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In this paper, we propose an adaptive rollover prevention controller. At first, 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 developed[1]-[8]. The papers
[1]-[7] provided the schemes using the yaw moment force due
to the torque difference between left and right. In the paper[8],
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
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 performance can be achieve. To address the
problem , the papers[9]-[10] provided the control schemes using
the lateral force of the front active steering and the yaw moment
force, and the scheme using the active steering force of front
and rear was proposed in[11]. However, there exist problems
in the papers[9]-[11] that the uncertainties of the vehicle system
parameters were not considered. In addition, the variation of
the driver characteristics was also ignored. For example, there
exist large differences in handle operation characteristics between
young drivers and elder drivers. Even for the same driver, if the
driver becomes tired, the handle operation characteristics may vary.
Using the rollover prevention controller ignoring the facts, the
designed control performance may not be achieved.

In the paper, to overcome the problems, we propose an adaptive
rollover prevention controller. At first, we develop a design
method of an ideal vehicle model achieving good rollover control
performance even if the handle operation characteristics vary.
Next, an adaptive tracking controller is developed so that the
behavior of the actual vehicle can track of the ideal vehicle model.

2. DYNAMIC EQUATION OF VEHICLE

Consider the vehicle model shown in Fig.1. It is assumed that
the pitch dynamics can be ignored. In addition, it is also assumed
that the front steering angle, the rear steering angle and the roll
angle are small. The dynamic equation using the new state can be
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Fig.1 vehicle model

described as

ẋ(t) = Ax(t) +B (buδ
∗
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∗(t) = u(t) + u̇(t)
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T
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. (2)

In the dynamic equation,δc(t) is the driver’s steering angle input
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Table1 Meaning of Symbols
vx Longitudinal velocity hu Height of roll axis over ground
vp Lateral velocity hs Height of C.G. over roll axis
ψ Yaw rate lp Distance C.G. toPf
ϕ Roll angle lf Distance front axle toPf

ϕ̇ Roll rate lr Distance rear axle toPf
g acceleration of gravity ly Track width
m Vehicle mass kf Front cornering stiffness
ms Sprung mass kr Rear cornering stiffness
kϕ Spring constant δc Driver’s steering input
dϕ Damper constant δf Control input for front wheel
Ix Roll moment of inertia δr Control input for rear wheel
Iz Yaw moment of inertia　 PL Vertical load for left wheel

C.G.Center of gravity PR Vertical load for right wheel
Pf Reference point

Table2 Nominal value
m 14300 [kg] kϕ 132100 [N/m]
ms 12487 [kg] dϕ 28905 [N·s/m]
hu 0.68 [m] Ix 24201 [kg·m2]
hs 1.15 [m] Iz 34917 [kg·m2]
lf 3.95 [m] kf 582 [kN/rad]
lr 4.54 [m] kr 783 [kN/rad]
ly 1.86 [m] g 9.81 [m/s2]
lp 0 [m]

andu(t) = [δf (t), δr(t)]
T is the control steering input for the front

wheel and the rear wheel. Definitions for the parameters of heavy
vehicles are shown in Table 1.

The rollover indexR(t) for the roll dynamics is defined as
follows.

R(t) =
PL − PR

PL + PR
=

2ms (hays(t) + ghsϕ(t))

mgly
= cTv̇px(t) + cTo x(t)
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

(3)

To represent the rollover index by using the statex(t), we introduce
the state including the signalµ(t). The range ofR(t) is 0≤
|R(t)| < 1．If |R(t)| = 1，the total vertical loads is loaded on
right wheel or left wheel．Then, we can see that vehicles were
rollover.

When the values of system parameters are nominal values, the
vehicle is called the nominal vehicle. Especially, in case ofu(t) =
0, the vehicle is called the passive vehicle. Nominal values are
shown in Table 2.

For the heavy vehicle (1), we make the following assumptions.

A1 The lateral velocityvp(t) of vehicle，the yaw rateψ(t), the
roll angleϕ(t) and the roll rateϕ̇(t) are measured．

A2 The distanceslf，lr from the reference pointPf to the front
axle and the rear axle are known．

A3 The vehicle parameters exceptlf，lr include uncertainties．
A4 The longitudinal velocityvx is a bounded constant and

measured.
A5 The matrixA2 is asymptotically stable.

