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Abstract Unexpected tire blowout on expressway is
one of the most dangerous scenarios for heavy load

multi-axle trucks, especially under the inexperienced
driver’s improper intervention. To this end, this pa-
per proposes an autonomous tire blowout controller for

three-axle trucks based on model predictive control (M-

PC) method. First of all, aiming at balancing the com-

puting load and the path tracking accuracy, an equiv-

alent chassis is transformed based on the stable two-

dimensional vehicle dynamic model. Secondly, a tire
blowout oriented vehicle high-fidelity dynamic model is
established based on the equivalent chassis, in which the

vehicle lateral, yaw and roll motion are all considered at

the same time. Then, an MPC-based dynamic control

strategy is proposed to achieve effective tire blowout

suppression with consideration of vehicle rollover sta-

bility. Afterwards, a transient vertical tire force shock

is employed to simulate the real tire blowout behav-

ior, upon which two typical scenarios are constructed

based on the TruckSim/Simulink co-simulation platfor-

m. The simulation results illustrate the feasibility and

effectiveness of the proposed method.
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1 Introduction

With the rapid development of industrial transporta-

tion, multi-axle heavy duty trucks play a more and
more important role due to their massive load carry-
ing capacity, high economic efficiency, rapid transporta-

tion speed, and so on, see e.g. [1–6] and the references

therein. In addition to these unique characteristics, the

mature modern automobile industry has also provided

such kind of vehicles considerable ability to deal with

extreme working situations. However, unexpected tire
blowout on expressway, as a common extreme situa-
tion, which leads usually to terrible traffic accidents

and property losses, is still a well-known complicated

scenario waiting for further investigation in the vehicle

control community [7–9].

To realise effective vehicle dynamic control subject

to tire blowout on expressway, establishing a suitable

dynamic model is the primary task. Recent researches

about high-fidelity dynamic modeling method for multi-

axle vehicles can be divided into two major categories

based on their different ways of handling the multi-axle

dynamics: establishing a three-axle model directly or

establishing a two-axle model based on the equivalent

chassis [10, 11]. Aiming at the problem of modeling di-
rectly for multi-axle vehicles, Jin et al [12] established
a six DOF (Degree of freedom) vehicle dynamic mod-
el, including lateral, yaw and roll motion, as well as

both the sprung and unsprung mass being considered,

respectively. Meanwhile, Ref. [13] established a rigid

multi-body system by applying the principle laws of

the physical and mechanics directly for multi-axle bus

automatic operating. These two classic dynamic models

are both verified to be high-fidelity through the Truck-

Sim software platform. However, their real-time per-

formance cannot be well guaranteed due to their high
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complexity. Therefore, more and more attention has

been paid to the simplification of the dynamic mod-

eling process for multi-axle vehicles recently to better

balance the calculation load and the model accuracy.

For instance, based on the modeling conventions of two-

axle bicycle model, Williams [14] proposed a novel e-

quivalent wheelbase for three-axle vehicles by solving

the steady-state dynamic equations. The characteris-
tics of the equivalent wheelbase agree well with the re-
sults originated from both the equivalent axle-moment

method and the geometric method. Further, in order to

make the modeling process more universal, Zhang et al

[15] summarised several classical previous studies about

dynamic equivalence, including D.E.Williams, Winkler-

Gillespie and J.R.Ellis, and then, proposed an approx-

imately equivalent and optimal method, which can be

expediently used without formulating for every single

case respectively. However, although many researchers

have already studied the dynamic modeling process for

multi-axle vehicles, there exist few investigations that

take both the multi-axle dynamics equivalence and the

vehicle rollover stability maintenance into consideration

simultaneously while modeling, which motivates this s-

tudy.

On the other hand, realising effective vehicle dy-

namic control in the presence of unexpected tire blowout

on expressway is also in urgent requirement, especial-

ly for three-axle heavy load trucks [16, 17]. Generally,

there are several well-known classic feasible and effec-

tive control methods in the vehicle control community,

including model predictive control (MPC) [4, 18], slid-

ing mode control (SMC) [19, 20], fuzzy control [21, 22],

deep learning approach [23, 24], and so on. Among

them, MPC has been used widely in the field of ve-

hicle control due to its outstanding advantages such

as rolling optimization and strong robustness over the

past decades [25–27]. For example, Refs.[28–30] pro-

posed an autonomous hazard escaping trajectory plan-

ning/tracking control framework for vehicles subject

to tire blowout on expressway based on MPC theory,

respectively. Simulation results exhibit both the rear-

end collision avoidance and dynamic constraints were

implemented successfully. Moreover, in [31], aiming at

handling the tire blowout accident of electric vehicles

with external disturbances such as crosswinds and road

changes, a directional stability control method based
on robust model predictive technology was proposed.
This method has better maneuverability performance

than traditional MPC, and it can improve the direc-

tional stability of the vehicle after a tire blowout on

curved highway. Besides, to further consider the ve-

hicle roll constraint in the control process, Liu et al

[32] proposed an MPC-based scheme for high-speed au-

tonomous ground vehicles stability control considering

the influence of road terrain. However, there exists no
further discussion about the vehicle rollover stability
maintenance ability. In general, although many recent
researches about vehicle control have been conducted

based on the MPC method, there seems to be few dis-

cussions on maintaining the rollover stability of multi-

axle trucks while performing trajectory tracking, espe-

cially in the case of unexpected tire blowout. Therefore,

this study proposed an MPC-based vehicle controller,

in which the vehicle lateral motion, yaw motion and

rollover motion are all taken into consideration simul-

taneously in order to maximize the stability of the truck

during tire blowout on expressway.

