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Under complicated driving situations, such as cornering brake, lane change, or barrier avoidance, the vertical, lateral, and
longitudinal dynamics of a vehicle are coupled and interacted obviously. This work aims to propose the suitable vehicle and driver
models for researching full vehicle dynamics in complicated conditions. A nonlinear three-directional coupled lumped parameters
(TCLP) model of a heavy-duty vehicle considering the nonlinearity of suspension damping and tire stiffness is built firstly. Then a
modified preview driver model with nonlinear time delay is proposed and connected to the TCLP model to form a driver-vehicle
closed-loop system.The presented driver-vehicle closed-loop system is evaluated during a double-lane change and compared with
test data, traditional handling stability vehicle model, linear full vehicle model, and other driver models. The results show that the
new driver model has better lane keeping performances than the other two driver models. In addition, the effects of driver model
parameters on lane keeping performances, handling stability, ride comfort, and roll stability are discussed. The models and results
of this paper are useful to enhance understanding the effects of driver behaviour on full vehicle dynamics.

1. Introduction

Due to rapid development of highway transportation, the
research in the field of vehicle dynamics and control systems
has attracted many scholars’ attention. In order to simulate
different driving scenarios and reduce test cost, a lot of
driver steering control models have been proposed. However,
although automobile and driver form a couple, the aim and
reason of the present investigations are often focused either
on the vehicle or on the driver. Plochl and Edelmann [1]
and MacAdam [2], respectively, gave a detailed review of
driver models and their application in automobile dynamics.
Among many different driver models, the single- or mul-
tipoint preview driver models play an important role. Guo
and Guan [3, 4] proposed a single-point preview optimal
curvaturemodel that has been widely used. Sharp [5] added a
low-pass road excitation filter to a single-point time-invariant
optimal preview control and calculated the optimal control
variable value based on the state space equations. Legouis
et al. [6] proposed two driver models with fixed gains and

linear or nonlinear time delay. Liu et al. [7, 8] used these two
models to study the nonlinear lateral dynamics of a 2DOF
vehicle model. Liu et al. [9] established a fuzzy-PID driver
steering model for a truck and adjusted the gains by fuzzy
rule. Besides above single-point preview models, some mul-
tipoint preview models are also widely used. One of the most
well-known multipoint preview models is MacAdam’s driver
model, which is based on the preview control framework for
linear systems and calculates the average position deviation
during the preview time [10]. Ungoren and Peng [11] pro-
posed a generalized version of the MacAdam’s model that
can simulate steering actions of human drivers with different
driving styles. Chatzikomis and Spentzas [12] presented a
combined longitudinal-lateral controller bymodifying Sharp’
multipoint preview model [13]. Pick and Cole [14] extended
a multipoint preview path-following controller to include
the muscle reflex control loop and steering torque feedback.
It should be noted that most substantial progress in driver
modeling still lies in a linear world and focuses on two-axle
cab car. However, the investigation on steering control of the
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three-axle heavy vehicles with nonlinear suspension and tire
property is also necessary and has attracted some scholars’
attention. The UMTRI’s yaw-roll truck model described in
[15] considered nonlinearities of suspension and tire corner-
ing force as tabular functions and was further adapted to
include the road roughness effect [16] but did not set up the
difference equations for the longitudinalmotion andwas only
suitable to constant-speed driving conditions.

In addition, the present driver models are often applied
to evaluate lateral and yaw dynamic characteristics based on
the handling stability vehicle model, and the results about
the effect of driver behavior on vehicle vertical, lateral, and
longitudinal dynamics are still inadequate. In fact, the road
surface offers not only lateral and longitudinal forces to a
vehicle but also vertical forces to suspension, especially under
complicated driving situations such as lane change, corner-
ing, or barrier avoidance. In these cases, the vertical, roll,
and pitch dynamics of a vehicle are coupled with the lateral
and yaw motions obviously. Due to bigger inertia, longer
wheelbase, and higher roll center compared with cab cars, the
heavy-duty vehicles show poorer stability and greater three-
directional coupling effects when entering a turn or lane
change. Hence, it is quite necessary to build a three-direc-
tional coupled vehicle model and research the effect of driver
steering on full vehicle dynamics.

This work applies a modified preview driver model in full
vehicle dynamics simulation of a heavy vehicle and investi-
gates the effect of driver parameters on both lane keeping per-
formances and full vehicle dynamic characteristics. Firstly, we
give a description on how tomodel the three-directional cou-
pling effect and nonlinear properties of suspension and tire in
a heavy-duty vehicle. Then a modified single-point preview
driver control model with nonlinear time delay considering
vehicle speed variation is proposed and a driver-vehicle
closed-loop system is constructed. The full vehicle dynamic
responses of the closed-loop system in double-lane change
are obtained by numerical integration. The validity of this
closed-loop system is verified by comparison with the results
of a field test, the traditional steering stability vehicle model,
the linear vehicle model and other driver control models.
Finally, the effects of driver model parameters such as vehicle
running speed, time delay, preview distance, and permit
position error on the path-following behavior and three-
directional dynamics of the vehicle are also analyzed.

