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ABSTRACT In this paper, a new longitudinal and lateral coordinated control algorithm for the intelligent
vehicle (IV) is proposed for the problem of unbalance of tracking accuracy and vehicle stability during
path tracking process. This work proposes a novel algorithm that adopts hierarchical control architecture
and local linearization of the nonlinear path tracking model, establishes the objective function by tracking
performance and driving performance in the tracking process, and designs the upper optimal controller.
Following the theory of fuzzy proportional–derivative control method, a low-speed tracking controller is
designed to track the desired speed. Simulations and the hardware-in-the-loop test are utilized to verify
the effectiveness of the designed path tracking control algorithm. Results show that, unlike the traditional
fixed-speed tracking control method, the proposed vertical and horizontal coordinated control algorithm can
guarantee the vehicle’s tracking performance at different speeds and improve its form stability. The improved
effect is evident even at high speed.

INDEX TERMS Intelligent vehicle, path tracking, layered, longitudinal and lateral coordinated control.

I. INTRODUCTION
Intelligent vehicle motion control includes lateral, longitudi-
nal, and vertical and horizontal coordinated motion control.
Lateral motion control is the steering control of the vehi-
cle. Longitudinal control is the control of the longitudinal
displacement, vehicle speed, and acceleration of the vehicle.
Vertical and horizontal coordinated control is the tracking of
the desired path and state through the comprehensive control
of the vertical and horizontal systems of the vehicle [1].

Lateral control, as the basis of intelligent vehicle path
tracking control, has been extensively studied [2]–[8]. Fol-
lowing proportional–integral–derivative (PID) control theory,
Marino et al. [9] designed a nested PID lateral controller to
offset the impact of uncertain road curvature on path tracking
stability. Goodarzi et al. [10] used the curvature of the road
and the tracking error of the vehicle as the feedforward and
feedback signals of the controller, respectively, and controlled
the optimal front wheel steering and yaw moment required
for real-time tracking through a linear quadratic regulator.

The associate editor coordinating the review of this manuscript and

approving it for publication was Atif Iqbal .

Tomizuka et al. [11] studied the special working conditions
of a smart car’s rear wheel sensor failure, and they used the
state feedback linear method to design the lateral controller
and assumed that the control system is a linear time-varying
system. Duan et al. [12] proposed an effective path track-
ing control algorithm with speed adjustment, which used an
improved PID controller for tight path tracking, and sug-
gest a feed-forward control method to eliminate the heading
errors caused by dynamic conditions while tracking a desired
path. Gámez Serna and Ruichek [13] considered road curva-
ture with speed limits and used Dynamic Speed Adaptation
method to adjust vehicle’s speed.

Intelligent vehicle longitudinal control is based on the
acquisition of vehicle and road information, and the coordi-
nated control of the drive/brake enables the vehicle to track
the desired vehicle speed stably [14]. HosseinNia et al. [15]
proposed an optimized fractional order control method for
autonomous vehicles in low-speed driving during a traffic
jam and designed two different PI controllers following PID
control theory to control the throttle and brake of vehicles and
ultimately ensure the safety performance of vehicles during
traffic jams. Maojing [16] used the curvature of the road as
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the influence factor of the expected acceleration and designed
the brake controller on the basis of the terminal sliding
mode control algorithm. The simulation results showed that
the controller can stably track the expected acceleration and
reduce the influence of road curvature and other disturbances
effectively with good robustness. To achieve vehicle energy
saving and improve ride comfort, Fang et al. [17] proposed
a novel intelligent vehicle longitudinal motion control by
stratified optimization method. The upper controller works
according to the Radau pseudo-spectrum method, and the
lower controller is model predictive control. Ultimately, it can
effectively reduce the running energy while accurately track-
ing the target trajectory. Majdoub et al. [18] studied the mod-
eling problem of longitudinal motion of front-wheel-drive
vehicles and developed a smart car longitudinal nonlinear
controller through Lyapunov design, effectively realizing the
precise adjustment of the chassis and wheel speed.