Pf

Pp

Fig.2 Predictive driver model

Fig.3 Target lane

3. IDEAL VEHICLE MODEL

In order to design an ideal vehicle model in which the variations
of the driver’s characteristics is considered, we employ the
predictive driver model given by

Tsδ̈c(t) + δ̇c(t) = −gp ˙̃y(t)− giỹ(t) (4)

wheregp,gi are the steering gains,Ts is the steering time constant
and denotes the reaction delay of drivers and mechanical systems.
To explain the predicted distancẽy(t), the predictive driver model
is shown in Fig.2. The solid line represents a state of the vehicle
and the dashed line represents the ideal state where the vehicle
tracks a target lane.yr(t) is the lateral distance betweenPf and the
target lane，εr(t) = ε(t) − εd is the relative yaw angle between
the vehicle and the target lane,εd is the yaw angle of the target lane
andρ is the curvature of target lane. The predicted distanceỹ(t) is
the lateral distance at the preview pointPp and given by

ỹ(t) = yr(t) + Tpẏr(t) (5)

whereTp is the preview time constant. Drivers steer so that the
predicted distancẽy(t) can converge to zero.

Using the driver model, and carrying out numerical simulations,
we propose the following design scheme for an ideal vehicle.

1⃝ We determine the values of weighting coefficients of the
following evaluation function.

J(t) =
∫ (
q1y

2
r(t) + q2ÿ

2
r(t) + q3ε

2
r(t)

)
dt+

q4 max |y2r(t)|+ q5 max |ÿ2r(t)|+ q6 max |R2(t)| (6)

2⃝ We design the ideal vehicle model with the control inputu∗
M (t)

given by
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Fig.4 Evaluate function

ẋM (t) = AxM (t) +B (buδ
∗
cM (t) + u∗

M (t))
RM (t) = cTv̇pxM + cTo xM

xM (t) = [ qT
pM (t) , qT

sM (t) , µT
M (t) ]T

 (7)

where● denotes matrixes and vectors in which the values of
elements of● are nominal values andδ∗cM (t) is the steering input
δ∗cM (t) = δcM (t) + δ̇cM (t) generated byTsδ̈cM (t) + δ̇cM =
−gp ˙̃yM − giỹM . The controlleru∗

M (t) is designed so that the
values of the evaluation function (7) become less than that of the
passive vehicle.
3⃝ We check the region of driver’s parameters in which the

following conditions are satisfied. In the following equations,
yrM (t), εrM (t) denote the lateral distance and the relative yaw
angle in the case when the driver is driving the ideal vehicle model.

|yrM (t)| < 0.6[m], |ÿrM (t)| < 3[m/s2]

RM (t)| < 0.85, εrM < 0.2[rad]

}
(8)

When |yrM (t)| < 0.6[m], the heavy vehicle doesn’t stray from a
driving lane．Moreover，when|ÿrM (t)| < 3[m/s2]，we consider
that burdens hardly move.

4⃝ If the obtained region in3⃝ is large enough compared with
that in the passive vehicle, the design of the ideal vehicle model
is completed. Otherwise, we return to step1⃝～ 3⃝.

Using a concrete example and carrying out numerical
simulations, we show detail explanations of the design steps stated
above．Fig.3 shows the target lane used in the example. Fig.3
(a) shows the target lane with the curvatureρ (driving maneuver
1). Fig.3 (b) shows the target lane with the curvatureρ and
the angleθ1 (driving maneuver 2). In the driving maneuver 1,
the ideal model is checked forρ = 1/300[m]～1/500[m]. In
the driving maneuver 2, the ideal vehicle model is checked for
ρ = 1/300[m]～1/500[m] andθ1 = 0[rad]～π/2[rad]. For the
driver parameters, we check the ideal vehicle model in the region
of Ts = 0.1[s]～0.4[s],Tp = 1.5[s]～4.5[s], gp = 0～1, gi = 0～1
and the vehicle speedvx = 120[Km/h].

1⃝ Determination of the weighting coefficients
Weighting coefficients are set asq1 = 26, q2 = 10, q3 =

40, q4 = 10, q5 = 5, q6 = 20 by the trial-and-error approach.

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

u∗
M (t) = −

1

2ε1
B

T
PxM (t) (9)

A
T
P + PA− 1

ε1
PB B

T
P + ε2cv̇pc

T
v̇p + ε3I = 0

ε1 = 0.1, ε2 = 0.2, ε3 = 0.01

 . (10)

Fig.4 shows the values of the evaluation functionJ of the ideal
vehicle model and the passive vehicle model. The vertical axis
is the values ofJ , x axis andy axis are steering gainsgi, gp. In
the case whereJ exceed 62, the values ofJ are fixed as 62.In
Fig.4, vx, Ts, Tp are set asvx = 120[Km/h], Ts = 0.4[s] and
Tp = 1.5[s], and the values of the evaluation functionJ are shown
for the driving maneuver 1 withρ = 1/300[m] and the driving
maneuver 2 withρ = 1/300[m] andθ1 = π/2[rad]. It can be
seen that the region of the ideal vehicle model where the values of
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
ρ, θ1, vx, Ts andTp are not shown. However, it was ascertained
that similar results to Fig.4 could be obtained.