Consequently, in light of the benefits and limitations

of these existing researches, this study attempts to pro-

pose an equivalent chassis-based model predictive con-

trol method for three-axle trucks during tire blowout on

expressway. First of all, the equivalent two-axle chassis

of the three-axle truck is established based on the sta-

ble vehicle dynamic model, where the equivalent rear

axle cornering stiffness and the equivalent wheelbase

are both obtained simultaneously. Accordingly, a tire

blowout oriented full vehicle dynamic model including

lateral motion, yaw motion and roll motion is construct-

ed at the same time. Based on the equivalent vehicle

dynamic model, an MPC-based vehicle controller is de-

signed afterwards. Then, a large transient vertical tire

force shock is employed to reflect the unexpected tire
blowout behavior, upon which a TruckSim-Simulink co-
simulation platform is constructed to verify the feasi-
bility and the effectiveness of the proposed controller.

Compared to the existing researches about tire blowout

control of three-axle vehicles, the contributions of this

paper yields twofold:

1. Aiming at overcoming the unexpected tire blowout
scenario on expressway, a high-fidelity dynamic mod-

el of the three-axle truck is proposed, in which both

the equivalent chassis characteristics and the vehicle

rollover stability maintenance are taken into consid-

eration simultaneously for the first time.
2. Based on the proposed equivalent dynamic model, a

novel MPC-based control method aiming at tackling

the hazard of tire blowout is designed, which can not

only ensure the smoothness and accuracy of lane

keeping, but also suppress the dangerous fluctuate

of vehicle roll motion effectively at the same time.

The rest of this paper is organised as follows. Sect.2

mainly introduced the determination of the equivalent

chassis and the tire blowout oriented high-fidelity vehi-

cle dynamic model; In Sect.3, the MPC-based vehicle

controller design process is outlined, as well as the s-
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Table 1 Nomenclature

Notation Description Unit
φ Roll angle rad
ϕ Yaw angle rad
h Height of CG m
g Gravitational constant m/s2

m Mass of vehicle kg
9x Longitudinal speed m/s
9y Lateral speed m/s

Dφ Equivalent roll angular damping Nm/(rad/s)
Kφ Equivalent roll angular stiffness Nm/rad
X Longitudinal position in

ř

XOY m
Y Lateral position in

ř

XOY m
ay Vehicle lateral acceleration m{s2

Iz Moment inertia about the yaw axis kgm2

Ix Moment inertia about the roll axis kgm2

δf Front wheel steering angle rad
le Equivalent wheelbase m

lf {lr Equivalent distance of the front/rear m
axle from CG

a{b{c Distance of the front/middle/rear m
axle from CG

Cαre Equivalent cornering stiffness of the N/rad
middle and rear tires

Cαf/Cαm Cornering stiffness of the N/rad
/Cαr front/middle/rear tires

tandard quadratic programming formulation being ex-

hibited; The tire blowout behavior simulation and two

typical scenarios are presented in Sect.4 based on the

TruckSim/Simulink co-simulation platform, followed by
a brief conclusion in Sect.5.

2 Three-axle Truck Dynamics Modeling

Given the exclusive complexity of typical three-axle
trucks, such as multi-axle dynamics, heavy load, long

wheelbase, and so on, it is necessary to build a high-

fidelity dynamic model under appropriate assumptions

to realise effective control. First of all, the nomenclature

of the major parameters used are shown in Tab.1.

2.1 Determination of the equivalent chassis

For a typical three-axle truck, as show in Fig.1, its

middle and rear axles are usually very close and on the

same side of the CG (Center of gravity). Meanwhile, the

structure of the suspensions and the type of the tires

used in these two axles are usually the same. There-

fore, the middle and the rear axles can be regarded

as an equivalent rear axle. Specially, the steering effect

of a conventional two-axle vehicle is mainly dominated

by the wheelbase and the cornering stiffness of tires,

which are the two target equivalent parameters in this

part as well. Furthermore, given that the sprung mass

X

Y

(b) After equivalence(a) Before equivalence

y

yx x

X

Ya

CG
CG

b
le

c
lr

lf  = a

Fig. 1 Equivalent model of the three-axle truck.

plus load of heavy-duty truck is much greater than the

unsprung mass, this study will no longer consider the

sprung mass and the unsprung mass separately. Mean-

while, it’s worth mentioning that in order to make it

easier to calculate the relevant vehicle parameters such
as the position of CG, the vehicle load mass is set to be
equal to the unloaded vehicle mass.

