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Adaptive vehicle speed control is critical for developing Advanced Driver Assistance Systems (ADAS). Vehicle speed control
considering variable road geometry has become a hotspot in ADAS research. In this paper, first, an exploration of intrinsic
relationship between vehicle operation and road geometry is made. Secondly, a collaborative vehicle coupling model, a road
geometry model, and an AVSC, which can respond to variable road geometry in advance, are developed. Then, based on 𝐻

∞

control method and the minimum energy principle, a performance index is specified by a cost function for the proposed AVSC,
which can explicitly consider variable road geometry in its optimization process.The proposed AVSC is designed by the Hamilton-
Jacobi Inequality (HJI). Finally, simulations are carried out by combining the vehicle model with the road geometry model, in an
aim of minimizing the performance index of the AVSC. Analyses of the simulation results indicate that the proposed AVSC can
automatically and effectively regulate speed according to variable road geometry. It is believed that the proposed AVSC can be used
to improve the economy, comfort, and safety effects of current ADAS.

1. Introduction

At present, Advanced Driver Assistance Systems (ADAS) has
become a hotspot in intelligent transportation systems (ITS)
research area. There are many ADAS that have been or are
being developed, including Adaptive Cruise Control System
(ACC), which regulates the speed with the target vehicle
spacing [1], Intelligent Speed Adaptive System (ISA), which
regulates the speed with speed limit signs and marking, and
Lane Keeping Assist Systems (LKAS) and Lane Departure
Warning System (LDWS) that maintain a safe lane position,
the vehicle orientation and among others [2]. Such systems
either regulate vehicle operation or even directly control
vehicle speed according to road geometry, such as traffic
signs, pavement, and sight distance.

The literature review indicates that variable road geome-
try ismainly presented as changing road shapes. Accident rate
of rear-end collision and rollover are still high, especially for
those “dangerous locations,” such as long steep slopes, sharp

curves, and irregular road surface. Several reasons contribute
to this. On one hand, speeding and the inherent limitations
of vehicular sensor system in vision, sensitivity, and delay are
widespread. On the other hand, variable road geometry is
commonly not considered within ADAS. This results in that
ADAS equipped vehicles cannot comprehensively “know” the
road ahead and therefore they cannot develop an “optimal”
vehicle operation in response to variable road geometry.
Related studies show that considering variable road geometry
can effectively improve the safety, comfort, and economy of
vehicle operation.

Vehicle speed control is an important part of ADAS.
Typically, the traditional methods of speed control are static
in that they mostly specify one speed limit for a given
road condition (e.g., sharp curve or steep slope), regardless
of the relative location of the vehicle and road features
(e.g., the beginning or the ending portion of a curve or
a slope). In order to precisely control the vehicle speed
on variable road geometry, most researches focus on road
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geometrical features extraction and estimation. As the road
features, such as slope, curvature, bank angle, are not easy
to get by vehicular sensors available, road features estimation
mainly adopts direct observers such as Kalman, Luenberger,
or other observers based on proportional-integral, fuzzy,
and sliding mode control [3]. Moreover, recent studies
tend to collect road and environment information within
a limited distance ahead. However, the methods proposed
above over-rely on online data acquisition and processing
and unknown data that need to be predictable but by a high
cost of measurement, which results in that the real time of
algorithm cannot be achieved easily [4]. For these reasons,
limited researches tried to explore adaptive speed control
method on variable road geometry. With the development
of Cooperative Vehicle Infrastructure Systems (CVIS), real-
time and abundant information about vehicle inside and out-
side, especially road geometry information, can be obtained
by GPS, GIS, mobile communications, digital map, and so
forth, which can support the development of adaptive vehicle
speed controller (AVSC) in order to respond to variable
road geometry [5]. AVSC can collect road information of
entire road features (e.g., a curve or a slope) and make more
informative and comprehensive decisions in the control of
vehicle speed.

The literature review indicates that few researches have
been focused on AVSC considering variable road geometry.
Németh and Gáspár [6] introduced road division into vehicle
modeling and added appropriate weighting factor for the
reference velocity in each road section. They used LPV/𝐻

∞

control method to design a velocity tracking controller on
the slope road. The controller cannot only adjust the speed
quickly and effectively on the slope but also reduce the
frequent operations of the vehicle actuator. For the platooning
vehicle on the slope, Németh and Gáspár [7] also adopt the
above idea, which still adopts LPV/𝐻

∞
control method to

design a velocity tracking controller for the leader and string
stable controller for each vehicle in the platoon. However, the
slope angle in these references is still taken as the external
disturbance, and the cruise/platooning system is guaranteed
just by LPV method to keep the robustness for the change of
the slope angle and uncertain factors.

