ultimately,

S S’I-S—ry,‘|Sf| <0, which indicates the designed control
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law 1n Equation (17) can guarantee the reachability of the
sliding surface defined in Equation (15).

In order to further eliminate high frequency chattering,
a continuous approximation of sgn(S) is used as

Sz' 3 i 2
sat(S,/d,) = {Sﬁﬁﬁb_)l ;Si L 2, 1)

where @, >0 is the boundary layer thickness.

Therefore, by following the above procedures of
sliding mode controller design, the total forces and yaw
moment used for vehicle motion control can be obtained
as indicated in Equation (22).

mv(l}d—vr—klel —k“Sl —k21sat(S1 /(1)1))
mv(ur_?Lzez—klez—kzzsat(Sz /(Dz))
L(~ses—knSs—kpsat(S,/@y)) | (22

Fua':

3.3. Servo-loop Control Design

In the servo-loop, the stabilizing forces and moment
calculated from the main-loop, as shown in Equation
(22), should be further distributed optimally among four
tires, and furthermore, the control mputs such as

longitudinal slip ratios and slip angles must be converted
to actuator action.

3.3.1. Forces and moment optimal distribution mechanism
The exact conversion mechanism in this research is
achieved using a sequential quadratic programming
approach (Hattor1 ef al., 2002), in order to establish a
dynamic trade-off between vehicle force tracking errors
and control inputs within tire capability limitation.

The cost function is established firstly as follows:

J=EWE+Au.WyAu.+u'W,u. (23)

In the above equation, the tracking errors E are defined as
the difference between desired and actual vehicle forces, i.e.

E=[F, F,, M) —[F, F, M.]" (24)

u.1s defined as the resultant tire longitudinal slip ratios
and slip angles at each time step:

u(k+1) = u,(k)+Au, - (25)

Au,1s defined as tire variables increments that need to be
regulated,

Au. = [As;, Asi Asi Asy Aay A, (26)

where the differences between the left and right tire slip
angles are neglected.

The diagonal weighting matrices in Equation (23), i.e.
W, W, and W, can be written as

W = diag(wg, Wg, wWg.)
W,, = diag(wm Wauz Waus Waus Ways WAu6) (27)
W, = diag(w, W Wi W Wi W)

where the elements in diag() are the diagonal elements of
corresponding matrices.

The selection of weighting elements in the above
equation should take both the force tracking performance
and actuator limits into consideration. For example, a
larger wg, value could be helpful for lateral force
tracking, but considering the actuator limits, e.g. the
active steering angle limits [-4deg, +4deg], the value of
w5 and w,, should not be improperly too small.

The cost function in Equation (23) should be
minimized with respect to the control input increment
Au,. Therefore, with appropriately selected weighting
matrices Wy, W,, and W,, the trade-off among force
tracking errors E, increments of tire longitudinal slip
ratios and lateral slip angles Au,, and magnitudes of tire
longitudinal slip ratios and lateral slip angles u,, can be
achieved through Equation (28) as follows,

oJ/0Au. = 0. - (28)
At each time step, vehicle forces F, can be approximated
as

F(k+1)=F, (k)+tJ. Au,. (29)
where Jcob is the corresponding Jacobian matrix, i.e.
J.., = OF,/0u, (30)

Consider Equations (1) through (5) and Equation (7), the
following relationship can be determined,

Joos = Myp-M ;e (31)
in which
MJF(SL1_4, 73 (Ir) = 5F/auc (32)

By combining Equations (23) through (29), the desired
optimal control input can be obtained as

Al = (W, + W, +Jo Wi [JiosWe- E—W,u.(k)]
(33)

where E = F,,— F.(k), the superscript ‘d’ in Au’ means
‘desired’, and J,,, can be determined through Equations
(31) and (32) and the estimated longitudinal slip ratios
and slip angles.

3.3.2. Actuator control
The optimal control inputs given by Equation (33), 1.e.
the increments of tire slip angle and longitudinal slip
ratio, should be further converted to the actuator (tire/
wheel) control inputs, i.e. active steering angles for tire
slip angle control and actual wheel torques 7, for wheel
slip ratio control.

By neglecting steering system dynamics, the desired
steering angle increments A8? are considered identical as
the desired slip angle increments Aa, i.e.
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h WL
Figure 5. Wheel model.

[AS8] A8 ~[Ac Acf]. (34)

As for shp ratio control, referring to Figure 5, the
following first order wheel dynamics is considered

Jp®d = _FWL'rgﬁ+ T, (35)

where the control torque 7. for the front wheel 1s always
constrained to be a braking torque; and for rear wheels
(driven wheels), T, also depends on whether an accelerating
or braking action is required. A nonlinear PI controller is

used for the actual slip ratio regulation (Van Zanten et al.,
1996), i.e.