The actual path tracking process of the vehicle is com-
pleted by the coordination between the vertical and horizontal
motion systems, which have a complex coupling relationship.
Single-direction motion control cannot achieve accurate path
tracking of the vehicle [19], [20]. Li et al. [21] investigates
the optimal model predictive control for the path tracking of
an autonomous vehicle, and take the path tracking error and
the energy consumed into consideration. Menhour et al. [22]
proposed a model-free control scheme and used it in a multi-
variable decoupling vertical and horizontal control system by
adjusting the driving/braking torque and angle. The simula-
tion results showed that the control scheme has good robust-
ness to model error and parameter uncertainty of vertical and
horizontal coupling. Duan et al. [12] proposed an effective
path tracking control algorithm with speed adjustment, and
also taking consideration of dynamic restrains, besides, they
use an improved circle look-ahead (CLA) with a PID con-
troller for tight path tracking, and suggest a feed-forward
control method to eliminate the heading errors caused by
dynamic conditions while tracking a desired path. On the
basis of the nonlinear three-degrees-of-freedom passenger
car dynamics model, Kumarawadu and Lee [23] coordinated
the control of a vehicle’s horizontal and vertical systems by
combining the proportional–derivative (PD) algorithm with
the neural network adaptive algorithm.

In summary, the current performance evaluation index of
the path tracking controller is limited to tracking accuracy
and robustness, and the vehicle handling stability evaluation
index is not included in the path tracking system. The stability
of the vehicle can easily deteriorate through a single front
wheel angle control under high-speed driving conditions,
and the coupling relationship between the vehicle tracking
control accuracy and the vehicle running stability cannot be
effectively coordinated. Thus, on the basis of the hierarchical
control idea, we design a hierarchical path tracking control
system in which the upper controller follows optimal control
theory and the lower controller tracks the expected vehicle
speed based on the fuzzy PD control theory. For this design,
we take the tracking performance and driving performance

of the vehicle as indicators to plan the current optimal front
wheel angle and optimal vehicle speed in real time. Then, a
fuzzy corner compensation controller is designed for the non-
linear part of the model. The actual longitudinal vehicle speed
outputted by the CarSim vehicle module in the closed-loop
simulation is taken as the coupling point. The vehicle control
system is composed as the input of the optimal controller.
The joint simulation of CarSim and Simulink is conducted
to verify the performance of the designed path tracking con-
troller. The hardware-in-the-loop (HIL) test verifies that the
designed vertical and horizontal control system can improve
the driving stability of the vehicle without affecting the track-
ing accuracy.

The innovation of the paper is mainly as follow: 1) A
hierarchical control algorithm is proposed on the basis of the
hierarchical control theory and fuzzy PD control theory to
improve the intelligent vehicle path tracking accuracy and
robustness, 2) The coupling mechanism of IV longitudinal
and lateral motion is considered, and the vehicle handling
stability, tracking accuracy and robustness evaluation index
are considered in the controller designed.

The rest of this paper is organized as follows:
Section 2 establishes a path tracking system model includ-
ing vehicle dynamics model, vehicle power transmission
model and preview error model; Section 3 proposes a
hierarchical path tracking controller of intelligent vehicle
based on the optimal control theory and fuzzy PD con-
trol theory; Section 4 validates the effectiveness and supe-
riority of the proposed hierarchical path tracking control
method in path tracking and handling performance improving
through simulation analysis; Section 5 carries out a bench
test which verifies the correctness of the simulation results;
Section 6 presents the general conclusion.

II. PATH TRACKING SYSTEM MODEL
The path tracking system model is the basis of intelligent
vehicle path tracking. To perform closed-loop simulation
of the path tracking system, three relevant dynamic mod-
els, namely, vehicle dynamics model, vehicle transmission
model, and visual error model, are constructed. These models
are shown in Fig 1.