Kamal et al. [8, 9] designed an ecological driving system
for running a vehicle on roads with up-down slopes. This
ecological system makes full use of the road information
obtained from digital road maps and proposed a nonlinear
model predictive controlmethod to derive the vehicle control
inputs by road terrain, vehicle dynamics, and fuel consump-
tion characteristics. They acquired the complete road feature
data including slope angle and the rate of slope angle, devel-
oped a fuel consumption model, and designed the optimal
speed controller. This method mainly starts with driving
economy on a slope road, but it does not consider vehicle
running on a curve road as well as its safety and comfort on
variable road geometry. In addition, other researches usually
take road features as external disturbances and used the
weight factors to eliminate the influence of disturbances, or
simply ignore these road geometrical features [10, 11].

In China, Wang and Ma [12] developed the vehicle speed
and spacing model on a curve and/or a slope road. But these

models are mainly suitable for macroscopic traffic flow
simulation, and it is difficult to reflect the individual vehicle
difference, that is, how vehicle regulates its own speed fitting
in with variable road geometry. Zhang et al. [13] conducted a
comprehensive research on ACC vehicles, such as driveline
simplification, actuator design, acceleration switch, distur-
bance decoupling on the uncertainty parameters and non-
linear model, and fuel consumption analysis. Currently, they
have done some researches on the ACC vehicle on a curve
road to prevent vehicle from sideslip and rollover. Zhang
combined ACC and Direct Yaw Control (DYC) together to
put forward a curve coordinate controller, which not only
can satisfy the longitudinal tracking for vehicles, but also
can ensure the lateral stability of vehicles. However, in curve
road, although the controller separates the ego and adjacent
lanes effectively, it does not fundamentally consider the speed
adaption on the curve road. In addition, there is rare report on
AVSC on variable road geometry both at home and abroad.

Many control algorithms such as PID and LQ algorithms
are required for online identification of controlled object, so
precise mathematical model of object/process is essential by
using these algorithms. However, the nonlinear, time varying
and uncertain vehicle systems retrain the development of
precisemodeling of a vehicle.The approach used in this paper
is the𝐻

∞
optimization algorithm.

The study of 𝐻
∞

optimization algorithm has been of
great interest, andmany results can be found in the literature.
To mention a few, the problem of filtering is investigated in
[14–16], and the problem of model reduction is considered
in [17]. The problem of the 𝐻

∞
step tracking control for

discrete-time nonlinear systems is analyzed in [18–20]. The
problem of robust static output feedback controls for net-
worked control systems (NCSs) subject to network-induced
delays and missing data are studied in [21]. Moreover, the
𝐻
∞

control has been also paid considerable attention and
many results have been reported in automotive systems. For
instance, lateral control of autonomy vehicle by using both
𝐻
∞

control and fuzzy control is studied in [22] to confirm
that the control algorithm is feasible for practical application,
and longitudinal control of electric vehicle by using 𝐻

∞

robust control is investigated in [23] to enhance the riding
comfort and energy saving for vehicle constant speed cruise,
especially in slope road. However, the road geometry features
are used as disturbance or constant values to controller. To
the best of the authors’ knowledge, little cost function of
𝐻
∞

control has been developed by road geometry model.
In this study, based on 𝐻

∞
Control Method and Hamilton-

Jacobi Inequality (HJI) theory, a performance index is spec-
ified by a proposed cost function for the proposed AVSC,
which can explicitly consider variable road geometry in its
optimization process. The proposed AVSC is to make more
informative and comprehensive decisions in the control of
vehicle speed.

The rest of this paper develops as the following. After
a literature review for adaptive speed control on variable
road geometry is conducted, a collaborative vehicle coupling
model and road geometrical model are presented in detail;
an adaptive vehicle speed controller (AVSC) for variable
road geometry consisting of upslope and a curve scenario



Mathematical Problems in Engineering 3

by using 𝐻
∞

and HJI method is described. And then
simulation results are carried out and presented to illustrate
the safety, comfort, and economy of the proposed AVSC.
Finally, conclusions and further works are provided.

2. Methodology

Vehicle dynamic characteristics and road geometrical fea-
tures are necessary in determining the risk behaviors of
vehicle collision or rollover. Vehicle running on the slope
needs to consider both vehicle dynamic parameters and road
geometrical parameters, such as longitudinal acceleration,
traction force, velocity, and slope angle. Vehicle running
on the curve needs to consider lateral acceleration, yaw
rate, steering wheel angle, and road curvature. Besides, a
coupling relationship exists between longitudinal and lateral
vehicle movements; a collaborative vehicle coupling model
and road geometry model have been studied to accu-
rately describe vehicle driving characteristics on the variable
road geometry, thus improving the controller designed for
AVSC.

