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In this paper, we propose an adaptive rollover prevention controller. Atfirst, using a evaluation function,
we propose a design method for an ideal vehicle model achieving good rollover control performance
even if driver’s steering characteristics vary. Next, an adaptive tracking controller is developed so that
the behavior of the actual heavy vehicle can track that of the ideal vehicle model.
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1. INTRODUCTION

Recently, to present rollover of heavy vehicles, a lot of rollover
prevention control schemes were develdpgti. The papers
[1]-[7] provided the schemes using the yaw moment force due
to the torque difference between left and right. In the p@per
the rollover prevention controller was proposed using the active
steering of the front wheel. In the control schemes proposed in
[1]-[8], only one control input is used. To prevent the rollover and
achieve good steering performance, we have to control four states Fig.1 vehicle model
of the lateral velocity, the yaw rate, roll angle and the roll rate.

Therefore, using the control inputs more than one, it is expected

that better control performanc_e can be achieve. To address Wecribed as

problem , the papef$'% provided the control schemes using

the lateral force of the front active steering and the yaw moment(t) = Az(t) + B (b.67(t) + u*(t))
force, and the scheme using the active steering force of frongz = 6.(t) +5C(t), w*(t) = u(t) + u(t)

and rear was proposed {il]. However, there exist problems - - - - .

in the paperg9]-[11] that the uncertainties of the vehicle system Z(t) = [ @, (1), qs (1), " (1) |7, p =Ty (2)
parameters were not considered. In addition, the variation ofti(t) = MilH%Ku {=veHrq, () + budc(t) +u(t)}

the driver characteristics was also ignored. For example, there _ mshs b.gTq,(t) , (D)
exist large differences in handle operation characteristics between m(ly + mshg) —m2h3 C
young drivers and elder drivers. Even for the same driver, if thep; — g; _ e+ msh” .l H= Ly

. . . .. M la‘g 272\’ 2| 1 l
driver becomes tired, the handle operation characteristics may vary. _1m(fw + mzh3) —ir
Using the rollover prevention controller ignoring the facts, the Hr = HT T .
designed control performance may not be achieved. q,(t)=[8(t) , o()]" . a,(t) =[vp(t) , ¥(t)]

In the paper, to overcome the problems, we propose an adaptive A 0 I 0
rollover prevention controller. At first, we develop a design !

) . s A=| 0 A, A; |B= 0
method of an ideal vehicle model achieving good rollover control 1T
. : . Ay As  Ag M, "H" K,
performance even if the handle operation characteristics vary. P
Next, an adaptive tracking controller is developed so that the 41 = —v.D , Ao =D — mbsgf
behavior of the actual vehicle can track of the ideal vehicle model. 1 . * s
A3 = —=bb, T
I, + mgh?

2. DYNAMIC EQUATION OF VEHICLE Ay = —v;lMp—iHTKuH(I + 4y) - (2

As = _merT_lbugZ(I + AQ)

Consider the vehicle model shown in Fig.1. It is assumed that A = —v, *M,'H" K, H — m,, T~ 'b,gl Az — I
the pitch dynamics can be ignored. In addition, it is also assumed M, = T M, T , K,, = diag [k, k]

that the front steering angle, the rear steering angle and the roll , { 01 b, — { 1 b, — { 0 }

angle are small. The dynamic equation using the new state canbe | 0 0 0 1
gt = [koly — masghs, dgly] , T =1+1,D

In the dynamic equationi.(¢) is the driver’s steering angle input
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Table1l Meaning of Symbols

v, Longitudinal \elocity h,, Height of roll axis over ground y
vp Lateral velocity hs Height of C.G. over roll axis
i Yaw rate I, Distance C.G. tdPy
¢ Rollangle l; Distance front axle tdPs
¢ Rollrate I Distance rear axle t&s Ty,
g acceleration of gravity ly Track width !
m Vehicle mass ky Front cornering stiffness
ms Sprung mass kr Rear cornering stiffness
k4 Spring constant d. Driver's steering input
dg Damper constant d¢ Control input for front wheel
I Roll moment of inertia 6r Control input for rear wheel
I, Yaw moment of inertidd P, Vertical load for left wheel
C.G.Center of gravity Pr Vertical load for right wheel
P Reference point
X

Fig.2 Predictve driver model
Table2 Nominal value

m 14300 [kg] k, 132100  [N/m]

ms 12487 [kg] d, 28905 [N-s/m] Y|m] , Yiml

h, 068 [m] I, 24201 [kgn?] 600 600

hs 115 [m] I, 34917 [kg-nf]

ly 395 [m] kf 582 [kN/rad] 400 400

Iy 454 [m] &k, 783 [kN/rad]