T, = Fyy 1t K, (81 —s,)+(si —s.) K /s, (36)

where s is the Laplace operator, F},, is tire wheel plane
longitudinal force as shown in Figure 5, K, and K; are
proportional and integral gains as control parameters, s,
and s; are the desired and actual longitudinal slip ratios,
respectively. Combining Equation (25), (26) and (33), s,°
can be obtained as

sy = s.(k)+ As} (37)
4. SIMULATIONS AND ANALYSIS

The presented control integration based on main/servo-
loop structure is evaluated through several computer
simulations, which are carried out on a nonlinear vehicle
model with nonlinear tires including transient properties.
The model contains ten DOFs: six DOFs for the rigid
vehicle body, i.e. longitudinal, lateral, vertical, yaw, pitch
and roll motions; four other DOFs for wheel rotation. In
particular, load transfer due to longitudinal and lateral
acceleration is also taken into account.

For comparison among different chassis control
systems with the same control structure, namely ‘main/
servo-loop’, simulations are carried out for three vehicles
with different configurations, i.e. the vehicle equipped
with longitudinal slip ratio control (LSC) only, four
wheel steering (4WS) only, and the integrated (INT)
control vehicle equipped with their combination. Since
control integration (INT) can take advantage of both
subsystems through coordination, two different INT
controllers with different weighting matrices of control
inputs for force distribution are designed, while INT1 has
the combined weighting matrices of 4WS and LSC

subsystems, and INT2 has the redesigned weighting
matrices that can bring further potential benefits of
integrated control.

4.1. Sinusoidal Steer Maneuver
With an initial speed of 120 km/h (33 m/s), a 5 deg
sinusoidual front steering angle 1s applied to the vehicle
with 2 sec period. The vehicle responses and comparison
results are shown in Figure 6. Apparently as shown in
Figure 6a, LSC can follow neither the desired yaw rate
nor vehicle sideslip angle well, which confirms that the
limitations of LSC to provide sufficient lateral forces,
especially with large tire slip angles. On the other hand,
vehicles equipped with 4WS and INT configurations,
particularly INT2 case, can follow the desired yaw rate
quite well and regulate the sideslip angle within a
relatively acceptable value of 0.7 deg. This indicates the
evident improvement in handling and stability perfor-
mances can be achieved by control integration based on
force and moment optimum distribution among wheels.
The control effect can also be reflected through dynamic
tire workload, which is defined as the ratio of the
horizontal force over the normal force for each tire, 1.e.

2 42
Nwken ;= /F—Fi (38)
Zi

As indicated in Figure 6b, vehicles with 4WS and INT
controllers show lower tire workload than that of LSC
case, i.e. INT and 4WS still preserve a large lateral
stability margin while the tire force utilization of LSC
case has already reached saturation region of tire/road
adhesion. Although the tire workload of 4WS is slightly
lower than that of INT cases, in considering the better
tracking performances of yaw rate and vehicle sideslip of
INT controllers, the higher tire workload of INT cases
means that the integrated controllers can use the tire
friction forces more effectively.

Figure 6¢ and 6d shows the different control input
demands for various configurations. Compared with LSC
configuration, wheel torque demands for longitudinal slip
ratio control in INT case are reduced significantly, while
the active steering demands for INT and 4WS cases are
all within the limited steering angle range of [-4 deg, 4
deg].

4.2. Step Steer Maneuver
A step steer maneuver simulation with an equivalent
front steering angle of 6 deg is performed for the vehicle
driving on dry asphalt road with an initial forward speed
of 120 km/h (33 m/s). |

As can be seen in Figure 7a, the yaw rate and vehicle
sideslip in LSC case are far from their desired values,
which indicates that the vehicle will spin around z-axis
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Figure 6. Sinusoidal steer maneuver.

drastically. This again confirms that LSC becomes less
effective when a much larger lateral force and a larger
yaw moment are needed, for that LSC can only generate
a limited stabilizing yaw moment through differential
longitudinal forces between left and right tires.

On the other hand, 4WS and INT can track the desired
yaw rate and vehicle sideslip quite well; however,
compared to the vehicle with 4WS only, the vehicles with
INT1 and INTZ2, especially INT2, respond to the steer
input more quickly and furthermore, less overshoot in
yaw rate response is presented. This again confirms the
considerable improvement by control integration of 4WS
and LSC subsystems.

As for tire workload comparisons in Figure 7b, INT2
controller shows the lowest workload in addition to its
best performance of yaw rate and sideslip tracking, which
means that by the coordination between subsystems,
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Front/Rear Active Steering Angle: INT & 4WS
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INT2 can utilize the tire/road adhesion capability
effectively to a larger extent.