2.1. Vehicle Coupling Model. The vehicle dynamics model
with three degrees of freedom including longitudinal, lat-
eral, and yaw motion can be developed by Newton’s vector
method. Besides, the operation conditions of vehicle usu-
ally need to fit in with different road geometries. So, the
vehicle model should firstly consider the dynamic coupling
between the lateral and longitudinal, followed by a full
impact that road geometrical features have on the vehi-
cle model. The model is referred to [24, 25] as shown
below:
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(1)

where
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(2)

and the vehicle parameters used are listed in Table 1.
In order to accurately define road geometrical features,

such as slope, bank, and curvature, it is assumed that the
orientation of the road surface is obtained from the horizontal
position by a rotation around the vehicle’s lateral axis equal
to the slope angle 𝜃

𝑠
and a subsequent rotation around the

longitudinal axis equal to the bank angle 𝜃
𝑏
. The slope angle

and bank angle cause gravity components to appear in vehicle
model, yielding
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(3)

Then the road curvature is considered. As the road
curvature and vehicle motion are not in the same coordinate
system, the road curvature cannot be used directly by the
vehicle model. Secondly, the bank angle is not easy to get,
compared with road altitude and curvature got by digital
map or other on board sensors. Last but not least, each lane
of road has a certain width and an appropriate deviation is
allowed in terms of the lateral motion of vehicle. So, a vehicle
lateral deviation model is given here. In order to achieve
a better ride comfort, the lateral deviation of the vehicle is
defined as the lateral distance 𝑦

𝑠
from the mounting location

of vehicle sensors to the road centerline, rather than the lateral
distance𝑦 from the vehicle center of gravity (c.o.g) to the road
centerline, as shown in Figure 1.

Assume that 𝜓
𝑟
is the angle between road centerline and

the longitudinal axis of vehicle, and 𝑑
𝑠
is the horizontal

distance between the road centerline and the vehicle longitu-
dinal axis in radians. The approximate relationship between
𝑦
𝑠
, 𝑦 and 𝜓

𝑟
is

sin𝜓
𝑟
=
𝑦
𝑠
− 𝑦

𝑑
𝑠

≈ 𝜓
𝑟
, (4)

where 𝑑
𝑠
is the horizontal distance to the sensor from c.o.g.

Time differentiating (4), we get

̇𝑦
𝑠
= ̇𝑦 + 𝑑

𝑠
𝜓̇
𝑟
,

̈𝑦
𝑠
= ̈𝑦 + 𝑑

𝑠
𝜓̈
𝑟
.

(5)
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Table 1: Vehicle parameters.

Parameters Description
m/kg Total mass
Iz/kg⋅m2 Yaw inertial
lf/m Distance from front axle to center of gravity
lr/m Distance from rear axle to center of gravity
Cf/N⋅rad

−1 Front cornering stiffness
Cr/N⋅rad

−1 Rear cornering stiffness
𝜇 Rolling friction coefficient
kD/N⋅s2⋅m−2 Aerodynamic drag parameter
kL/N⋅s2⋅m−2 Aerodynamic lift parameter
g/m⋅s−2 Gravity acceleration
FyfFyr/N Tire lateral force
FxfFxr/N Tire longitudinal force
𝛿/rad Steering wheel angle

lr lf

ds

O

y

S

ys

𝛿̇𝜓

𝜓r

Road centerline

Figure 1: Vehicle lateral deviation model in terms of sensor space.

Let 𝜓
𝑑
be the yaw rotation of the road centerline with

respect to the fixed earth frame, allowing us to write

𝜓 = 𝜓
𝑟
+ 𝜓
𝑑
. (6)

Time differentiating (6), we get

𝜓̇
𝑟
= 𝜓̇ − 𝜓̇

𝑑
,

𝜓̈
𝑟
= 𝜓̈ − 𝜓̈

𝑑
,

(7)

where 𝜓̇
𝑑
= 𝐶V
𝑥
; it should achieve an absolute desired yaw

rate of 𝐶V
𝑥
, for a vehicle follows a curve with road curvature

𝐶 (radius of curvature 𝑅 = 1/𝐶).
Substituting𝜓

𝑟
and its derivatives from (6) and (7) for (5),

we get the vehicle lateral deviation model in the sensor space
as

̇𝑦
𝑠
= ̇𝑦 + 𝑑

𝑠
(𝜓̇ − 𝐶V

𝑥
) ,

̈𝑦
𝑠
= ̈𝑦 + 𝑑

𝑠
(𝜓̈ − 𝜓̈

𝑑
) .