2. Model Building

2.1. The Nonlinear Three-Directional Coupled Vehicle Model.
A nonlinear TCLP model for a three-axial heavy-duty truck
with 23-DOF is presented, as shown in Figure 1. The vehicle
is front wheel steered and rear wheel driven. 𝑧

𝑐
, 𝜃
𝑐
, 𝜙
𝑐
, 𝑧
𝑏
,

𝜃, 𝜙 stand for the vertical, pitch, and roll displacements
of driver cab and vehicle body. 𝜓, 𝑥, 𝑦 represent the yaw,
longitudinal, and lateral displacements of the full vehicle.
𝑧
𝑢𝑖
, 𝜙
𝑢𝑖
(𝑖 = 1–3) denote the vertical and roll displacements

of three wheel axles. 𝜃
𝑝1
and 𝜃
𝑝2
are the pitch angles of the left

or right balancing pole on rear suspension. 𝑀, 𝑀
𝑏
, and 𝑀

𝑐

denote themasses of full vehicle, vehicle body, and driver cab,
respectively. The origin of vehicle coordinate system (𝑥, 𝑦, 𝑧)

is located in the intersection between the roll axle and the
vertical line passing vehicle center of gravity. ℎ

𝑠
and 𝑙
𝑠
are the

vertical and longitudinal distance from the sprung mass cen-
ter of gravity to the coordinate origin. 𝑑

𝑡1
and 𝑑
𝑡2
are the front

and rear wheel track width. 𝑑
𝑠1
and 𝑑

𝑠2
are the lateral dis-

tance between left and right springs on front or rear suspen-
sion.

The movements of the heavy-duty vehicle are coupled
with each other greatly. Equations (1) give the longitudinal,
lateral, and yaw dynamics of the full vehicle. Equations (2)
give the vertical, roll, and pitch dynamics of the sprung mass
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Figure 1: Three-directional coupled heavy vehicle model with 23-DOF.
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For this heavy-duty vehicle, two hydraulic dampers are

fixed on the left and right front suspensions and the tandem
balanced suspension does not have any shock absorber. In
order to represent the frictional property of leaf spring, the
damping forces of tandem balanced suspension are modeled
linearly. The suspension forces between middle or rear axle
and vehicle body are given by
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Since hydraulic dampers show obvious nonlinearity,
many dynamic models for shock absorber have been pro-
posed, amongwhich the fittedmodel is quite suitable tomod-
eling the ascertained shock absorber but needs a large amount
of experimental work [17, 18]. In this work, the dynamic prop-
erty of the damper on front suspension ismeasured byHT-911
testing machine under sinusoidal excitation. Since the inher-
ence frequency of the vehicle body is from 1Hz to 2.5Hz,
four excitation frequencies are selected as 1Hz, 1.5Hz, 2Hz,
and 2.5Hz. Limited by the machine’s tonnage, the excitation
amplitude is chosen as 10mm. Figure 2 shows the measured
force-velocity curves. Since the hysteresis loops of damping
force depend on the excitation frequency and amplitude
greatly, the parameters of hysteresis model under random
excitations are difficult to identify. Hence, a nonlinear seg-
mented model describing the damper’s scheme framework is
proposed here,
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where V
𝑑
, 𝐶, 𝛽, and 𝑛 are the relative velocity of cylinder

and plunger, the damping coefficient, the asymmetry ratio,
and the exponent, respectively. 𝐹
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, 𝐹
02
, Vlim 1, and Vlim 2 are

the damping force and relative velocity when the damper
reaching saturation in tension or compression process.

Parameters in model (5) fitted to the measured data are
𝐶 = 30893, 𝛽 = 0.56, 𝑛 = 0.16, 𝐹

01
= 4119N, 𝐹

02
= 726N,

Vlim 1 = 0.12m/s, and Vlim 2 = 0.08m/s. The damping force
curve obtained from the theoretical damper model is shown
as the thick solid line in Figure 2. It can be seen that the
presented damping forcemodel is able to describe the scheme
framework and saturation property of the damper. Though
model (5) neglects the damper’s hysteresis characteristics, it
is simple and accurate enough for numerical simulation.

Using model (5) to calculate the damping force, the front
suspension forces are expressed by

𝐹
𝑠11

= 𝐾
𝑠11
(𝑧
𝑏
− (𝜃 − 𝜃

0
) 𝑙
1
− 𝑧
𝑢1
+

(𝜑 − 𝜑
𝑢1
) 𝑑
𝑠1

2

) + 𝐹
𝑑11
,

𝐹
𝑠12

= 𝐾
𝑠12
(𝑧
𝑏
− (𝜃 − 𝜃

0
) 𝑙
1
− 𝑧
𝑢1
−

(𝜑 − 𝜑
𝑢1
) 𝑑
𝑠1

2

) + 𝐹
𝑑12
,

(6)

where 𝐹
𝑑11

and 𝐹
𝑑12

are the left and right damping force
of front suspension. The relative velocities of left and right
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Figure 2: Dynamic test and modeling of the damper.

damper are obtained by V
𝑑1
= (�̇�
𝑏
−

̇
𝜃𝑙
1
− �̇�
𝑢1
+ (�̇� − �̇�

𝑢1
)𝑑
𝑠1
/2)

and V
𝑑2
= (�̇�
𝑏
−

̇
𝜃𝑙
1
− �̇�
𝑢1
− (�̇� − �̇�

𝑢1
)𝑑
𝑠1
/2).