As shown in Fig.1, the two tires on the left (right)

side of the middle (rear) axle are firstly assumed to
be one equivalent tire to reduce the calculation load.
After that, a two DOF single track dynamic model is

established firstly for the sake of equivalence, as shown
in Fig.2(a), which can be written as

#

mp:y ` 9x 9ϕ ´ h:φ cospφqq “ 2Fyf cos δf ` 2Fym ` 2Fyr

Iz :ϕ “ 2aFyf cos δf ´ 2bFym ´ 2cFyr

(1)

where Fyf , Fym and Fyr represent the lateral forces of

the front, middle and rear tires, respectively.

Under the assumptions of small angle and linear tire

forces, lateral forces of tires on different axles can be

expressed as

$

’

’

’

’

’

&

’

’

’

’

’

%

Fyf “ Cαf pδf ´
a 9ϕ ` 9y

9x
q

Fym “ Cαm

b 9ϕ ´ 9y

9x

Fyr “ Cαr

c 9ϕ ´ 9y

9x

(2)

The equivalent process is assumed to be conducted
under a steady state, so that :y, :ϕ, φ and :φ are all set

to be zero. Therefore, the single-track model (1) can be

expressed as

„

9y

δf

9ϕ

δf

T

“ ´A´1

e Be (3)

where

Be “

„

2Cαf

m

2aCαf

Iz

T
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Ae “

»

–

Ae11 Ae12

Ae21 Ae22

fi

fl

with
$

’

’

’

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

’

’

’

%

Ae11 “ ´
2

m 9x
pCαf ` Cαm ` Cαrq

Ae12 “ ´ 9x ´
2

m 9x
paCαf ´ bCαm ´ cCαrq

Ae21 “ ´
2

Iz 9x
paCαf ´ bCαm ´ cCαrq

Ae22 “ ´
2

Iz 9x
pa2Cαf ` b2Cαm ` c2Cαrq

According to Refs.[14, 33], the yaw rate response

under unit steering angle input of conventional two-axle

vehicles can be expressed as

9ϕ

δf
“

9x

le ` 9x2Ke
(4)

where Ke is the understeering characteristic parameter,

which can be expressed as

Ke “
mplrCαre ´ lfCαf q

leCαfCαre

By comparing Eqs.(3)-(4), the equivalent wheelbase

le and the equivalent cornering stiffness of rear axle
Cαre can be obtained as Eq.(5). More details about the

process can be found in [12].

$

’

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

’

%

le “
CαfCαrpa ` cq2 ` CαmCαrpb ´ cq2 ` CαfCαmpa ` bq2

Cαf rCαmpa ` bq ` Cαrpa ` cqs

lf “ a , lr “ le ´ lf

Ke “
mpbCαm ` cCαr ´ aCαf q

Cαf rCαmpa ` bq ` Cαrpa ` cqs

Cαre “
mlfCαf

mple ´ lf q ´ KeCαf le

(5)

Remark 1 : Notice that the two target equivalent pa-

rameters le and Cαre are obtained simultaneously by
now, upon which the full vehicle dynamic model can be

established afterwards.

2.2 Rollover oriented vehicle dynamic model

Since the three-axle trucks are usually heavily load-

ed and have higher CG altitude, it needs to take the

rollover stability maintenance into consideration while

modeling [34, 35], as shown in Fig.2(b), which can be

written as

 


f


X

Y

f
l

r
l

yf
F

yr
F x

y

mg

y

z

Fy

x

h

CG

(a) Top view
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Fig. 2 Vehicle dynamic model.

Ix :φ “ mayh ` mgh sinφ ´ Mx (6)

where Mx is the roll resistance moment generated by

the suspension system, which can be expressed asMx “
Kφφ ` Dφ

9φ.

By substituting Eq.(2) into Eq.(1) and Eq.(6), the e-

quivalent two-axle vehicle dynamic model can be specif-

ically expressed as

$

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

’

%

:y “ ´2 9yp
1

m
`

h2

Ix
qpCαf ` Cαreq

1

9x

` 9ϕ

„

2p
1

m
`

h2

Ix
qplrCαre ´ lfCαf q

1

9x
´ 9x



´ φ
hKφ

Ix
´ 9φ

hDφ

Ix
` 2δf p

1

m
`

h2

Ix
qCαf

:ϕ “ 2 9y
lrCαre ´ lfCαf

9xIz
´ 2 9ϕ

l2fCαf ` l2rCαre

9xIz

` 2δf
lfCαf

Iz

:φ “ ´2 9yh
Cαf ` Cαre

Ix 9x
` 2 9ϕh

Cαrelr ´ Cαf lf

Ix 9x

´ φ
Kφ

Ix
´ 9φ

Dφ

Ix
` 2δfh

Cαf

Ix
9X “ 9x cosϕ ´ 9y sinϕ

9Y “ 9x sinϕ ` 9y cosϕ

(7)
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2.3 Rollover oriented stability index

According to the existing studies [15, 36], lateral
load transfer rate (LTR) is well known as a reliable in-

dex to evaluate vehicle rollover risk. Conventional LTR

index definition can be written as

LTR “
FL ´ FR

FL ` FR

(8)

where FL and FR are the vehicle load on the left and

right side, respectively. Obviously, the value of LTR be-

longs to [-1, 1]. Meanwhile, the higher absolute value of

LTR, the greater the vehicle rollover risk.