3⃝ Evaluation of conditions
The conditions (8) are checked. As a result of the check, in the

case where the values ofJ are less than 62, the conditions (8) are
satisfied in the designed ideal vehicle.

4⃝ Dicision to end of the iteration
As shown in Fig.4(a) and (b), the obtained region where the

conditions (8) are satisfied is large enough compared with that
in the passive vehicle. Then the design of the ideal model is
completed.

4. ADAPTIVE TRACKING CONTROLLER

In order to develop an adaptive tracking controller so that the
behavior of the actual vehicle tracks that of the ideal vehicle model,
the tracking errors are defined as

q̃p(t) = qp(t)− qpM (t), q̃s(t) = qs(t)− qsM (t)
µ̃(t) = µ(t)− µM (t)

}
. (11)

Moreover, the new tracking error signalz(t) = q̃p(t)+µ̃(t) is also
defined. Then, we have

ż(t) = −dz(t) +M−1
p HTKuH

(
H−1u∗(t)

−v−1
x (A1 + I)qp(t) + Θω(t)

)
,

(12)

Θ =
(
M−1

p HTKuH
)−1

[ A5 , A6 , I ]

ω(t) = [ qT
s (t) , µ

T (t) , ξT (t) ]T

ξ(t)=(dI+A1)q̃p(t)+(d+ 1)Iµ̃(t)−µ̇M (t)

 , (13)

˙̃qs(t)=A2q̃s(t)+A3µ̃(t)+ Ã2qsM (t)+Ã3µM (t)

Ã2 = A2 −A2 , Ã3 = A3 −A3

 , (14)

whered is apositive design parameter，Θ is the unknown constant
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Fig.5 Responseof the controlled heavy vehicle with nominal parameters.

matrix andω(t) is the known signal vector.
If the tracking errorz(t) becomes asymptotically stable, it can be

seen that the tracking errorsq̃p(t) andµ̃(t) become asymptotically
stable．Then, from (14) and the assumption, it can be also seen
that the tracking error̃qs(t) also becomes stable．Especially, in
the case wherẽA2 and Ã3 are zero matrixes，the tracking error
q̃s(t) becomes asymptotically stable．
Using the adaptive tracking controller given by

u̇(t) = −u(t)− βHz(t) + v−1
x H(A1 + I)qp(t)

−HΘ̂(t)ω(t) , β > 0

˙̂
Θ(t) = γz(t)ωT (t) , γ > 0

 , (15)

the tracking errors become stable and the tracking errorz(t)
converges to zero. For lack of space, the proof is omitted.

5. NUMERICAL SIMULATION RESULTS

The numerical simulation results are shown to demonstrate the
effectiveness of the proposed adaptive tracking controller. The
driver parametersTs，Tp，gp，gi are set asTs = 0.4[s]，Tp = 1.5[s]，
gp = 0.3，gi = 0.5. The target trajectory shown in Fig.3(b) is used.
The parametersρ andθ, are set asρ = 1/300[m], θ1 = π/2[rad]
and the longitudinal velocity isvx = 120[Km/h]. In the passive
vehicle, if the driver parameters stated above are used, the rollover
occurs and it very difficult to stabilize the vehicle.

Fig.5 shows the responses of the ideal vehicle, the controlled
vehicle and the passive vehicle. Fig.5 (a) shows the responses of the
rollover index, Fig.5 (b) shows the responses of the lateral deviation
and Fig.5 (c) shows the responses of the relative yaw angle.

From Fig.5, it can be seen that the rollover occurs in the passive
vehicle. On the other hand, the rollover didn’t occur in the
controlled vehicle. For lack of space, we couldn’t show responses
for the variations of the driver parameters and the vehicle system
parameters. However, it was ascertained that the good control
performance could be achieved. It can be concluded that for the
variations of system parameters, the proposed rollover prevention
controller has good robust performance.

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

performance can be achieved. Moreover, we proposed an adaptive
tracking controller so that the behavior of the actual heavy vehicle
can track that of the ideal vehicle model even if the actual vehicle
system parameters vary. Carrying out numerical simulations,
the effectiveness of proposed rollover prevention controller was
shown.
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