Ly 186 [m] g 9.81 [m/<] 200

Iy 0 [m] 200 (9N\2

OF 1
300 0 200 X/m] 0200 200 600 800 X[m]

andu(t) = [§¢(t),d,(t)] is the control steering input for the front () Driving mancuver 1 (b) Driving maneuver 2
wheel and the rear wheel. Definitions for the parameters of heavy Fig.3 Target lane

vehicles are shown in Table 1.
The rollover indexR(t) for the roll dynamics is defined as

follows. 3. IDEAL VEHICLE MODEL
R(t) _ PL - PR _ 2ms (hays(t) + ghs(b(t))
Pr, + Pr mgly, In order to design an ideal vehicle model in which the variations
= cj,z(t) + g z(t) _ i} of the drivers characteristics is considered, we employ the
ays(t) = 0p(t) + v (t) + L1 (t) — hso(t) predictive driver model given by
h=hy+ hs . . .
mgly([ﬂ;;r msh?) whereg,,g; are the steering gaing, is the steering time constant
clz(t) = & 5 (Lahvg(t) and denotes the reaction delay of drivers and mechanical systems
mgly (Lo +msh?) , To explain the predicted distangé), the predictive driver model
+(msghi(hs — h) + hs(hkyly + gl.))o(t) is shown in Fi - .
o 9 g.2. The solid line represents a state of the vehicle
+hshdylyd(t) + [0 by (Lo + mshii)lu(t)) and the dashed line represents the ideal state where the vehicl

To represent the rollover index by using the ste¢g), we introduce  tracks a target lang, (¢) is the lateral distance betwe#p and the
the state including the signak(t). The range ofR(t) is 0< targetlaned g(t) = e(¢) — eq is the relative yaw angle between
|R(t)] < 101f |R(t)| = 10 the total vertical loads is loaded on the vehicle and the target lang, is the yaw angle of the target lane

right wheel or left wheel Then, we can see that vehicles weredNdp is the curvature of target lane. The predicted distajicgis
rollover. the lateral distance at the preview poity and given by

When the values of system parameters are nominal values, the Lo .
vehicle is called the nominal vehicle. Especially, in casa @) = 9t = y:(O) + T (1) ®)
0, the vehicle is called the passive vehicle. Nominal values awghereT), is the preview time constant. Drivers steer so that the
shown in Table 2. predicted distancg(t) can converge to zero.
For the heavy vehicle (1), we make the following assumptions. Using the driver model, and carrying out numerical simulations,
AL The lateral velocity, (£) of vehicleTthe yaw rates(t), the we propose the following design scheme for an ideal vehicle.
roll angle¢(t) and the roll rates(¢) are measured @ We determine the values of weighting coefficients of the
A2 The distances; [/, from the reference poin®; to the front following evaluation function.
axle and the rear axle are knolwn
A3 The vehicle parameters excéptl, include uncertaintiesC J(t) = [ (qy?(t) + @i (t) + q3e2(t)) dit+
A4  The longitudinal velocityv, is a bounded constant and
measured.
A5 The matrixA, is asymptotically stable.

. 6
ga max [y2(t)] + gs max [i2(t)] + go max |[R2(t)| O

(2 We design the ideal vehicle model with the control inpij (¢)
given by
© ISAROB 2013 165



The Eighteenth International Symposium on Artificial Life and Robotics 2013 (AROB 18th *13),
Daejeon Convention Center, Daejeon, Korea, January 30-February 1, 2013

Driving maneuver 1 40, q4 = 10, ¢5 = 5, g = 20 by the trial-and-error approach.

(2 Design of an ideal vehicle model
The controller for the ideal thicIe model (7) is developed as

. T
wif(t) = =3B Pay(t) ©)
€1
AP+ PA— LPBB P+ eyen,el, +esl =0
) 626Upc®p g3l = (10)
. X . g1 = 0.1,62 = 0.2,63 = 0.01
(a)Passive vehicle (b)Ideal vehicle
Driving maneuver 2 Fig.4 shows the values of the evaluation functidrof the ideal

vehicle model and the passive vehicle model. The vertical axis
is the values of/, x axis andy axis are steering gaing, g,. In

the case wherd exceed 62, the values of are fixed as 62.In
Fig.4, v,, Ty, T, are set as®, = 120[Km/h], T; = 0.4[s] and

T, = 1.5[s], and the values of the evaluation functigrare shown

o for the driving maneuver 1 with = 1/300[m] and the driving

maneuver 2 witlp = 1/300[m] andf; = =/2[rad]. It can be
(c)Passive vehicle (d)Ideal vehicle seen that the region of the ideal vehicle model where the values of
Fig.4 Evaluate function J become less than 62 is larger than that of the passive vehicle.