However, FL and FR cannot be measured directly

by sensors in practice, so that the conventional LTR

index usually needs to be estimated online based on

the vehicle dynamic model presented above, as follows

LTRd “
2

mgTw

pIx :φ´mgay ´mghφq “ E1ξ`E2
9ξ (9)

where
$

’

’

&

’

’

%

E1 “ r 0 0 ´
2h 9x

gTw

´
2h

Tw

0 0 0 s

E2 “ r´
2h

gTw

0 0 0 2
Ix ` mh2

mgTw

0 0 s

where Tw is the vehicle track; ξ “
”

9y, ϕ, 9ϕ, φ, 9φ,X, Y
ıT

is set to be the system state vector.

This new LTR index is now available to be used in

estimating the rollover risk for heavy-duty trucks [37].

3 MPC-based Control Strategy

In this section, the MPC-based controller with multi-

constrains is proposed to tackle the tire blowout hazard

for three-axle trucks for the first time. The schematic

diagram of the control system is shown in Fig.3. As

shown, the whole control system can be divided into

three major parts, which are the vehicle dynamic mod-

el, the vehicle dynamic control and the tire blowout
simulation, respectively. First of all, in the vehicle dy-
namic model part, the equivalent two-axle chassis of

the three-axle truck is established, upon which a ful-

l vehicle dynamic model including lateral motion, yaw

motion and roll motion is constructed accordingly. Af-

ter that, in the vehicle dynamic control module, the

MPC-based controller is particularly designed, as well

as the single lane change reference path being exhibited.

Then, a large transient vertical tire force shock is em-

ployed to reflect the unexpected tire blowout behavior,

which is exported to the front-left tire in the TruckSim

software afterwards. Meanwhile, a TruckSim-Simulink

co-simulation platform is constructed to verify the fea-

sibility and the effectiveness of the proposed controller,

which is presented in the tire blowout simulation mod-

ule.

3.1 MPC-based controller formulation

To balance the calculation load and the control ef-

fectiveness, the complicated dynamic model (7) has to
be simplified to satisfy the requirement. Firstly, ξ “
”

9y, ϕ, 9ϕ, φ, 9φ,X, Y
ıT

is set to be the system state vec-

tor as mentioned above, while the front wheel steer-
ing angle δf is set to be the control input u, that is

u “ rδf s. After that, the system output is set to be

η “ rϕ, φ,X, Y sT . The state-form of the vehicle dy-
namic model can be written as

#

9ξ “ fpξ,uq

η “ Cξ
(10)

where

C “

»

—

—

–

0 1 0 0 0 0 0
0 0 0 1 0 0 0

0 0 0 0 0 1 0
0 0 0 0 0 0 1

fi

ffi

ffi

fl

First of all, the dynamic system has to be discretized

in order to realise effective controller design, as follows

#

ξpt ` 1q “ ξptq ` T 9ξptq “ F pξptq,utq

ηptq “ Cξptq
(11)

where T is the sampling time.

After discretizing, the system is still too complicat-
ed to realise real-time control, let alone the dynamic

constraints. Therefore, to further linearize the proposed
system, the current working point of the control system
is assumed to be rξ0,u0s. Meanwhile, ξ̂0pkq is set to be

the system status under the constant control signal u0,

which can be written as

$

’

’

&

’

’

%

upkq “ u0

ξ̂0p0q “ ξ0

ξ̂0pk ` 1q “ F pξ̂0pkq,upkqq

(12)

Next, the Eq.(11) is expanded using the first-order

Taylor expansion method, as follows

ξpk ` 1q “ ξ̂0pk ` 1q ` Ak,0

”

ξpkq ´ ξ̂0pkq
ı

` Bk,0 rupkq ´ u0s
(13)
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Fig. 3 Schematic diagram of the control system.

where

Ak,0 “
BF

Bξ
|
ξ̂0pkq,u0

“

»