A. VEHICLE DYNAMICS MODEL
To reflect the kinematics and dynamics of the vehicle path
tracking process accurately and to consider the simplicity of
the model, the following are initially assumed: 1) the road is
flat enough, that is, the vertical movement of the vehicle is
disregarded; 2) the role of the suspension system is ignored;
3) the steering angle directly acts on the front wheels of the
vehicle, and the angles of the left and right wheels are equal;
and 4) all the sub-components in the vehicle dynamic trans-
mission system can achieve the ideal transmission efficiency.

The vehicle model with three degrees of freedom is shown
in Fig 2.

In accordance with the dynamics of the vehicle’s longitudi-
nal, lateral, and yaw directions and Newton’s law of motion,

105032 VOLUME 8, 2020



Z. Sun et al.: Investigation of IV Path Tracking Based on Longitudinal and Lateral Coordinated Control

FIGURE 1. Structure diagram of path tracking system. (a) Path tracking
system model; (b) Vehicle dynamics model.

FIGURE 2. Three-degree-of-freedom monorail vehicle model.

the vehicle dynamics model can be expressed as follows:

mv̇x = max = mvyϕ̇ + 2Cλf λf + 2Cλrλr

mv̇y = −mvx ϕ̇+2Cαf

(
δ−

vy+lf ϕ̇
vx

)
−
2Cαr

(
vy−lr ϕ̇

)
vx

IZ ϕ̈ = 2lf Caf

(
δf −

vy + lf ϕ̇
vx

)
+

2lrCαr
(
vy − lr ϕ̇

)
vx

(1)

FIGURE 3. Characteristic schematic diagram of hydraulic torque converter.

where ax is the longitudinal acceleration; r is the yaw rate;
m is the vehicle mass; δf is the front wheel angle; Iz is the
vehicle’smoment of inertia around the axis Z ; If and Ir are the
front and rear wheelbase of the vehicle, respectively; vx and vy
are the longitudinal and transverse speeds, respectively; and
Caf and Car are the lateral stiffness of the front and rear tires,
respectively.

B. POWER TRANSMISSION MODEL AND TIRE MODEL OF
THE VEHICLE
During the actual vehicle operation, the nonlinear disturbance
of the whole vehicle transmission system interferes with the
longitudinal motion control accuracy and robustness. Such
interference is primarily due to the driving force, driving
resistance, and braking force acting on the front and rear
wheels. Therefore, on the basis of block modeling, we estab-
lish a longitudinal power train model, which includes the
engine, torque converter, automatic transmission, and final
drive.

1) ENGINE MODEL
Taking a four-stroke fuel-injected gasoline engine as an
example [24], the relationship between the steady-state out-
put torque of the engine Te and the engine speed ωe and
throttle opening α can be described as:

Te = fe (ωe, α) (2)

where fe is the non-linear function of the steady-state torque
characteristic of the engine.

Given the hysteresis in the operation of engine, a first-
order inertia link is introduced in the above engine steady-
state model to describe this inertial property, namely,

fe (ωe, α) = Te + T1Ṫe (3)

where T1 is the first order inertia constant.

2) HYDRAULIC TORQUE CONVERTER MODEL
The torque converter is the connecting part of the engine and
the drive train. It is composed of a pump wheel, a turbine,
and a working fluid. The torque is transmitted from the pump
wheel to the turbine through hydrokinetic transmission. Li
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TABLE 1. Ratio of automatic transmission.

[?] gives the principle diagram of the torque converter which
shows in Fig. 3.

The relationship between the available turbine output
torque and the pump input speed is

Tt = K · Kp
n2t
n2p
n2p (4)

where nt is the turbine speed; np is the pump wheel speed; Tt
is the turbine torque; K is the capacity factor; Kp is the torque
characteristic coefficient.

3) AUTOMATIC TRANSMISSION MODEL
We take the four-speed planetary gear-type automatic trans-
mission as the research object, and its specific transmission
is shown in Table 1.