(8)

Consistent with the road conditions, it can be reasonably
assumed that the roadway can be described by a series of
curves that have a constant road curvature. Because the road
curvature is piecewise continuous, it can be assumed that
𝜓̈
𝑑
≈ 0 [26].
In summary, according to the vehicle coupling model

with regard to road geometrical features, on one hand,
the vehicle still needs to overcome the action of gravity
caused by the slope angle in the longitudinal control. On the
other hand, the vehicle also needs to mitigate the change of
deviation caused by the road curvature in the lateral control.
In addition, it is necessary to analyze the speed performance
caused by the changes of variable road geometries.

2.2. Road Geometry Model. According to road design rules,
road geometry determines the direction and specific location
of the route. Road geometry can reach the best combi-
nation by integrated design of the road shapes including
horizon, vertical, and cross sections, which canmeet not only
driver visual and psychological requirements, but also vehicle
dynamics and kinematics characteristics, thus reducing the
driving work and improving the driving safety, comfort, and
economy. Clothoid curves have been used for road geometry
design in order to geometrically join a straight road to a curve
road, or a straight road to a slope road [3, 27, 28]. Besides,
vertical curves should be used to geometrically join an uphill
and a downhill road. As the example of curve road, the main
characteristic of a clothoid function is that its curvature is
proportional to the length of the curve measured from its
origin

𝐶 (𝑙) = 𝐶
0
+ 𝐶
1
⋅ 𝑙, (9)

where 𝐶
0
and 𝐶

1
= 𝑑𝐶/𝑑𝑙 are the curvature and rate of

curvature of the road, respectively; l is the curve length.
Then, the heading direction 𝜑(𝑙) is got by the first integral

of the curvature
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1
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2
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And the second integral represents the curve’s longitudi-
nal distance 𝑥(𝑙) and lateral distance 𝑦(𝑙)
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Assuming sin 𝜑 ≈ 𝜑, cos𝜑 ≈ 1, (11) is rewritten as

𝑥 (𝑙) = 𝑥
0
(𝑙) + 𝑙,

𝑦 (𝑙) = 𝑦
0
+ 𝜑𝑙 +

1

2
𝐶
0
𝑙
2

+
1

6
𝐶
1
𝑙
3

.

(12)
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Figure 2: Simulated curve road with curvature parameters.
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Figure 3: Simulated slope road with slope parameters.
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(𝑙) = 0 leads to 𝑥(𝑙) = 𝑙, the curve’s lateral distance

𝑦(𝑥) and the head direction 𝜑(𝑥) can be given as
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(13)

Figure 2 gives a simulated curve road with curvature
parameters 𝐶

0
and 𝐶

1
by this curve road model.

Similarly, in slope modeling, we can substitute the slope
angle 𝜌

0
and its rate 𝜌

1
for 𝐶

0
and 𝐶

1
, respectively, and

also substitute the horizontal and vertical distance for the

longitudinal and lateral distances, respectively, so the vertical
distance 𝑧(𝑥) and the head direction 𝜑(𝑥) also can be given
as
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,
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1
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(14)

Figure 3 gives a simulated slope road with slope parame-
ters 𝜌
0
and 𝜌
1
by this curve road model.

Seen from road geometry model developed above, these
road geometrical features, such as 𝐶

0
and 𝐶

1
, or 𝜌

0
and
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𝜌
1
, can represent the direction and location of a curve or a

slope, and the derivation has shown a great deal of similitude
between these road features and vehicle parameters, such as
acceleration, velocity, and displacement. Hence, if the control
system of vehicle makes full use of these road features and
vehicle parameters, AVSC can be achieved.

3. AVSC Design

According to the collaborative vehicle coupling model and
road geometry model, we combine (1), (3), and (8), yielding
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(15)

As the lateral deviation model needs lateral and yaw
motion information, and both lateral and yaw motion share
the same control input, the only two independent states have
been controlled.

Assuming that brake, throttle, and steering dynamics are
discounted, we make some transformation for inputs of state
equation of the vehicle system
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(16)

Thus, we have only to design proper AVSC law to
compute the inputs of the vehicle system 𝐹 (𝛿, resp.) as the
traction/braking force (the steering wheel angle, resp.).