—

—

—

—

—

—

—

—

–

A11 0 A13 A14 A15 0 0
0 1 T 0 0 0 0

A31 0 A33 0 0 0 0

0 0 0 1 T 0 0

A51 0 A53 A54 A55 0 0

A61 A62 0 0 0 1 0
A71 A72 0 0 0 0 1

fi

ffi

ffi

ffi

ffi

ffi

ffi

ffi

ffi

fl

Bk,0 “
BF

Bu0

|
ξ̂0pkq,u0

“

“

B1 0 B3 0 B5 0 0
‰T

with

A11 “ 1 ´ 2T pCαf ` Cαreqp
1

m
`

h2

Ix
q
1

9x

A13 “ T

„

2pCαrelr ´ Cαf lf qp
1

m
`

h2

Ix
q
1

9x
´ 9x



A31 “ 2T
pCαrelr ´ Cαf lf q

Iz 9x
A51 “ ´2Th

Cαf ` Cαre

Ix 9x

A61 “ ´T sinϕ A71 “ T cosϕ

A62 “ ´T p 9y cosϕ ` 9x sinϕq A72 “ T p 9x cosϕ ´ 9y sinϕq

A33 “ 1 ´ 2T
l2fCαf ` l2rCαre

9xIz
A53 “ 2Th

Cαrelr ´ Cαf lf

Ix 9x

A14 “ ´T p
hKφ

Ix
q A54 “ ´T

Kφ

Ix

A15 “ ´T
Dφh

Ix
A55 “ 1 ´ T

Dφ

Ix

B1 “ 2TCαf p
1

m
`

h2

Ix
q B3 “ 2T

lfCαf

Iz

B5 “ 2Th
Cαf

Ix

Further, Eq.(13) can be rewritten as follows

ξpk ` 1q “ Ak,0ξpkq ` Bk,0upkq ` dk,0 (14)

where

dk,0 “ ξ̂0pk ` 1q ´ Ak,0ξ̂0pkq ´ Bk,0u0

After that, an augmented state of the system can

be expressed as

ξpkq “

„

ξpkq
upk ´ 1q



(15)

Now, the MPC-based control system can be ob-

tained by combing Eq.(14) with Eq.(15), as follows

#

ξpk ` 1q “ Ak,0ξpkq ` Bk,0∆upkq ` dk,0

ηpkq “ C ξpkq
(16)

where

Ak,0 “

„

Ak,0 Bk,0

0 1



, Bk,0 “

„

Bk,0

1



C “
“

C 04ˆ1

‰

, dk,0 “

„

dk,0

0



In order to simplify the calculation process, the ma-

trixes d̄k,t, Āk,t and B̄k,t are all regarded as fixed value
matrixes d̄, Ā and B̄.
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Ultimately, the expression of the output in the pre-

diction time domain is as follows

Y ptq “ Ψξpt|tq ` Θ∆Uptq ` ΓΦ (17)

where

Y ptq “

»

—

—

—

—

—

—

–

ηpt ` 1|tq
ηpt ` 2|tq

. . .

ηpt ` Nc|tq
. . .

ηpt ` Np|tq

fi

ffi

ffi

ffi

ffi

ffi

ffi

fl

Npˆ1

, Ψ “

»

—

—

—

—

—

—

–

C̄Ā

C̄Ā2

. . .

C̄ĀNc

. . .

C̄ĀNp

fi

ffi

ffi

ffi

ffi

ffi

ffi

fl

Npˆ1

∆Uptq “

»

—

—

–

∆upt|tq
∆upt ` 1|tq

. . .

∆upt ` Nc ´ 1|tq

fi

ffi

ffi

fl

Ncˆ1

, Φ “

»

—

—

—

—

—

—

–

d̄

d̄

. . .

d̄

. . .

d̄

fi

ffi

ffi

ffi

ffi

ffi

ffi

fl

Npˆ1

Θ “

»

—

—

–

C̄B̄ 04ˆ1 ¨ ¨ ¨ 04ˆ1

C̄ĀB̄ C̄B̄ ¨ ¨ ¨ 04ˆ1

...
...

. . .
...

C̄ĀNp´1B̄ C̄ĀNp´2B̄ ¨ ¨ ¨ C̄ĀNp´NcB̄

fi

ffi

ffi

fl

NpˆNc

Γ “

»

—

—

—

–

C̄ 04ˆ8 ¨ ¨ ¨ 04ˆ8

C̄Ā C̄ ¨ ¨ ¨ 04ˆ8

...
...

. . .
...

C̄ĀNp´1 C̄ĀNp´2 ¨ ¨ ¨ C̄

fi

ffi

ffi

ffi

fl

NpˆNp

where Np and Nc represent the predictive and the con-

trol horizon in the vehicle dynamic control module, re-
spectively.

The control sequence can be obtained by solving
the cost function, in which the system output error,
the control input constrains and the relaxation factor

are all taken into consideration, respectively, as follows

min J t “

Np
ÿ

i“1

||ηpk ` i|tq ´ ηrefpk ` i|tq||2Q

`
Nc´1
ÿ

i“0

||∆upk ` i|tq||2R ` ρε2

s.t. ∆Umin ď ∆U ď ∆Umax

Umin ď K∆U ` U ď Umax

Ymin ď Y ď Ymax

0 ď ε ď M

(18)

where Q, R and ρ denote the weighting matric/index,

respectively; ε stands for relaxation factor, whose val-

ue is positive; ∆U is control increment sequence, which

equals to ∆Uptq; U is the control sequence of the pre-

vious step, which equals to 1Nc

Â

upt ´ 1q; K is the

Kronecker matrix, which can be expressed as

K “

»

—

—

—

—

—

—

–

1 0 ¨ ¨ ¨ ¨ ¨ ¨ 0

1 1 0 ¨ ¨ ¨ 0

1 1 1
. . . 0

...
...
. . .