The following equations give the balancing pole pitch,
the cab vertical, roll and pitch, and the axle vertical and roll
movements:

𝐼
𝑝𝑖

̈
𝜃
𝑝𝑖
+ (𝐹
𝑠3𝑖
− 𝐹
𝑠2𝑖
)

𝑙
3

2

= 0

𝑀
𝑐
�̈�
𝑐
+ (𝐹
𝑐1
+ 𝐹
𝑐2
+ 𝐹
𝑐3
+ 𝐹
𝑐4
) = −𝑀

𝑏
𝑔

𝐼
𝑐𝑥

̈
𝜙
𝑐
+ (𝐹
𝑐1
+ 𝐹
𝑐3
− 𝐹
𝑐2
− 𝐹
𝑐4
)

𝑑
𝑐

2

= 0

𝐼
𝑐𝑦

̈
𝜃
𝑐
− (𝐹
𝑐1
+ 𝐹
𝑐2
) 𝑙
5
+ (𝐹
𝑐3
+ 𝐹
𝑐4
) 𝑙
6
= 0

𝑀
𝑢𝑖
�̈�
𝑢𝑖
− 𝐹
𝑠𝑖1
− 𝐹
𝑠𝑖2
= 𝐹
𝑡𝑧𝑖1

+ 𝐹
𝑡𝑧𝑖2

−𝑀
𝑢𝑖
𝑔

𝐼
𝑢𝑖

̈
𝜙
𝑢𝑖
+ (𝐹
𝑠𝑖2
− 𝐹
𝑠𝑖1
)

𝑑
𝑠𝑖

2

= (𝐹
𝑡𝑧𝑖1

− 𝐹
𝑡𝑧𝑖2

)

𝑑
𝑡𝑖

2

+ (𝐹
𝑡𝑦𝑖1

+ 𝐹
𝑡𝑦𝑖2

) 𝑅
𝑖
.

(7)

2.2. Tire Model. The vertical square nonlinear tire model [19]
is given as

𝐹
𝑡𝑧𝑖𝑗

= 𝐾
𝑡𝑖𝑗
(𝑧
0𝑖𝑗
− 𝑧
𝑡𝑖𝑗
) + 𝐶
𝑡𝑖𝑗
(�̇�
0𝑖𝑗
− �̇�
𝑡𝑖𝑗
)

+ 𝜀𝐾
𝑡𝑖𝑗
(𝑧
0𝑖𝑗
− 𝑧
𝑡𝑖𝑗
)

2

,

(8)

where 𝐾
𝑡𝑖𝑗

and 𝐶
𝑡𝑖𝑗

are the linear tire vertical stiffness and
damping coefficient, respectively. 𝜀 and 𝑧

0𝑖𝑗
are the square

nonlinear stiffness coefficient and road unevenness, respec-
tively. From the axle vertical and roll displacements, the
vertical tire displacements 𝑧

𝑡𝑖𝑗
can be gained:

𝑧
𝑡𝑖1
= 𝑧
𝑢𝑖
+ 𝜙
𝑢𝑖

𝑑
𝑠𝑖

2

, 𝑧
𝑡𝑖2
= 𝑧
𝑢𝑖
− 𝜙
𝑢𝑖

𝑑
𝑠𝑖

2

. (9)

Here, subscript 𝑖 stands for the front, middle, or rear axle (𝑖 =
1–3). 𝑗 stands for the left or right wheel (𝑗 = 1-2).

Based on Gim tire model [20, 21], the lateral and longitu-
dinal tire forces and aligning torque are described by

𝐹
𝑡𝑥𝑖𝑗

= {

𝐾
𝑥𝑖𝑗
𝑆
𝑠𝑖𝑗
𝑙
2

𝑛𝑖𝑗
+ 𝜇
𝑥𝑖𝑗
𝐹
𝑡𝑧𝑖𝑗

(1 − 3𝑙
2

𝑛𝑖𝑗
+ 2𝑙
3

𝑛𝑖𝑗
) 𝑆
𝑠𝑖𝑗
< 𝑆
𝑠𝑐𝑖𝑗

𝜇
𝑥𝑖𝑗
𝐹
𝑡𝑧𝑖𝑗

𝑆
𝑠𝑖𝑗
≥ 𝑆
𝑠𝑐𝑖𝑗
,

𝐹
𝑡𝑦𝑖𝑗

= {

𝐾
𝛼𝑖𝑗
𝑆
𝛼𝑖𝑗
𝑙
2

𝑛𝑖𝑗
+ 𝜇
𝑦𝑖𝑗
𝐹
𝑡𝑧𝑖𝑗

(1 − 3𝑙
2

𝑛𝑖𝑗
+ 2𝑙
3

𝑛𝑖𝑗
) 𝑆
𝛼𝑖𝑗

< 𝑆
𝛼𝑐𝑖𝑗

𝜇
𝑦𝑖𝑗
𝐹
𝑡𝑧𝑖𝑗

𝑆
𝛼𝑖𝑗

< 𝑆
𝛼𝑐𝑖𝑗

,

𝑇
𝑧𝑖𝑗
= 𝐹
𝑦𝑖𝑗
𝐷
𝑥𝑖𝑗
− 𝐹
𝑥𝑖𝑗
(𝐷
𝑦𝑖𝑗
+ 𝑦
𝑏𝑖𝑗
) ,

(10)

where

𝑆
𝑠𝑖𝑗
=

(𝑉
𝑥
− 𝜔
𝑖𝑗
𝑅
𝑖𝑗
)