Then, the collaborative vehicle coupling model and road
geometry model can be got as a form of state

𝑥̇
1
= 𝑎
1
𝑥
2

1
+ 𝑥
2
𝑥
3
+ 𝑢
1
− 𝜇𝑔 cos 𝜃

𝑠
− 𝑔 sin 𝜃

𝑠
= 𝑓 (𝑥 𝑢

1
𝜃
𝑠
) ,

𝑥̇
2
= − (𝑎

2
+ 𝑎
3
𝑑
𝑠
)
𝑥
2

𝑥
1

− (𝑥
1
+
𝑘𝑎
3
− 𝑑
𝑠
(𝑎
2
− 𝑎
4
) − 𝑑
2

𝑠
𝑎
3

𝑥
1

)𝑥
3

+ (1 +

𝑑
𝑠
𝑙
𝑓

𝐼
𝑧

)𝑢
2
− 𝐶 (𝑑

𝑠
𝑎
2
+ 𝑑
2

𝑠
𝑎
3
) = 𝑓 (𝑥 𝑢

2
𝐶) .

(17)

Among them x[𝑥
1
, 𝑥
2
, 𝑥
3
] is the state variables of vehicle

control system, and [𝑥
1
, 𝑥
2
, 𝑥
3
] = [V

𝑥
, V
𝑦
, 𝜓̇], 𝜃

𝑠
is the road

slope angle, and 𝐶 is the road curvature.

𝐻
∞

control theory is to analyze the stability of a system
in terms of energy dissipation. If a system is activated, its
stored energy will be attenuated gradually with time. When
it reaches the equilibrium state, its energy is at the minimum
value, and we can say that the system is asymptotically
stable. 𝐻

∞
method presents an objective function about

tracking error or control cost and designs a suitable feedback
controller so that the closed loop system is stable with the
𝐻
∞

norm of its transfer function minimum or less than a
constant. Among them, the criterion of 𝐻

∞
method can be

seen as a nonlinear optimal control problem considering the
performance index below:

min
𝑢

∫

∞

0

(‖𝑢 (𝑡)‖
2

+ 𝐿 (𝑥)) 𝑑𝑡, (18)

where 𝐿 is the cost function, 𝐿(𝑥) ≥ 0, and 𝐿(0) = 0.
In this formulation, the cost function 𝐿 is considered to

have the following form:

𝐿 = 𝜆
1
Φ
1
+
𝜆
2

2
Φ
2

2
+ 𝜆
3
[
1

2
(𝑥
1
− V
𝑑
)
2

] , (19)

where

Φ
1
=

{{{{

{{{{

{

𝜑𝑥 + (1/2) 𝜌
0
𝑥
2

+ (1/6) 𝜌
1
𝑥
3

𝑥
1

slope

𝜑𝑥 + (1/2) 𝐶
0
𝑥
2

+ (1/6) 𝐶
1
𝑥
3

𝑥
1

curve

Φ
2
= {

𝑎
𝑥
+ 𝑔 sin 𝜃

𝑠
slope

𝑎
𝑦
+ 𝑑
𝑠
(𝜓̈ − 𝐶𝑥̇

1
) curve.

(20)

The cost function consists of three terms, each of which is
multiplied by a constant weight 𝜆

1
, 𝜆
2
, and 𝜆

3
, respectively.

The first term defines the cost in terms of speed changes
caused by road geometrical features. In a curve road, it can
be computed from (13) as 𝑦(𝑥)/𝑥

1
and setting 𝑦

0
= 0. In

a slope road, it can be computed from (14) as 𝑧(𝑥)/𝑥
1
and

setting 𝑧
0
= 0. The second term is the cost that corresponds

to the longitudinal and lateral acceleration forces on the
vehicle, respectively, considering the counteracting effect of
gravitational force on the vehicle due to the road slope from
(3) and that of yaw moment on the vehicle due to the road
curvature from (8), respectively. The last term is the cost for
not running at the given speed on the road V

𝑑
. The weights

are chosen in such a way that the usual magnitudes of the cost
terms are balanced with respect to others. Finally, the weights
can be fine-tuned through observation of simulation results
to maximize the performance of controller.

In order to derive the optimal control inputs, the Hamil-
tonian function is formed using (17)–(19) as follows:

𝐻
𝑖
(𝑥, 𝑝
𝑖
, 𝜑
𝑖
, 𝑢
𝑖
) = 𝑝
𝑇

𝑖
𝑓 (𝑥, 𝑢

𝑖
, 𝜑
𝑖
) + 𝐿
𝑖
(𝑥, 𝑢
𝑖
) , (21)
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where 𝑖 is the different road geometry, such as slope or curve,
𝑝 is costate, and 𝜑 is road geometrical features, such as slope
angle 𝜃

𝑠
or curvature 𝐶.