. . . 0

1 1 ¨ ¨ ¨ 1 1

fi

ffi

ffi

ffi

ffi

ffi

ffi

fl

loooooooomoooooooon

NcˆNc

b1.

3.2 Rollover stability oriented multi-constraints

In order to realise standard quadratic programming,

the error between the system output with the reference

state needs to be defined firstly, as follows

Y ´ Yref “ E ` Θ∆Uptq (19)

where E is the error between the system response with-

out control and the reference trajectory, which can be

obtained by E “ Ψξpt|tq`ΓΦ´Yref ; Yref donates the

given reference trajectory information.

Finally, the cost function of standard quadratic form

can be expressed as

min J t “
1

2

„

∆Uptq
ε

T „

2pΘTQ Θ ` Rq 0

0 2ρ

 „

∆Uptq
ε



`
“

2ETQ Θ 0
‰

„

∆Uptq
ε



(20)

Meanwhile, the dynamic constrains can be written
as

s.t.

„

∆Umin

0



ď

„

∆Uptq
ε



ď

„

∆Umax

M



»

—

—

–

K ´INcˆ1

´K ´INcˆ1

Θ 0Ncˆ1

´Θ 0Ncˆ1

fi

ffi

ffi

fl

„

∆Uptq
ε



ď

»

—

—

–

Umax ´ U
´Umin ` U

Ymax ´ Ψξ ´ ΓΦ

´Ymin ` Ψξ ` ΓΦ

fi

ffi

ffi

fl

(21)

As a result, the control input u, which equals to the

steering angle at the previous moment plus the first

element of the control sequence ∆U , can be ultimately

obtained by solving the optimal function Eq.(20) with

constrains Eq.(21), as follows

uptq “ upt ´ 1q ` ∆uptq (22)

where uptq is the required control input, that is the

front wheel steering angle δf at each step.
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Table 2 Relevant parameters and constraints

Parameters Value Parameters Value

Nc 5 Np 10
ρ 103 M 0.05
m 17050 kg h 1.41 m
lf 2.943 m lr 2.667 m
g 9.8 m{s2 9x 20 m{s

Ymin1 -2.5 m Ymax1 2.5 m
Ymin2 -2 m Ymax2 350 m
Xmin1 -2 m Xmax1 450 m
Xmin2 -2.5 m Xmax2 250 m
umin -0.2616 rad umax 0.2616 rad
∆umin -0.0222 rad ∆umax 0.0222 rad
ϕmin1 -0.5 rad ϕmax1 0.5 rad
ϕmin2 -0.1 rad ϕmax2 2 rad
φmin -0.1 rad φmax 0.1 rad
Ix 10431 Kg¨m2 Iz 28900 Kg¨m2

Cαf 157560 N/rad Cαf 509610 N/rad
Kφ 378147 N¨m/rad Dφ 7815 N¨s/rad
R 5 ˆ 105INuˆNc

T 0.025 s

0 2 4 6 8 10 12 14 16 18 20

t / s

0

1

2

3

4

5

6

F
z

/N

10
4

Fzl0

Fzr0

Fzl1

Fzr1

Fig. 4 Vertical front tire forces before/after blowout.

4 Simulation analysis

To validate the feasibility and the effectiveness of
the proposed method, two typical scenarios are designed

based on the TruckSim/Simulink co-simulation platfor-
m with the tire blowout behavior simulation being in-
troduced firstly. Meanwhile, the key parameters char-

acterizing the selected three-axle vehicle dynamics and

the major parameters used in the MPC-based vehicle

controller obtained by trial-and-error adjust method are

shown in Tab.2, respectively.

4.1 Tire blowout behavior simulation

Given that there are few investigations about the

tire blowout behavior simulation, it is necessary to fig-

ure out how to reproduce it in the simulation process

firstly. Previous experimental researches show that many

physical characteristics of a tire change suddenly after

blowout, such as the rolling resistance coefficient, the

longitudinal stiffness, the effective radius, etc. However,

0 5 10 15 20
t / s

0

50

100

150

(a) Lateral displacement

0 5 10 15 20
0

0.02

0.04

0.06

0.08

0.1

(b) Lateral acceleration

0 5 10 15 20
-1

0

1

2

3

4

(c) Yaw rate 

0 5 10 15 20
-3

-2

-1

0

1

2

(d) Rollover rate

Y /m /
y

a g

/ (deg/ )s / (deg/ )s

Without blowout With blowout

t / s

t / s t / s

Fig. 5 Vehicle responses before/after blowout.

the dominant factor reflecting the mechanical proper-

ties of the burst tire is the vertical load redistribution,
which leads easily to large transient fluctuation of the
vertical force after blowout according to the literature

