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A Study on Intelligent Active Roll Angle Controller Design

Analysis and Modeling Algorithm

Jung-Hyen Park”

Abstract

An Intelligent active roll angle controller design algorithm is discussed. The detailed mathematical formulation

and analysis are discussed, and then modeling and design method for active roll angle controller are presented.

This paper proposes a design method based upon intelligent robust controller design algorithm to control actively

roll angle for improving cornering performance problems. The intelligent robust controller is designed for steady

speed driving vehicle system model with representation of steering angle and yaw angular velocity parameters for

cornering stability. And the detailed formulation and analysis for the objective vehicle system are investigated.

Keywords -

I. Introduction

This paper proposes analysis, modeling and design
algorithm in vehicle system to control roll angle when
cornering for driving stability. The equations of motion
including vehicle rolling angular motion are formulated.
The objective vehicle system is analyzed and optimal
design modeling is investigated and then, intelligent
robust active controller is designed for cornering stability
to control roll angle with yaw angular velocity and steer
angle as control input.

II. Dynamic System Formulation

In this paper, I deal with an analysis object sSystem
based upon fixed roll axis notion theory in Fig. 1 [1-2].
In Fig. 1, X-Y plane is a driving ground surface plane
and X-Y-Z are absolute coordinates. CG is the static
center of gravity point of total vehicle, and P is a
crossing point of roll axis and vertical line across the
CG point. As point P a starting point, x axis is
front-to-rear axis parallel with driving ground surface
plane, y axis is lateral direction axis at right angles
with z axis, and z axis is a vertical directi on axis to
x axis with upper—to-lower direction; z—y—2z 1is the
relative coordinates on sprung mass part. Also the point
P as a standard point, it is considered as relative
coordinates ' —y' —2’ on unsprung mass part.

The sprung mass is distributed symmetrically to the
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x—z plane, and S is its center of gravity point on x—z
plane. The unsprung mass is distributed on the z’' —y
plane, and its center of gravity point is U on ' axis. In
this paper, m denotes the total vehicle mass; mg and
my denote the sprung mass and the unsprung mass; hg

denotes length of S to x axis; ¢ and e denote the
length of the sprung part S and unsprung part U to z
axis, respectively. # and (3 denote the yaw and side slip
angle to the center of gravity of vehicle. » and p denote
yvaw and roll angular velocity; ¢ denote the roll angle.
And throughout in this paper, it is assumed that the
vehicle was driven at the steady speed V.

o T
N roll axis

Fig. 1. Objective Vehicle System Coordinates

The analysis model of an objective system is

considered as dynamic motions of translation and
rotation of its center of gravity and around that point.

In translational motion, the accelerations to the lateral
directions of sprung and unsprung mass parts, the

acceleration of y direction «ag and the acceleration of y’

direction «; can be defined as
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ag=vtur—hg+er (1)
ap=vtur—er
where u and v denote the velocity elements of = and y
(or ') directions, respectively [3]. Assuming that side
slip angle |3l 1 at the point P and steady speed V
conditions, from the relations of uw=V and v= Vp3,
follows can be obtained [4-6].
ag= V[ﬁ—i— Vr*hgﬂ—c% (2)
ay=Vp+ Vr—er
The inertia forces of sprung mass part and unsprung
mass part, Yy and Y, is obtained as follows [2].
Yo=mgag=mV(3+r) —mhpt+mger (3)
Y,=mpa,=myV(3+r)—mer
The inertia force of total vehicle system Y can be
obtained as follows.
Y=Y+ Y, (4)
=(m5+mU) V(BJrr)*mShj)Jr(mscfmUe)%’
Here, mg+m,;=m, and because the CG is the center of
gravity of total vehicle system, in translational motion
the inertia force can be obtained as
Y=mV(3+r)—mhp (5)
where me—m e =0.

In rotational motions of sprung mass part, the yawing
moment Ny around the z axis to S point and rolling
moment Lg around the parallel axis to the z axis can
be obtained as

Ny=— m_émlzz_s% (6)
Ly=1, 9= L5
where 7,4 1.g, -+ are moment of inertia and product of
inertia around the axis parallel to z—y—z axis across
the S point. And the yawing moment /N, around the
parallel axis to the 2 axis across U point on the

unsprung part obtained as follow.