For lack of space, the simulation results for the other values of
p,61,v,,Ts andT,, are not shown. However, it was ascertained
@ar(t) = Azar () + B (bud?y, (£) + sty (1) that similar results to Fig.4 could be obtained.
Ry (t) = ¢l el 7 : .
:BM((t)) B [c”PfM(;)_ CO}BM(t) T ) | (7) (3 Evaluation of conditions
M) =1 Apm ) dsm ) s B The conditions (8) are checked. As a result of the check, in the
where e denotes matriss and vectors in which the values ofcaS€ where the values dfare less than 62, the conditions (8) are

elements ok are nominal values anif,, (t) is the steering input Satisfied in the designed ideal vehicle.

55y () = Sear(t) + dens(t) generated byTLoons(t) + dens = . _—
—gpUnm — 9iJm- The controlleru’, (¢) is designed so that the @ Dicision to end of the iteration

values of the evaluation function (7) become less than that of theAS. ;hown n F|g.4(§) .and. (b), the obtained region whgre the
passive vehicle, conditions (8) are satisfied is large enough compared with that

@ We check the region of driver's parameters in which thien the passive vehicle. Then the design of the ideal model is
following conditions are satisfied. In the following equations?ompleted'
yrm(t),e-ar(t) denote the lateral distance and the relative yaw

angle in the case when the driver is driving the ideal vehicle modél: ADAPTIVE TRACKING CONTROLLER

R(t)] < 0.85,e:u < 0.2[rad] behavior of the actual vehicle tracks that of the ideal vehicle model,

|y ()] < 0.6[m], [0 (£)] < 3[m/s?] } ®) In order to develop an adaptive tracking controller so that the
the tracking errors are defined as

When |y, ()] < 0.6[m], the heavy vehicle doesn't stray from a G =a () — DT (1) = a (1) — "
driving lane] Moreovef] whenl|ij,x (t)| < 3[m/s?]0 we consider :ijé))i ;(12() lu(j;é\g)( ) 4:(1) = a.(t) = s () } (11)

that burdens hardly move.
@ If the obtained region i@ is large enough compared with MOreover, the new tracking error signalt) = g,,(t)+x(t) is also
that in the passive vehicle, the design of the ideal vehicle moddffined. Then, we have

is completed. Otherwise, we return to stgpl (3. 2(t) = —d=(t) + M-V HTK, H(H—lu*(t)
Using a concrete example and carrying out numerical p " (12)
simulations, we show detail explanations of the design steps stated —vy YAy + D, (1) + @w(t)),
abové] Fig.3 shows the target lane used in the example. Fig.3
(a) shows the target lane with the curvatyrédriving maneuver
1). Fig.3 (b) shows the target lane with the curvatyr@nd 0= (Mp‘lHTKuH)*l[ As, Ag, T ]
the anglef, (driving maneuver 2). In the driving maneuver 1, T
the ideal model is checked fgr = 1/300[m]0 1/500[m]. In w(t)=[ gL (t), u"(t), € (1) ]" , (13
the driving maneuver 2, the ideal vehicle model is checked for  &(t)=(dI+A1)q,(t)+(d + )T (t)— fup (t)
p = 1/300[m]0 1/500[m] and¢; = O[rad]O 7/2[rad]. For the
driver parameters, we check the ideal vehicle model in the region . B .
of T, = 0.1[s]0 0.4]s), T, = 1.5[s]0 4.5[s],gp = 00 1,2 = 00 1 q,(t)=A2q,(t)+ Asp(t)+ Aaqaps (1) + Aspap (1)
and the vehicle speagd. = 120[Km/h]. Ay— Ay~ Ay Ay Ay — 7 ;14

@ Determination of the weighting coefficients

Weighting coefficients are set as = 26,¢o = 10,g3 = whered is apositive design paramefé® is the unknown constant
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(a) Rollover index (b) Lateral deviation (c) Relative yaw angle
Fig.5 Responsef the controlled heavy vehicle with nominal parameters.
matrix andw(¢) is the known signal vector. performance can be achieved. Moreover, we proposed an adaptive

If the tracking erroe(t) becomes asymptotically stable, it can bdracking controller so that the behavior of the actual heavy vehicle
seen that the tracking errogg () and(t) become asymptotically can track that of the ideal vehicle model even if the actual vehicle
stable Then, from (14) and the assumption, it can be also segystem parameters vary. Carrying out numerical simulations,
that the tracking errog,(¢) also becomes staltileEspecially, in the effectiveness of proposed rollover prevention controller was
the case wherel, and A; are zero matrixds the tracking error shown.

q,(t) becomes asymptotically stablel
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6. CONCLUSIONS

In this paper, a new design method for an ideal vehicle model
was proposed. It has been shown by carrying out numerical
simulation that in the ideal vehicle, the good rollover control

©ISAROB 2013 167