[28]. Therefore, a large transient vertical shock force is

employed in this study to describe the influence of tire

blowout on expressway. Since the front wheels are the

steering wheels, their blowout has a great negative in-

fluence on the vehicle stability. Consequently, blowout
behavior is set to be applied on the front-left tire in
this study. To be specifically, a TruckSim/Simulink co-

simulation is performed firstly without any tire blowout

to collect the normal front-left tire force data of the ve-

hicle during the whole process. After that, a large tran-

sient vertical shock force is applied to the front-left tire

based on the data set established above to simulate the

tire blowout process, which can be expressed as

Fzw “

$

’

&

’

%

Fzo Before blowout

0.6Fzo ´ 5 ˆ 103e1´t sin p20ep1´0.45tqtq

After blowout

(23)

where Fzw{Fzo is the tire vertical force with/without

the large transient vertical shock, respectively.

The comparison of the vertical tire forces with/without

front-left tire blowout while driving along a straight

lane is shown in Fig.4, where Fzl1 and Fzr1 donate
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-1
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1

2
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Scenario I

t =11s

0 50 100 150 200

0
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100

150

200

X / m

Scenario II

t =6s

(b) Right-angled turn(a) Single lane change

Y / m

R =150m

Fig. 6 Reference trajectory curves.

(a) Scenario I: Single lane change

(b) Scenario II: Right-angled turn

Burst tire

Truck load

Burst tire

Truck load

Fig. 7 Simulation animations of different scenarios.

tire forces of front left/right tire with blowout, respec-
tively, while Fzl0 and Fzr0 donate tire forces of fron-

t left/right tire without blowout, respectively. Mean-

while, the blowout of the front-left tire is set to be

triggered at t “ 3s. The responses of four typical re-

lated parameters including the lateral deviation, the

lateral acceleration, the yaw rate and the rollover rate
before/after tire blowout are depicted in Fig.5, respec-
tively. As shown in the figure, without effective control,

the vehicle would soon deviate from the expected tra-

jectory, as well as both vehicle yaw rate and rollover

rate would fluctuate greatly in varying degrees. Obvi-

ously, the trends of these curves are very similar to the

simulation and experimental research results about tire
blowout mechanism and influence presented in [28, 38–
40]. Therefore, applying a transient vertical shock is a

feasible way to realize high-fidelity tire blowout mech-

anism simulation to some extent.

4.2 Scenario I

To verify the effectiveness of the proposed control

method, two typical maneuver scenarios are designed,

10 4

Fzl0

Fzr0

Fzl1

Fzr1

F
z

/N

0 2 4 6 8 10 12 14 16 18 20
t / s

0

1

2

3

4

5

6

Fig. 8 Vertical front tire forces before/after blowout at
t=11s.

including the single lane change maneuver and the right-

angled turn maneuver. Both the reference trajectories
are shown in Fig.6, respectively. Meanwhile, both the
two different simulation scenario animations are exhib-

ited in Fig.7, in which the tire blowout events are trig-

gered at t “ 11s and t “ 6s, respectively. Specifically,

it’s worth mentioning that all the control results are

presented in the form of comparisons of three curves,

including the results from no blowout conditions and
results from blowout conditions with/without vehicle
rollover control, respectively.

In the single lane change scenario, the unexpected

front-left tire blowout is set to be triggered during the
process of maneuver at the time of t “ 11s, as shown in

Fig.6(a) and Fig.7(a). The vertical tire force respons-
es with/without blowout simulation are shown in Fig.8,
where the red curves donate the left/right tire forces un-

der blowout condition, while the blue curves represent
the front left/right tire forces originated from normal
condition, respectively.

The vehicle responses of four different typical pa-

rameters after tire blowout are shown in Fig.9, where
the green dashed curves represent the responses under
no tire blowout condition, while the blue/red curves

represent the tire blowout control results without/with

consideration of vehicle rollover stability maintenance,

respectively. First of all, it suggests that no matter the

rollover stability is considered or not, the real vehicle
motion trajectory can catch up with the reference tra-
jectory after the front-left tire blowout is triggered, as
shown in Fig.9(a). However, the vehicle lateral acceler-

ation converges to zero faster once the rollover stabili-

ty is considered in the controller, as show in Fig.9(b).

Furthermore, the evolution law is even more evident in

Fig.9(c) and Fig.9(d). Obviously, all of the curves would

fluctuate in varying degrees suddenly after the blowout

is triggered and converge to zero afterwards. However,

when the tire blowout event is triggered at t “ 11s, the

yaw rate curve and the roll rate curve originated from
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t / s

(a) Vehicle path (b) Lateral acceleration

(c) Yaw rate (d) Rollover rate
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/(deg/s)/(deg/s)

/g

 

y
aY/m

0 100 200 300 400
-2

-1

0

1

2

0 5 10 15 20
-0.1

-0.05

0

0.05

0.1

0.15

0 5 10 15 20
-2

-1

0

1

2

3

4

0 5 10 15 20
-3

-2

-1

0

1

2

260 280 300 320

-2

-1.5
12 14

0.06

0.08

0.1

12 14 16

2

3

4

15 20

-1.5
-1

-0.5
0

0.5

Fig. 9 Vehicle responses before/after blowout at t=11s.

the controller considering vehicle rollover stability oscil-
late more gently, while these originated from the other

controller still have large oscillation amplitudes, which
may lead to an increase of potential traffic accident risk.
In this sense, considering vehicle rollover stability main-

tenance during the controller design process is not only

necessary, but also effective.