The automatic transmission can automatically shift and
adjust the torque during the running of the vehicle. The output
speed and torque can be expressed as{

nd = nt/rg
Td = Tt · rg

(5)

where nd is the output speed of the automatic transmission,
Td is the output torque of the automatic transmission, and rg
is the transmission ratio.

4) MAIN REDUCTION GEAR MODEL
We choose a bevel gearmain reducer with a transmission ratio
of r0 = 2.87.

C. PREVIEW ERROR MODEL
Vehicle path tracking control system can be divided into two
types according to vehicle sensors: preview and non-preview
[25]. Compared with the non-preview control method,
the preview control has the advantages of large informa-
tion and good robustness. To construct the vehicle dynamics
model and the transmission model, the vehicle kinematics
model is established. We use the traditional visual preview
error model, the diagram of which is shown in Fig. 4.

In accordance with the geometric relationship of the above
figure, the road following model based on the preview can be
expressed as {

ẏe = vxεe − vy − ωrL
ε̇e = vxKL − ωr

(6)

where yef , yer , and yeo indicate the lateral deviation of the
front and rear axis and center of mass of the vehicle with

FIGURE 4. Preview error model.

respect to the pre-point, respectively; ye is the lateral devi-
ation at the pre-point; and L is the preview distance. KL is the
road curvature.

Through the combination of (1) with (6), the vehicle–road
dynamicsmodel during vehicle path tracking can be obtained.

ϕ̇ = ωr

v̇x = ax
v̇y = A11vy + A12ωr + B11δ
ω̇r = A21vy + A22ωr + B21δ
ẏe = vxεe − vy − ωrL
ε̇e = vxKL − ωr

(7)

where

A11 =
−Cαf + Cαr

mvx
;A12 =

Cαr lr − Cαf lf
mvx

− vx;

B11 =
Cαf
m
;B21 =

Cαf lf
Iz
;A21 =

Cαr lr − Cαf lf
Izvx

;

A22 = −
Cαf l2f + Cαr l

2
r

Izvx
;

III. PATH TRACKING CONTROL SYSTEM DESIGN
In the actual driving of the vehicle, a constant speed is
impossible to maintain while steering due to changes in the
path curvature and road conditions. Doing so requires the
ability to adjust the speed of the vehicle adaptively, which
can be achieved by coordinating the vertical and horizontal
systems. Many path tracking control approaches have been
presented to handle the tradeoff by the utilization of vari-
ous control techniques, such as fuzzy control, PID control,
neural-network control, optimal control, linear optimal con-
trol, adaptive control, and H∞ control, and their combined
methods. In this paper, we propose a hierarchical intelligent
vehicle path tracking control system. The control frame dia-
gram is shown in Fig. 5. The upper controller is the optimal
controller, whereas the lower controller is the longitudinal
speed tracking controller and the lateral corner compensation
controller.

A. OPTIMAL CONTROLLER DESIGN
Neither the individual lateral control nor the individual lon-
gitudinal control can reflect the driving characteristics of the
vehicle’s path tracking process. The actual driving situation is
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FIGURE 5. Frame of Hierarchical path tracking control system.

generally achieved through the coordinated work of the steer-
ing and accelerator/brake pedals. In this section, the upper
controller is designed using optimal control algorithm based
on the simplified vehicle-road dynamics model.

1) DISCRETIZATION OF PREVIEW TRACKING MODEL
The vehicle–road dynamic model shown by (7) can be
expressed by the following nonlinear equation:

ẋ (t) = f (x (t) , u (t)) (8)

where the state variable is x (t) =
[
vx , vy, ϕ, ye, εe

]T and the
control amount is u (t) = [ax , δ].
Taylor expansion is performed at the initial state

(x0 (t) , u0 (t)) with a nonlinear state equation

ẋ (t) = f (x0 (t) , u0 (t−1))+
∂f
∂x

∣∣x0(t),u0(t−1) (x (t)−x0 (t))
+
∂f
∂u

∣∣x0(t),u0(t−1) (u (t)− u0 (t − 1)) (9)

where ∂f
∂x

∣∣x0(t),u0(t−1) and ∂f
∂u

∣∣x0(t),u0(t−1) represent the Jaco-
bian matrix of the path tracking system with respect to the
state quantity x and the control quantity u, respectively.
Subtracting (9) from (8) results in