Ny =L (7)
From above, the yawing moment N around z(or 2')
axis of total vehicle system and the rolling moment L
around z(or z’) axis can be obtained as follows
N=Ng+ Ny+cYs—eY,
=(Lst+ Lyt msc2m 0‘52 )r—( st mshsc)l.?
+(msc—mue) V(B+r)
=Lr—Lp
L=L¢hgYs (8)
= (1, st mddp— (I s+mhe)r—mhgV(G+r)
= Lp=L.r—mhgV(F+r)

because the each inertia forces of Y, and Y, should be

adopted to U and S points. Here, under the assumption

of lgpl« 1, I is the yaw moment of inertia around the

vertical axis across the center of gravity point of total

vehicle system, and I is the rolling moment of inertia

T

around the z axis of sprung mass part, and follows are

also given.
L=1_g+1I_,+me+mpe 9)
L,=1.=1I stmdhge
L=1.st msh?s’
In external forces worked into the total vehicle

system, its forces are considered to be lateral forces to

the tires. The roll steers a; and «, of front and rear

wheels can be defined as follows [2].
_ dag _ da, (10)
Oéf—87¢7017.—8¢¢

Because of adding steer angle ay of front wheel and «,

of rear wheel about the real steer angle ¢, the side slip
angles of front-rear-wheels are,
aaf

o0 (11)

Ly Ly
ﬂf :5+T/r*6*o¢f:ﬂ+?r*6*
oo

l'/' lT T
B. :/H-T//r*ar 75—0—77’* 5 o]

and cornering forces worked into front and rear wheels

2Y; and 2Y. are obtained as follows

r

doyy l
2Y, =25 =20+ o= fr)  (12)
o, l,

where e and K, are tire cornering powers of each one
front and rear wheel. The camber thrusts 2Y, and
2Y, of front-rear-wheels can be defined as follows.
Here, K, and K denote the camber thrust coefficients
of front and rear wheels, respectively.

2V == 2hey 00 2 =2, 0 (13)

)
o

Fig. 2. External Forces into Objective System

In Fig. 2, the total external forces to the lateral direction

can be obtained as follows.
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F =2Y,+2Y,+2Y, +2Y (14) 2(1,K,—1,K,.)
,=2Y; g+2Ye " Vdﬁ+2([(f+[()ﬁ+[m1/+ P e
QKf((H‘ 6¢¢ [3 ) 2K(‘f6¢¢ &
[“)(]5 *m5h5?72%¢=2](}6
+2K( 5 ¢ ) 2K 5
dr | 23K+ 1K)
Also the yawing moment Mz around z axis and yawing 2(l‘f[(f_l7»[(r)/6+[d_+#r (22)
. : 2
moment A, around z axis about to the total external s d_(ﬁ) — NG = 2,6
forces are defined as follows. dt
B _ 2
M, =21, 21 Y+2zfypf 21, Yy, y (15) — s 7_]”% 5]16%”6% (23)
=2, K, (6+ *—r) 2 K —
I ¢¢ 7 f26¢¢ +0,7 ¢ +(K, —mgghdp=0
+2sz( ¢ ) 20 K 2% where
o« da,. 1) a¢
(5 T (2 _r
M, :(_Kfer”rLSg}Ls)qﬁ_C@P (16) Y, =( a6 K+ 26 K) ( 20 Kot 90 ) (24)
: o oo
In Eq. (16), K, and C, denote the total roll stiffness of N, = ( 3¢f LK 37(;5? 1K)
front-rear suspensions and equivalent viscous friction o6, ¢
coefficient of rolling motion, respectively. _(8—¢lfKCf+%lr'KOr)

I1I. Controller Design Algorithm

Based on the objective system analysis, the relations
of lateral forces, yawing and rolling moments can be

considered as follows.

Y—F,=0 a7
N—M, =0
L—M,=0

From Eq. (5), Eq. (8) and Egs. (14)-(16), the equations

of the vehicle motion can be obtained as follows.

d () Iy
M) - mShS( *2]@(6+6—¢¢ s-Lr) a®)
+2K( Q; ¢r)
d a9,
_2(K0f8—¢f+f(0,, 2 )
dr ¢ l
P 5= 2@(5+a—¢¢ ﬁ—T/r)f (19)
—21((6 - 3 A
Y r .
a9 00,
(lfK(’f 8¢f+l KOr (9(;5 )(b
) dr
o? 17 dt §hS ( ) <20>
— (K, +mghgo— q%

Those are considered that I =7 is yawing moment of

Z

inertia of total vehicle and 71

- =1, is rolling moment of
inertia around roll axis of the vehicle where z axis and
roll axis can be considered as same location. Finally, the

following dynamic equations are derived

To design intelligent robust yaw angle control system,
Egs. (21)-(23) are represented by
mhd+2Y,0=F + Fir—2K0 (25)
L.+ 2N,0 = F,+ Fyr—21,K6
Lo+ Cypt+ (K, —mgghg) ¢ = Fy+ Hyr+ Hyd

where
. — 2(1,K, 1 K,)
=mVp+2(K;+K,)B, Fi=mV+ v (26)
- 2(3K, +I’K,)
Fy=2(,K;—1,K)B+1Ir, Fy=mV+————r——
%
Fy=mhp+ I r+mgVr
Here, H, and H, are control input coefficients. The

matrix representations of Eq. (24) become as follows.