𝑉
𝑥

,

𝑆
𝛼𝑖𝑗

= {






tan𝛼
𝑖𝑗







brake
(1 −






𝑆
𝑠𝑖𝑗






)






tan𝛼
𝑖𝑗







driving

(11)

are the longitudinal and lateral wheel slip ratio. 𝑆
𝑠𝛼𝑖𝑗

=

√𝑆
2

𝑠𝑖𝑗
+ 𝑆
2

𝛼𝑖𝑗
, 𝑙
𝑛𝑖𝑗

= 1 − 𝑆
𝑛𝑖𝑗
, 𝑆
𝑛𝑖𝑗

= √(𝐾
𝑥𝑖𝑗
𝑆
𝑠𝑖𝑗
)
2

+ (𝐾
𝛼𝑖𝑗
𝑆
𝛼𝑖𝑗
)
2

/
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(3𝜇
𝑖𝑗
𝐹
𝑡𝑧𝑖𝑗
), 𝑆
𝑠𝑐𝑖𝑗

= 3𝜇
𝑖𝑗
𝐹
𝑧𝑖𝑗
/𝐾
𝑥𝑖𝑗
, and 𝑆

𝛼𝑐𝑖𝑗
= 𝐾
𝑥𝑖𝑗
√𝑆
2

𝑠𝑐𝑖𝑗
− 𝑆
2

𝑠𝑖𝑗
/

𝐾
𝛼𝑖𝑗

are tire parameters related to slip ratio. 𝜇
𝑖𝑗
= 𝜇
0
(1 − (1 −

𝜇
1
/𝜇
0
)𝑆
𝑠𝛼𝑖𝑗

/𝑆
1
), 𝜇
𝑥𝑖𝑗

= 𝜇
𝑖𝑗
𝑆
𝑠𝑖𝑗
/𝑆
𝑠𝛼𝑖𝑗

, and 𝜇
𝑦𝑖𝑗

= 𝜇
𝑖𝑗
𝑆
𝛼𝑖𝑗
/𝑆
𝑠𝛼𝑖𝑗

are
road adhesion coefficients. 𝑉

𝑥
, 𝐾
𝑥𝑖𝑗
, and 𝐾

𝛼𝑖𝑗
are the vehicle

running speed, and tire longitudinal and lateral stiffness,
respectively. The wheel rotating rate 𝜔

𝑖𝑗
is given by

𝐼
𝑖𝑗
�̇�
𝑖𝑗
= 𝑇
𝑠𝑖𝑗
− 𝑇
𝑏𝑖𝑗
− 𝑅
𝑖𝑗
⋅ 𝐹
𝑡𝑥𝑖𝑗
, (12)

where 𝑇
𝑠𝑖𝑗

and 𝑇
𝑏𝑖𝑗

(𝑖 = 1 ∼ 3, 𝑗 = 1 ∼ 2) are the driving
torque and braking torque of six wheels.

2.3. Driver Model. According to Guo’s preview of optimal
curvature drivermodel [3, 4], the optimal front steering angle
is expressed by

𝛿
𝑝
=

2𝐿

𝑑
2
[𝑓 (𝑡 + 𝑇) − 𝑦 (𝑡) − 𝑇 ̇𝑦 (𝑡)] , (13)

where 𝑑, 𝑇, and 𝐿 are the preview distance, preview time, and
wheelbase, respectively. 𝑓(𝑡 + 𝑇) is the lateral position of the
desired route at preview point and 𝑦(𝑡) is the vehicle lateral
position at current time.

The above model is very simple and suitable to simulate
lateral dynamics of vehicle running at a constant speed. How-
ever, it neglects the effect of time delay, and the desired route
function 𝑓(𝑡) needs to be computed according to vehicle
speed and trajectory before simulation.

Legouis’ driver model with nonlinear time delay [6–8]
calculates the front steering angle by

𝛿
𝑝
= −𝐾[𝑦

𝑁
(𝑡 − 𝑇

𝑟
) +

𝑑

𝑈

̇𝑦
𝑁
(𝑡 − 𝑇

𝑟
)] , (14)

where𝐾, 𝑇
𝑟
, and𝑈 are feedback gain, time delay, and vehicle

running speed, respectively. 𝑦
𝑁
(𝑡 − 𝑇

𝑟
) and 𝑦

𝑁
(𝑡 − 𝑇

𝑟
) +

(𝑑/𝑈) ̇𝑦
𝑁
(𝑡 − 𝑇

𝑟
) are the lateral position of vehicle gravity

center and preview point in the inertial frames, respectively.
This model introduced time delay and calculated position
deviation between vehicle and desired route in the inertial
frames. However, the feedback gain in Legouis’ driver model
is a constant and cannot be obtained by vehicle parameters.
The ideal route function is not included in the model because
the straight-line driving condition is researched. In addition,
the preview point is gained from vehicle gravity center and
neglects the difference of longitudinal distance and yaw angle
between vehicle gravity center and driver position.