Let 𝑓(𝑥, 𝑢, 𝜑) = 𝑓(𝑥) + 𝑔(𝑥)𝑢 + 𝑘(𝑥)𝜑, according
to the Hamilton-Jacobi Inequality (HJI), if there is a non-
negative function solution of 𝑉(𝑥) of 𝐶𝑟 class (𝑟 > 1)

satisfying

𝑉
𝑥
(𝑥) 𝑓 (𝑥) +

1

2
𝑉
𝑥
(𝑥) 𝑔 (𝑥) 𝑔

𝑇

(𝑥) 𝑉
𝑇

𝑥
(𝑥) +

1

2
𝐿 (𝑥) = 0.

(22)

Then the state feedback control law of 𝐶𝑟−1 class can be
obtained:

𝑢 = −𝑔
𝑇

(𝑥)𝑉
𝑇

𝑥
(𝑥) . (23)

For this specific problem of deriving optimal control
inputs, it is required to compute the following.

On a slope road

𝜕𝐻

𝜕𝜑
=

𝜕

𝜕𝜑
𝐻
𝑖
(𝑥, 𝑝
𝑖
, 𝜑
𝑖
, 𝑢
𝑖
)

=
𝜕

𝜕𝜑
(𝑝
𝑇

𝑖
𝑓 (𝑥, 𝑢

𝑖
, 𝜑
𝑖
) + 𝐿
𝑖
(𝑥, 𝑢
𝑖
))

= −𝑝
2
𝑔 cos 𝜃

𝑠

̇𝜃
𝑠
,

(24)

𝜃
𝑠
(𝑙) = tan−1 (

𝑅alt (𝑙 + Δ𝑙) − 𝑅alt (𝑙 − Δ𝑙)

2Δ𝑙
) ,

𝑑

𝑑𝑙
𝜃
𝑠
(𝑙) = (

𝜃
𝑠
(𝑙 + Δ𝑙) − 𝜃

𝑠
(𝑙 − Δ𝑙)

2Δ𝑙
) ,

(25)

where 𝑅alt is altitude of road and 𝑙 is mileage, and these data
can be obtained by digital map.

On a curve road

𝜕𝐻

𝜕𝜑
=

𝜕

𝜕𝜑
𝐻
𝑖
(𝑥, 𝑝
𝑖
, 𝜑
𝑖
, 𝑢
𝑖
)

=
𝜕

𝜕𝜑
(𝑝
𝑇

𝑖
𝑓 (𝑥, 𝑢

𝑖
, 𝜑
𝑖
) + 𝐿
𝑖
(𝑥, 𝑢
𝑖
))

= −𝑝
2
𝑑
𝑠
𝑥̇
1
𝐶𝐶
1
,

(26)

𝐶 =
1

𝑅
,

𝐶̇ = 𝐶
1
,

(27)

where 𝑅 is curve radius and 𝐶
1
is a constant, and these also

can be obtained by digital map or actual measurement.
Last but not least, the constraint of driving comfort also

needs to be considered (changes of longitudinal acceleration

Table 2: Vehicle parameters.

Parameters Value
m/kg 2000
Iz/kg⋅m2 3150
lf/m 1.33
lr/m 1.26
Cf/N⋅rad

−1 80000
Cr/N⋅rad

−1 80000
𝜇 0.02
kD/N⋅s2⋅m−2 0.4
kL/N⋅s2⋅m−2 0.005
g/m⋅s−2 9.8
ds/m 2
𝜆
1

230
𝜆
2

220
𝜆
3

8
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Figure 4: The simulation of the slope road.

and lateral acceleration within ±2m/s−2, ±0.05 gm/s−2) in
controller design. So, we can get

𝑥̇
1,2

=

{

{

{

𝑎min (
󵄨󵄨󵄨󵄨𝑥̇1,2

󵄨󵄨󵄨󵄨 ≤
󵄨󵄨󵄨󵄨𝑎min

󵄨󵄨󵄨󵄨) ,

𝑎max (
󵄨󵄨󵄨󵄨𝑥̇1,2

󵄨󵄨󵄨󵄨 ≥
󵄨󵄨󵄨󵄨𝑎max

󵄨󵄨󵄨󵄨) .

(28)

4. AVSC Simulation

For the purpose of testifying the performance of designed
AVSC, a series of simulation experiments combining the
vehicle coupling model with the road geometry model are
performed. The specific vehicle parameters are as shown in
Table 2.