To show the vehicle rollover risk more clearly, the
vehicle LTR index curves under different controllers

are depicted in Fig.10, respectively. Firstly, before tire

blowout, the deviation among these three curves seems

minor, which means both controllers satisfy the control

requirements under normal conditions. However, after

the blowout is triggered at t “ 11s, the LTR curves

originated from both controllers start fluctuating sud-

denly. Meanwhile, it’s obvious that the red curve, which

donates the LTR trend of the controller considering

rollover stability, converges much faster than the blue

curve. In other word, the vehicle status becomes much

more stable and changes much more smoother while the

rollover maintenance is involved in the controller, which

once again validates the efficiency and effectiveness of
the proposed method.

4.3 Scenario II

In order to further evaluate the adaptability of the

proposed method under different working conditions,

a right-angled turn reference path is particularly de-

L
T

R

t / s

Original curve
Without roll control
With roll control

0 2 4 6 8 10 12 14 16 18 20
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

11 12 13 14 15

-0.3

-0.25

-0.2

-0.15

Fig. 10 LTR before/after blowout at t=11s.

10 4

Fzl0

Fzr0

Fzl1

Fzr1

F
z

/N

t / s

0 2 4 6 8 10 12 14 16 18

1

2

3

4

5

6

Fig. 11 Vertical front tire forces before/after blowout at
t=6s.

signed, of which the radius is 150m, as shown in Fig.6(b)

and Fig.7(b). In this scenario, the unexpected tire blowout

event is set to be triggered at t “ 6s, and the corre-

sponding vertical force curves of the front tires with/without
blowout are shown in Fig.11, respectively.

The comparisons of four typical responses of vehi-

cle motion characteristics, including the vehicle path,
the lateral acceleration, the yaw rate and the rollover

rate, are depicted in Fig.12, respectively. First of all, the
errors between the three different curves in Fig.12(a)
seems minor, which means the vehicle can achieve ef-
fective path tracking no matter the rollover stability is

considered or not. Secondly, as the blowout is triggered

at t “ 6s, all of the curves in Fig.12(b), Fig.12(c) and
Fig.12(d) start fluctuating in varying degrees suddenly.

The difference lies in that the curves originated from the
controller considering vehicle rollover stability converge
more faster and smoother. The revolution law is much
evident at around t “ 14s, when the vehicle has almost

finished the maneuver and return back to the straight
lane. In a word, the performance of the controller in-
creased evidently while the vehicle rollover stability is

involved.

The LTR responses of the right-angled turn maneu-

ver are depicted in Fig.13, respectively. As shown, due

to the relatively high speed and the right-angled path,

all the three curves go lower than ´0.5 at the time
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Fig. 12 Vehicle responses before/after blowout at t=6s.
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Fig. 13 LTR before/after blowout at t=6s.

range r3, 14ss. Obviously, during the process of maneu-

ver, the red curve, where the rollover stability is con-
sidered, remains more stable than the dashed blue one.
Meanwhile, at the end of the maneuver, the dashed blue

curve goes higher than 0.5, which is another dangerous

zone, while the red one remains in the range r´0.5, 0.5s.
All the above discussions validate the control ability

and adaptability of the proposed method during tire
blowout once again. In addition, all the comparisons of
the control results reflect the reliability and availability
of the equivalent model.

5 Conclusion

In this paper, an autonomous MPC-based controller

for three-axle trucks was proposed to handle the haz-
ard caused by unexpected tire blowout on expressway.

By combining the stable-state vehicle dynamic mod-

el and the conventional vehicle steering characteristics,

an equivalent two-axle chassis was established, through

which the control accuracy and the computational load

were well balanced at the same time. Based on this

equivalent chassis, a high-fidelity tire blowout orient-

ed full vehicle dynamic model was constructed, where

the vehicle lateral motion, yaw motion and roll motion
were all considered in order to realise real-time accurate
path tracking and rollover maintenance simultaneous-
ly. Also, a large transient vertical tire force shock was

then employed to the front-left tire to simulate the real

tire blowout behavior, upon which the MPC-based ve-

hicle controller was designed for effective control. The

TruckSim-Simulink co-simulation results illustrated the

effectiveness and feasibility of the proposed method.

Future work will concentrate on the experimental

validation of the proposed control system and the multi-

axle vehicles oriented comprehensive rollover risk eval-

uation index formulation. In addition, since the vehicle

controller is designed based on the linear tire model-

based vehicle model, the operating range and perfor-

mance might will be further expanded by designing a

more accurate nonlinear burst tire model, which is also

one of our future research topics.
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