By combining the above two models, a modified driver
model is proposed here as shown in Figure 3.The front wheel
steering angle is given by

𝛿
𝑝
(𝑡) =

2𝐿

𝑑
2
[𝑅𝑌
𝑑
(𝑡 − 𝑇

𝑟
) − 𝑌
𝑑
(𝑡 − 𝑇

𝑟
)]





𝑅𝑌
𝑑
(𝑡 − 𝑇

𝑟
) − 𝑌
𝑑
(𝑡 − 𝑇

𝑟
)




> 𝑒
𝑐𝑟

𝛿
𝑝
(𝑡) = 𝛿

𝑝
(𝑡 − 𝑑𝑡)





𝑅𝑌
𝑑
(𝑡 − 𝑇

𝑟
) − 𝑌
𝑑
(𝑡 − 𝑇

𝑟
)




≤ 𝑒
𝑐𝑟
,

(15)

where𝑅𝑌
𝑑
,𝑌
𝑑
, 𝑒
𝑐𝑟
, and𝑑𝑡 are the required lateral position and

real lateral displacement of the preview point in the ground

Y
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Figure 3: The new driver control model with nonlinear time delay.

coordinate system, the permit position error, and the inte-
gration time step, respectively. For three-axle vehicle, the
parameter 𝐿 in (15) is the distance between front wheel and
center of balance suspension and is expressed by 𝐿 = 𝑙

1
+ 𝑙
2
.

This modified model has a feedback gain 2𝐿/𝑑
2 that is

defined by wheelbase and preview distance. It can be noticed
that a big wheelbase or a small preview distance will lead to
a big gain. This statement is well understood, because drivers
feel it difficult to control the vehicle direction in the case of big
wheelbase or small preview distance, so they have to increase
the intervention of steering angle.

The displacement of the preview point in the ground
coordinate system is

𝑋
𝑑
= 𝑋 (𝑡) + 𝑙

1
cos𝜓 + 𝑑

𝑈

(�̇� − 𝑙
1
�̇� sin𝜓)

𝑌
𝑑
= 𝑌 (𝑡) + 𝑙

1
sin𝜓 + 𝑑

𝑈

(�̇� + 𝑙
1
�̇� cos𝜓) ,

(16)

where𝑋(𝑡), 𝑌(𝑡), and 𝜓 are displacements and heading angle
of vehicle gravity center in the ground coordinate system. It
should be noted that the preview point lies in 𝑑meter ahead
of driver seat not vehicle gravity center. According to 𝑋

𝑑

and the required route function, the required lateral position
𝑅𝑌
𝑑
is easily obtained. Substituting 𝑅𝑌

𝑑
and 𝑌

𝑑
into (15) and

introducing time delay, the front wheel angle can be obtained.
It should be noted that themodified drivermodel depends on
the vehicle longitudinal speed as strongly as Legouis’ driver
model.

The displacements and velocities in vehicle coordinate
system (𝑥, 𝑦, 𝑧) can be gained from vehicle model and
transferred to the ground coordinate system (𝑋, 𝑌, 𝑍) by the
following relation:

�̇� = 𝑉
𝑥
cos𝜓 − 𝑉

𝑦
sin𝜓,

�̇� = 𝑉
𝑥
sin𝜓 + 𝑉

𝑦
cos𝜓.

(17)

Finally, the vehicle model, tire model, and driver model
are coupled into the driver-vehicle closed-loop system. The
longitudinal slip ratios of six wheels are calculated in real-
time with vehicle responses as input.The front wheel steering
angle is obtained by the modified driver model and fed back
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Figure 4: The driver-heavy-vehicle closed-loop model.

to the tire model. Then the vertical, longitudinal, and lateral
tire forces are calculated by the tire model and input into
the vehicle model to gain vehicle responses and positions
in next time step. The simulation process of this driver-
vehicle closed-loop system is shown in Figure 4. Due to the
time variability, nonlinearity, and high-dimensional property
of this system, the closed-loop system equations are solved
numerically by the quick integration method [22] and the
Runge-Kutta method of order four.