In simulation 1, a slope road is given first. The slope is
shown in Figure 4, and its slope angle is calculated by (14)
and (25), as shown in Figure 5.

Then, the AVSC simulation is made for this slope sce-
nario. Assuming the initial speed V

𝑑
is 79.2 km/h (22m/s),

simulation lasts 30 s, and its sampling time is 0.05 s. First,
the following two types of vehicle speed control, Adaptive
Speed Control Driving (ASCD) and Constant Speed Driving
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Figure 5: The calculation of the slope angle.

(CSD), are applied for a comparison analysis. CSD uses the
information of the slope road to generate the control input so
that the velocity remains constant, regardless of the changing
of the slope. ASCD uses the proposed method in this paper
to automatically regulate speed fitting in with the change of
the slope road and, in this case, slope angle.

It can be seen from Figure 6(a) that with the vehicle
entering slope with its initial speed, based on the defined
cost function, the ASCD vehicle can reach the top of slope
through an adaptive way with an operation profile of “pre-
accelerating-post-decelerating.” Despite that the speed of the
ASCD vehicle should not have little ups and downs in the
early stages of running on the slope, maybe something wrong
in computation of the cost function, it has a good, smooth
running performance on thewhole slope. But theCSDvehicle
keeps the speed unchanged at the cost of a very high control
input, easily making the actuators in danger.

Figure 6(b) shows the traction/braking forces under two
types of speed control for the slope scenario.The forces of the
CSD vehicle change greatly when it runs on the slope, while
the forces of the ASCD vehicle move gently over the slope,
depending on the location of the vehicle. That is because
the cost functions of the ASCD take the slope angle and its
changing rate into account, that is, 𝜌

0
and 𝜌

1
. Except for the

final steady state, also seen in Figure 4(b), the forces of the
ASCD remain stable for a period of time, due to the constraint
of driving comfort from (28).

In addition, the performance of the two types of speed
controllers is compared from the perspective of the control
forces, which is calculated as the sum of absolute value of the
entire traction/braking forces under the slope scenario (Σ|𝐹|).
As shown in Figure 6(c), the total force of the CSD vehicle
is 692,280N, while that for the ASCD vehicle is 374,800N.
Therefore, it can be concluded that under the same slope and
initial speed condition, the AVSC applied in this paper can
reduce the consumption of the control energy by 45.86%.

In simulation 2, the curve road is given. Road radius can
be obtained from (29), and the curvature can be obtained
from (13) and (25), as shown in Figure 7.

Then, the AVSC simulation is made for this curve sce-
nario. Assuming the initial speed is 90 km/h (25m/s), the
simulation also lasts 30 s, and its sampling time is 0.05 s. Both
ASCD and CSD vehicles are still applied via the curve road
for a comparison analysis. Therefore,

𝑅 =

{{{{{{{

{{{{{{{

{

0 , 0 ≤ 𝑥 < 120,

200, 120 ≤ 𝑥 < 120 + 25𝜋,

400, 120 + 25𝜋 ≤ 𝑥 < 120 + 100𝜋,

200, 120 + 100𝜋 ≤ 𝑥 < 120 + 125𝜋,

0, 𝑥 ≥ 120 + 125𝜋.

(29)

In Figure 8(a), the ASCD vehicle runs via a curve in the
same way as it runs on a slope. Based on the defined cost
function, the ASCD vehicle can decrease when approaching
the curve and accelerate when it is going to leave the curve.
However, although the CSD vehicle keeps a constant speed
through the curve, it is easy to result in a risky behavior
of collision or rollover. Figure 8(b) shows the steering angle
under two types of speed control. The steering angle of the
CSD vehicle changes greatly when it runs through the curve,
as the very reason for rollover. While the steering angle of the
ASCD vehicle is very small, only one tenth of that of the CSD
vehicle. In addition, the lateral velocity and the yaw rate are
also fitting inwith the road curvature as shown in Figures 8(c)
and 8(d), respectively. For Figure 8(e), the initial horizontal
position in this simulation is 0.2m, in terms of sensor space
𝑦
𝑠
, rather than 𝑦, and the ASCD vehicle can maintain the

lateral deviation minimumwhen leaving the curve, while the
CSD vehicle need not only turn sharply, but also have the
deviation kept within ±0.2m; thus it is difficult to meet the
desired state.

In a summary, the ASCD vehicle can regulate the speed
fitting in with the road geometrical features under AVSC
design. Compared with the CSD vehicle, the ASCD vehicle
has a proper, satisfactory performance of the longitudinal,
lateral, and yaw control.