Furthermore, Figure 7¢ shows the front and rear active
steering angles of INT and 4WS vehicles. Due to the
extremely large value of desired stabilizing yaw moment,
which is needed to correct the yaw motion, the front and
rear axles in both cases are steered in reversed direction.
Since INT can use both differential longitudinal forces and
active steering to obtain a corrective yaw moment, the
active steering angle demand of INT2 is slightly more
favorable than that in 4WS case,

4.3. Braking under z-split Condition

In this simulation, the vehicles equipped with the above
three control systems, i.e. INT, 4WS and LSC, are
braking on u-split road with adhesion coefficients of
L o= 1.2 and z4_g= 0.2. The initial speed is 14 m/s and



810 D. LI, X. SHEN and F. YU

Yaw Rate

~_~g | INTt
g i i &gxas@af**’-ﬂg nnnnnn " |NT2 m
9 IEEREREEE S 2] 4WS

© “““““ 1.8C ¥
= § . Desired
favd e SR
> 4 6 8 10

'_I'ime [sec]
Sideslip Angle of Vehicle C.G.

D
q’ %%%%%%%
B,
S
(o)}
g
3y
2
D
QL
’ 6 8 10
Time [sec]
()
2 _INT2
S
o
=
o
2
o
=
10
e
4]
Je]
<
o
2
9 -
= i
5 10
Time [sec] Time [sec]
(b)
Active Steering Angle: INT & 4WS
3. . : _
— 2 %%»%"wmm“““
=3 i
5 #
° INT{-Front -
8) .......... INT1-Rear
c O
> Bkt INT2-Front
C : 5 5
.5 ~1§ é ssssssssss lNTZFEar;ﬂ
5 T 4WS-Front
(_l>_) '2 MRsasvenna AWS-Rear
g
-3 S 7D B e s v s SIS B i i G W b i B
0 2 4 6 8 10
Time [sec]
(©)

Figure 7. Step steer manecuver.

the deceleration is —0.3 g. Figure 8 shows the simulation
results of vehicle responses and control inputs.

As can be seen in Figure 8a, although the driver
steering command is zero, the destabilizing yaw moment

due to uneven tire/road adhesion condition has the
greatest effect on the vehicle with LSC, which results in
an unfavorable lateral deviation larger than 3 meters, and
thus the straight running ability of the vehicle 1s
considerably impaired. However, both INT and 4WS
cases exhibit acceptable performances of path following
and stability, while compared with 4WS, INT could still
provide enough braking force and thus track the
longitudinal velocity quite well, so the stopping time and
distance are much less, as shown in Figure 8b.

This is because, in LSC and 4WS cases, the adhesion
capability of tires with high-z, i.e. the left side, can not be
effectively utilized as in INT case, considering the tire
workload as shown in Figure 8c. Particularly, in LSC
case, the tire workload of the real left tire 1s only around
0.4, while 1t 1s much worse that the tire workloads of all
four tires in 4WS case are less than 0.4.

Furthermore, as shown in Figure 8d, due to control
coordination, the applied control torque in INT case for
the rear left wheel 1s larger than that in LSC. Therefore,
differently from LSC case, this tire utilizes the adhesion
more effectively, with a tire workload around 0.5.

Based on the above results and analysis, a unique and
overwhelming merit of presented chassis control
integration is clear from Figure 6 through &, that is,
compared with stand-alone control systems, significant
performance improvement can be achieved by control
coordmation.

5. CONCLUSIONS

In this paper, by using sliding mode control in the main-
loop and nonlinear optimizing algorithm for force
distribution in the servo-loop, the integrated chassis
control, which coordinates the control actions of stand-
alone 4WS and LSC, has been investigated. It 1s based on
the fact that both 4WS and LSC can influence the lateral

dynamics but 4WS can be effective only in low to mid-

range lateral acceleration, while LSC can help to produce

a corrective yaw moment even under critical driving

conditions. Theoretical analysis and computer simulation

studies further clarify the following points:

(1) With the proposed main/servo-loop structure, tire
nonlinearities are moved to the servo-loop of the
controller. In other words, the tire is treated as a
special kind of actuator, which makes the main-loop
controller design easier and more effective, e.g.
sliding mode controller in our case.

(2) Based on sequential quadratic programming approach,
the optimal distribution of forces and moment among
four tires can be achieved. Although the optimal
distribution is not updated real time, as soon as the
time step 1s small enough, the optimization process
carried out in every time step can make sure that the
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Figure 8. Braking on w-split road maneuver.

forces and moment are distributed in such a way that

the tire/road adhesion can be utilized more effectively,

especially under low-u conditions.

(3) Owing to the excellent tracking performances of both
sliding mode controller and nonlinear optimizing
method for force and moment distribution, the
desired yaw and sideslip motions of vehicle can be
well tracked by the proposed chassis control integ-
ration, compared with stand-alone LSC or 4WS
controllers. Furthermore, since the proposed integ-
ration is not a simple combina-tion of the two
subsystems, the control coordination between them
could bring additional benefits of a maximized
handling performance and stability margin.

(4) In this control scheme, values of vehicle states,
including many states difficult to measure, are
required. Therefore, in order to save the sensor cost,

accurate and effective estimators should be designed
in the future work.
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