3. Model Evaluation

In order to verify the presented TCLP vehicle model and
the new driver model, simulation results of this driver-
vehicle closed-loop system are obtained using different vehi-
cle models or driver models. During simulation, the vehicle
parameters are chosen for a DFL1250A9 truck manufactured
by Dongfeng Motor Group Company Limited [23–25] and
the B-class road roughness is selected referring to [26]:

𝑀
𝑐
= 1115 kg, 𝑀

𝑏
= 6198 kg, 𝑀 = 10841 kg,

𝐼
𝑧
= 136 × 10

3 kgm2, 𝑙
1
= 3.64m, 𝑙

2
= 2.71m,

𝑙
3
= 1.3m, 𝑙

4
= 3.88m, 𝑙

5
= 1.2m,

𝑙
6
= 1.0m, 𝐿

𝑠
= 0.266m, 𝐻

𝑠
= 0.43m,

𝐾
𝑐1
= 𝐾
𝑐2
= 74.9 kN/m, 𝐾

𝑐3
= 𝐾
𝑐4
= 44.6 kN/m,

𝐶
𝑐1
= 𝐶
𝑐2
= 1985N ⋅ s/m,

𝐶
𝑐3
= 𝐶
𝑐4
= 1185N ⋅ s/m,

𝐾
𝑠11

= 𝐾
𝑠12

= 251.38 kN/m,

𝐶
𝑠11

= 𝐶
𝑠12

= 40 kN ⋅ s/m,

𝐾
𝑡11

= 𝐾
𝑡12

= 1100 kN/m,

𝐶
𝑡11

= 𝐶
𝑡12

= 3500N ⋅ s/m,

𝐾
𝑥11

= 𝐾
𝑥12

= 186.9 kN/m,

𝐾
𝛼11

= 𝐾
𝛼12

= 227.3 kN/m,

𝐾
𝑠𝑖𝑗
= 997.5 kN/m, 𝐶

𝑠𝑖𝑗
= 4000N ⋅ s/m,

𝐾
𝑡𝑖𝑗
= 2200 kN/m, 𝐶

𝑡𝑖𝑗
= 6300N ⋅ s/m,

𝐾
𝑥𝑖𝑗

= 373.8 kN/m, 𝐾
𝛼𝑖𝑗

= 454.6 kN/m

(𝑖 = 2 ∼ 3, 𝑗 = 1 ∼ 2) ,

𝜀 = 0.1, 𝑑
𝑡1
= 𝑑
𝑡2
= 1.9m, 𝑅 = 0.42m,

𝜇
0
= 0.01, 𝜇

1
= 0.9, 𝑆

1
= 0.15,

𝑑 = 10m, 𝑇
𝑟
= 0.1 s, 𝑒

𝑟
= 0.2m.

(18)

The parameters of double-lane change route for the
heavy-duty vehicle are chosen referring to [27, 28] and shown
in Figure 5.

3.1. Comparison with the Handling Stability Vehicle Model. A
traditional two-degree of freedom (2DOF) handling stability
vehicle model for a three-axle heavy vehicle is set up which
considers only the lateral and yaw motion [29]. The ordinary
differential equations of motion of this 2DOF model may be
expressed by

𝑚(�̇�
𝑦
+ 𝑉
𝑥
𝜔
𝑟
) =

6

∑

𝑖=1

[𝐹
𝛼𝑖
cos (𝛿

𝑖
)] ,

𝐼
𝑧
�̇�
𝑟
=

6

∑

𝑖=1

[𝐹
𝛼𝑖
cos (𝛿

𝑖
) 𝑙
𝑥𝑖
+ 𝐹
𝛼𝑖
sin (𝛿
𝑖
) 𝑙
𝑦𝑖
+𝑀
𝑧𝑖
] ,

(19)

where 𝑚, 𝐼
𝑧
, 𝑉
𝑥
, 𝑉
𝑦
, and 𝜔

𝑟
are vehicle mass, vehicle inertia

around 𝑧 axial, and longitudinal, lateral, and yaw rate of the
vehicle, respectively. 𝛿

𝑖
,𝐹
𝛼𝑖
, and𝑀

𝑧𝑖
are steering angle, lateral

tire force, and self-aligning torque of wheels, respectively. 𝑙
𝑥𝑖

and 𝑙
𝑦𝑖
are the distance from wheel center to vehicle gravity

center in longitudinal and lateral direction, respectively.
The double-lane change responses of this TCLP model

and the traditional 2DOF model at an entrance speed
of 60 km/h are simulated, respectively, and compared in
Figure 6. It can be seen from Figure 6 that the results of these
two models are very consistent in magnitude and trends.
Hence, the two vehicle models verify each other. The TCLP
model has a worse path-following ability than the 2DOF
model and the vehicle running speed of TCLP model fluctu-
ates randomly.The yaw rate and lateral acceleration obtained
from TCLP model is bigger than that from 2DOF model.
The reason for these differences between two models is that
the TCLP vehicle model considers B-class road roughness
and the coupled effect of roll, vertical, longitudinal, and pitch
motion on yaw and lateral motion, while the 2DOF model
neglects them.

3.2. Comparison with the Linear Vehicle Model. When the
nonlinearity of front suspension damper and tire force is
neglected, as shown in Figure 7, the vehicle responses become
smaller and the tracking performance is better. Thus, the
linear vehicle model may predict more conservative results.
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Figure 6: Double-lane change responses of TCLP model and 2DOF model at 60 km/h.