5. Conclusions and Future Works

Anovel adaptive vehicle speed controller (AVSC) is presented
in this paper. The AVSC proposed is developed based on a
cost function and 𝐻

∞
control method and it is tested with

a collaborative road geometrical model and vehicle coupling
model. Both the developed collaborative model and the cost
function of the AVSC consider variable road geometry and
therefore are more accurate for simulating vehicle’s perfor-
mance.The proposed AVSC can regulate speed automatically
fitting in with the changing road geometry; and has the
advantages of improved safety, comfort, and economy.

Because the vehicle coupling model does not consider
traction force and wheel angle, the simulations carried out in
this paper only contain three state parameters as longitudinal
velocity, lateral velocity, and yaw rate. In the future, the lateral
deviation submodel used is mainly for lane changing and
lane keeping purposes. A more realistic representation of
acceleration, braking, and steeringwheel operation still needs
to be further studied in order to include traction/braking
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force and front wheel angle into the lateral deviation sub-
model.
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[7] B. Németh and P. Gáspár, “Considering predicted road con-
ditions in platoon control design,” Transportation Engineering,
vol. 39, no. 2, pp. 69–75, 2011.

[8] M.A. S. Kamal,M.Mukai, J.Murata, andT.Kawabe, “Ecological
vehicle control on roads with up-down slopes,” IEEE Transac-
tions on Intelligent Transportation Systems, vol. 12, no. 3, pp. 783–
794, 2011.

[9] M. A. S. Kamal, M. Mukai, J. Murata, and T. Kawabe, “Eco-
logical driver assistance system using model-based anticipation
of vehicle-road-traffic information,” IET Intelligent Transport
Systems, vol. 4, no. 4, pp. 244–251, 2010.

[10] J. E.Naranjo, C.Gonzalez, R.Garcia, andT. Pedro, “Cooperative
throttle and brake fuzzy control for ACC stop & gomaneuvers,”
IEEE Transactions on Vehicular Technology, vol. 56, no. 4, pp.
1623–1630, 2007.

[11] V. L. Bageshwar, W. L. Garrard, and R. Rajamani, “Model
predictive control of transitional maneuvers for adaptive cruise
control vehicles,” IEEE Transactions on Vehicular Technology,
vol. 53, no. 5, pp. 1573–1585, 2004.

[12] H. Wang and S. F. Ma, “Car-following model and simulation
with curves and slopes,” China Civil Engineering Journal, vol.
38, no. 11, pp. 106–111, 2005.

[13] D. Z. Zhang, K. Q. Li, and J. Q. Wang, “A curving ACC system
with coordination control of longitudinal car-following and
lateral stability,” Vehicle System Dynamics, vol. 50, no. 7, pp.
1085–1102, 2012.

[14] X. J. Su, P. Shi, L. G. Wu, and Y. D. Song, “A novel approach
to filter design for T-S fuzzy discrete-time systems with time-
varying delay,” IEEE Transactions on Fuzzy Systems, vol. 20, no.
6, pp. 1114–1129, 2012.

[15] W. B. Li, Y. Xu, andH. Z. Li, “Robust I2-𝐼
∞
filtering for discrete-

timeMarkovian jump linear systemswithmultiple sensor faults,
uncertain transition probabilities and time-varying delays,” IET
Signal Processing, vol. 7, no. 8, pp. 710–719, 2013.

[16] H. Zhang, Y. Shi, and A. S. Mehr, “Robust weighted 𝐻
∞

filtering for networked systems with multiple sensor faults,”
in Proceedings of the 8th World Congress on Intelligent Control
and Automation (WCICA ’10), pp. 1228–1233, Jinan, China, July
2010.

[17] X. J. Su, L. G. Wu, P. Shi, and Y. D. Song, “𝐻
∞
model reduction

of takagi-sugeno fuzzy stochastic systems,” IEEE Transactions
on Systems,Man, andCybernetics B, vol. 42, no. 6, pp. 1574–1585,
2012.

[18] H. Zhang, Y. Shi, and M. X. Liu, “Step tracking control for
networked discrete-time nonlinear systems with integral and
predictive actions,” IEEE Transactions on Industrial Informatics,
vol. 9, no. 1, pp. 337–345, 2013.

[19] H. Zhang, Y. Shi, M. Q. Xu, and H. T. Cui, “Observer-based
tracking controller design for networked predictive control
systems with uncertain markov delays,” in Proceedings of
the American Control Conference, pp. 5682–5687, Montréal,
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