d (o] 0 1[4 0
EM— f2<msh,g>mo} M* <m5h5>*1}F1
0 0
* <m5hs>*1ﬁ]"+[f2<mshs> 119]5
d o] 0 1[¢] [0
EM* —21;1%0] [¢]+[F]F E @D
0 0
+[rf]+ —2 1K,
S Lol
dt | ¢ — I, (K, —mgghe) — I, ' C,| |6
0 0 0
*[F}Fﬁ[fs%]”[r%}‘;
That is; ()
= Az + B, F,+ Byr+ B0 (28)

&= Ayt + By Fy + Byyr+ Byyd
&= Ayx+ By Fy + Byyr+ Byyd

In this paper, the control system is designed with the
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intelligent robust h* control to improve the cornering
stability. The state space equation form of Eq. (26) can
be modeled and expressed as

;:A§+Blw+B2u (29)

2= Ciw+ Dyyu

y= sz + Dyw
where z and u denote roll angle and roll angular
velocity as the state system variables, and yaw angular
velocity and steering angle as control input; y and =z
denote measured output and controlled output of the
control system. w denotes external forces elements as
disturbances input. System design variables and matrix

parameters become as follows.

A0 0 B, 0 0
A= 0A207B-]: 0 By 0 |,
0 0 A4, 0 0 By
By By x F
B,= By, Bys|, o= |z|, w= Fg,u:{g}
By, By z Fy

Intelligent robust h> control problem is to find a
controller such that the closed-loop system is internally
stable and the

| T.,(s) || _ <~ is satisfied. 7,,(s) is the transfer

following A norm  condition,

function from the disturbance input w to the controlled
output z in the closed-loop system, = is a prescribed
positive number [7-8]. In order to design robust A"
controller for controlled objective system, it is assumed
that the following two Riccati equations about to « and

positive-definite matrices 1V, 1,

ATX+ XA+~ °XB,B"X (30)
—XB,BJX+CTC,+ Vv, =0

AY+ YA+~ YCl oy (31)

— YO G Y+ BB+ V,=0
have two solutions of positive X,Y and
Y !> X Then there exists controller such that the
closed-loop system of objective system is internally
stable and the above h™ norm condition is satisfied
[9-10]. In this paper, one of the intelligent robust

controllers can be defined as follows

2= (A+~2B,BIX~ B,BIX (32)
— 208 Cy—~ 22V, )+ 20Ty
u=—By Xz

where
7=y '=x)""

10’
Freguency (rad

Fig. 4. Bode Response of Controlled plant

The bode frequency responses of design objective plant
yaw angle ¢ and h”controller are shown in Fig. 3-4. In
detail numerical simulation specifications, those were set

that the vehicle mass m=100 slugs, m 90 slugs, m =10
slugs, 2500 slug-ft’, 1=10 ft, 1,=55 ft, K, K,=9000,
8900 Ib/rad, 7,=520 slug-ft’, h,=1.2 ft, V=100 ft/s, and
(K, —mgghs) = 8100 Ib-ft/rad. Also it is considered that
dp/dt=dr/dt =d’¢/dt* = d¢/dt=0. The

~iteration [11] calculation to solve the robust h* control

result of v

problem in this paper is shown as Table 1.

Table 1. Result of ~y-iteration

Test bounds: 0.0000 < gamma <= 10,0000
3amnma. hamz<_gig winf_eia hamy_eig yinf_eig nrho_wy  p/i
10,000 1.7e-001 9.7e-013 2.6e-001  0O.0e+000 0.0003 p
5,000 1.7e-001 9.7e-013 2 6e-001 0.0e+000 0.o0m p
2,500 1.6e-001 9.7e-013 2.Be-001  0.0e+000 0.0045 p
1,250 1.6e-001 9.7e-013 2.6e-001  0.0e+000 0.mas p
0625 1.5e-001 9.7e-013 2.5e-001  0.0e+000 0.080 p
0.313 5. 7e-002 9.7=-013 2.1e-001  0.0e+000 0.5555 p
0156 1.2e-014¢ ++2++x+ 4 de-01E4 tEEEEEE tEEEEE {
0,234 2.3e-014¢ #++++++ 1. Be-001  0.0e+000 HEEEEE f
Gamma walue achieved: 0,325
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IV. Conclusions

In this paper, I dealt with a design method based

upon intelligent robust h® control system design
algorithm to control actively roll angle for improving
cornering performance problems. The intelligent robust
controller was designed for steady speed driving vehicle
system model with representation of steering angle and
yaw angular velocity parameters for cornering stability.
The detail formulation and analysis for the objective
vehicle system were investigated and expected small ~

value was achieved.
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