In the meantime, it is found that the difference between the
linear and nonlinear vehicle models in the maneuver of lane
change is much greater than that in the maneuver of driving
straight. The lateral load transfer, yaw motion and lateral
motion while lane change destabilizes the vehicle and conse-
quently aggravates other vehicle motions due to couple effect.
In addition, by simulating responses at different entrance
speeds, we found that the difference between the linear
and nonlinear vehicle models becomes greater with the rise
of vehicle speed. Therefore, the nonlinear vehicle model
should be used so as to simulate vehicle dynamics accurately,

especially in lane change maneuver or high speed driving
condition.

3.3. Comparison with Test Data. During double-lane change
test, an empty loaded DFL1250A9 truck was selected to run
at 30 km/h speed. A three-axis piezoelectric accelerometer
(frequency range: from 1Hz to 500Hz) and a gyro (measur-
ing range: ±50 deg/s) were placed at the center of gravity of
whole vehicle, and a cable displacement sensor was placed
at front wheel to measure front wheel steering angle, as
shown in Figure 8. The measured signals were amplified by
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Figure 8: Vehicle and sensors in field test.

Table 1: Vehicle responses obtained from three driver models.

Vehicle speed Driver model RMS value of vehicle responses
𝑢 𝑤𝑟 𝑎𝑦 𝑎𝑧𝑏 𝑓𝑖 𝑥𝑖𝑡𝑎

20 km/h
Modified 19.6664 0.0275 0.1502 8.7509 0.0761 0.0881
Guo 19.4814 0.0282 0.1521 8.8660 0.1040 0.0907
Legouis 19.6096 0.0290 0.1577 8.2941 0.1132 0.0981

40 km/h
Modified 39.1248 0.0335 0.3637 7.6438 0.0538 0.0512
Guo 38.9585 0.0384 0.4153 8.2067 0.0816 0.0648
Legouis 39.0766 0.0418 0.4525 7.2862 0.0932 0.0711

60 km/h
Modified 58.5076 0.0562 0.9101 8.5539 0.0763 0.0521
Guo 58.3891 0.0724 1.1655 8.6102 0.1141 0.0496
Legouis 58.4330 0.0707 1.1430 7.8777 0.1158 0.0438

80 km/h
Modified 77.8115 0.1247 2.6747 7.7705 0.1033 0.0377
Guo 77.7521 0.1194 2.5606 9.5193 0.1140 0.0552
Legouis 77.5487 0.2115 4.4610 9.3090 0.6380 0.0522
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Figure 9: Front wheel steering angle in field test.

a multichannel charge amplifier (YE5853A) and converted
to digital signals by an intelligent acquisition and processing
analyzer (INV360DF). The sampling frequency was 200Hz.

Figure 9 gives the experimental time history of front
wheel steering angle. Using this measured front wheel steer-
ing angle as input, the yaw rate and lateral acceleration are cal-
culated from TCLP model, 2DOF model, and linear model,
respectively. These simulation results are compared with

the test results, as shown in Figure 10. It is obvious that
the simulation results of TCLP model are most consistent
with the results of field test. Due to neglecting of the three-
directional coupling effects of vehiclemotions or nonlinearity
of suspension and tire, the time histories of yaw rate obtained
from 2DOF model and linear model are too smooth, and the
lateral accelerations of 2DOF model and linear model are
smaller than the test results. Thus, the verification of this
proposed TCLP model is verified.

3.4. Comparison with Other Driver Models. Using the pro-
posed modified driver model, the optimal curvature model
by Guo, and nonlinear time delay driver model by Legouis,
the trajectories of vehicle gravity center during double-lane
change maneuver at four entrance speeds of 20, 40, 60, and
80 km/h are simulated, respectively, as shown in Figure 11.
Table 1 lists the root mean square (RMS) value of vehicle
responses in six directions at different speeds applying these
three driver models. As shown in Figure 11, it is obvious that
the tracking performance of the modified driver model is
superior to the other two driver models at different entrance
speeds. It is also found from Figure 11 that though an over-
shoot of the newmodel at a vehicle speed of 80 km/h exists in
𝑋 = [150, 180]m, the results of the other two models diverge
when the vehicle arrives at 𝑋 = 200m while the result
of the new model is stable. From Table 1 we can see that
the real vehicle speed of the modified driver model is the
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Figure 10: Comparison of simulation and test results.
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Figure 11: Comparison of modified driver model with other driver models at different speeds.

closest to the assumed speed, and the modified driver model
has smaller responses except for vertical vibration and better
stability than the other models. Though the modified driver
model obtains greater vertical vehicle acceleration and worse
ride comfort than Legouis’s model at speeds lower than
60 km/h, the new driver model can give the vehicle better
path-following ability and handling stability.

4. Effects of Driver Model Parameters on
Full Vehicle Dynamics and Stability

The important parameters in driver model include vehicle
running speed, time delay, preview distance, and permit
position error, which decide the steering control effect and
vehicle dynamics. During the same driving maneuver, the
skilled drivers may use higher vehicle speed, longer preview
distance, shorter time delay, and larger permit position error

than the new drivers. The match of these four driver
parameters also influences the vehicle dynamics. Recently
Pauwelussen [30] researched the dependencies of driver
steering control parameters on vehicle lateral properties and
path keeping and gives some useful conclusions. This work
focuses on the effects of driver model parameters on both
path keeping and full vehicle dynamics, such as vehicle
handling stability, ride comfort, and roll stability.

Since the vehicle lateral displacement is randomly caused
by road roughness excitations and the lateral position devi-
ation is always changing during lane change maneuvers, a
statistic index is introduced to evaluate the vehicle’s path-
following ability globally, which is formulated by

Route error = √
∑ (𝑅𝑌

𝑑
(𝑡) − 𝑌

𝑑
(𝑡))
2

𝑁

,
(20)
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where 𝑁 is the total number of data points. 𝑅𝑌
𝑑
and 𝑌

𝑑
are

the required lateral position and real lateral displacement of
the preview point in the ground coordinate system.

When a vehicle is undergoing a lane change, its steering
stability and roll stability are vital problems. The path-
following error, lateral acceleration, and yaw rate can be used
to evaluate the steering stability. The roll angle can be used to
evaluate the roll stability. Being proportional to the rollover
index LTR (lateral-load transfer rate), the lateral acceleration
is also able to reflect the vehicle roll stability [31]. In addition,
the vertical acceleration and pitch angle are simulated so as
to research the whole-body dynamics in the vehicle. Using
these evaluation indexes, the effects of parameters on steering
stability, roll stability, and riding comfort are discussed in
detail.

Figure 12 shows the vehicle trajectories under different
initial vehicle speeds or driver time delays. The effects of
vehicle speed and driver time delay on full vehicle dynamics
and stability are shown in Figure 13. As we can see from
Figures 12 and 13, a higher speed or a longer time delay will
lead to a greater path-following error. However, low speed
(20 km/h) and longtime delay (0.35 s) may enlarge the path-
following error. With the rise of vehicle speed, the vertical
acceleration, lateral acceleration, yaw rate, and roll angle
increase, while the pitch angle decreases. Rise of time delay
causes the increase of lateral acceleration, yaw rate, and roll
angle but hardly changes the vertical acceleration and pitch
angle. As for the effects of vehicle speed and driver time delay
on full vehicle dynamics, the following may be concluded.

(1) A high vehicle speed during double-lane change
yields bad path keeping performance, ride comfort,
steering stability, and roll stability. When the vehicle
speed is higher than 60 km/h, the ride comfort of this
vehicle gets worse greatly.

(2) A long time delay is harmful to path keeping per-
formance, steering stability, and roll stability and has
almost no effect on the ride comfort.

Thus, a low vehicle speed ranging from 20 km/h to 60 km/
h and a small time delay less than 0.35 s are recommended for
improving this truck’s stability when going through the lane
change.

In case of varying the preview distance or permit position
error, the variation in vehicle trajectories at the speed of
40 km/h is shown in Figure 14.The effects of preview distance
or permit position error on the path-following ability and
full vehicle dynamics are shown in Figure 15. As shown in
Figures 14 and 15, a large preview distance deteriorates the
path-following ability but has small effect on other dynamic
responses. On the other hand, a too small preview distance
leads to a hop of lateral acceleration, yaw rate, and roll angle,
which conflicts with closed-loop stability and is harmful
to steering control. This conclusion is consistent with that
of Gillespie and MacAdam [15] and Pauwelussen [30]. The
influence of permit position error on path-following ability is
small at short preview distance but great at long preview dis-
tance. As shown in Figure 14, a too small or too large permit
position error (0.01m or 0.8m)will worsen the vehicle’s path-
following ability. In addition, large permit position error may
increase vertical acceleration, lateral acceleration, yaw rate,
and roll angle and reduce the handling stability and roll
stability and ride comfort. The effect of preview distance and
permit position error on pitch angle is small and shows fluc-
tuation. Thus, a preview distance ranging from 10m to 30m
and a small permit position error but more than 0.01m are
recommended for improving this truck’s stability when mov-
ing through the lane change. A smaller permit position error
should be matched with a shorter preview distance.
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Figure 13: The effects of vehicle speed and driver time delay.
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Figure 15: The effects of preview distance and permit position error.

5. Conclusions

In this paper, a nonlinear three-directional coupled lumped
parameters (TCLP) model of heavy-duty vehicle considering
the nonlinearity of suspension damping and tire stiffness is
built and connected with a proposedmodified preview driver
model with nonlinear time delay.The proposed driver model
is simple and has a feedback gain 2𝐿/𝑑

2 that is decided by
wheelbase and previewdistance.The validity of this presented
driver-vehicle closed-loop system is verified by comparison
with the test data, the traditional steering stability vehicle
model, the linear vehicle model, and other driver control
models.The results show that the new drivermodel has better
lane keeping performances than the other two driver models.
The coupling effects of vehicle motions and the nonlinear-
ity of suspension damping and tire stiffness could not be
neglected in turning or high speed driving situation.

The effects of driver parameters on path-following ability
and full vehicle dynamics are also discussed. It is found
that the high vehicle speed, large time delay, long preview
distance, or big permit position error will deteriorate path-
following performances and handling stability. Of course, a
too short preview distance or a too small permit position

error is also harmful to path-following performances and
handling stability. The ride comfort mainly depends on vehi-
cle speed, preview distance, and permit position error. The
key factors influencing roll characteristics are vehicle speed
and time delay.
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