˙̂x (t) = A (t) x̂ + B (t) û (10)

where

A=



∂f
∂vx

∂f
∂vy

∂f
∂ωr

∂f
∂ye

∂f
∂εe

∂f
∂vx

∂f
∂vy

∂f
∂ωr

∂f
∂ye

∂f
∂εe

∂f
∂vx

∂f
∂vy

∂f
∂ωr

∂f
∂ye

∂f
∂εe

∂f
∂vx

∂f
∂vy

∂f
∂ωr

∂f
∂ye

∂f
∂εe

∂f
∂vx

∂f
∂vy

∂f
∂ωr

∂f
∂ye

∂f
∂εe



=



0 0 0 0 0

0
−Cαf + Cαr

mv0

Cαr lr − Cαf lf
mv0

− v0 0 0

0
Cαr lr − Cαf lf

Izv0
−
Cαf l2f + Cαr l

2
r

Izv0
0 0

0 −1 −L 0 v0
KL 0 −1 0 0


;

B=


∂f1
∂ax

∂f2
∂ax

∂f3
∂ax

∂f4
∂ax

∂f5
∂ax

∂f1
∂δ

∂f2
∂δ

∂f3
∂δ

∂f4
∂δ

∂f5
∂δ


T

=

 1 0 0 0 0

0
Cαf
m

Cαf lf
Iz

0 0


T

2) OBJECTIVE FUNCTION SELECTION
The optimal control problem is to find the control function
that can achieve the optimum system performance under
certain constraints. In other words, optimal control essentially
involves finding the optimal control law that enables the
specified objective function to reach the extreme value as the
controlled system shifts from the initial state to the terminal
state. Therefore, choosing the appropriate objective function
at the beginning of the optimal controller design is the focus
of the controller design.

On the basis of the path tracking control algorithm frame-
work shown in Figs. 1 and 5, we choose the linear quadratic
optimal control algorithm as the upper-level algorithm for
path tracking control. First, we establish the following objec-
tive function:

J =
1
2
XTFX +

1
2

∫ tf

t0

[
XTQX + UTRU

]
dt (11)

where F and Q are n × n-order semipositive definite sym-
metric matrices; R is r × r-order positive definite control
weighting matrix; t0 and tf are the initial and end moments
of the system, respectively. The specific significance of each
performance index is as follows:

1
2

∫ tf
t0
XTFX is a terminal term that is introduced to limit

the size of the terminal error and is characterized as a penalty
term for the terminal error. The weighting matrix F indicates
the degree of emphasis on the terminal error.

1
2

∫ tf
t0
XTQX is the error integral term, which refers to the

sum of the errors of each state quantity from the initial time
to the terminal time during the operation of the system. It is
characterized as the degree of deviation of the actual opera-
tion result from the ideal result. Matrix Q is characterized by
the degree of attention the optimal control system attaches to
each state vector.

1
2

∫ tf
t0
UTRU is the control integral term, which represents

the total energy consumed by the controlled system during
the entire control process. It is characterized as the control
cost paid during the control process. R is characterized as the
degree of constraint on the control components of the optimal
control system.

To ensure the accuracy of intelligent vehicle path track-
ing, the tracking error that reflects the tracking performance
must be added to the objective function, including the lateral
deviation and directional deviation from the look-ahead point.
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In addition, to ensure good handling stability during vehicle
tracking, the lateral acceleration and sideslip angle of the
center of mass are taken as the indicators of vehicle handling
stability. In the actual driving of the vehicle during stable
tracking of the desired path, when a large road curvature is
encountered, only front-wheel steering can easily cause the
vehicle to be unstable and even result in a rollover at a high
vehicle speed. Therefore, when facing a large road curvature,
the vehicle should be able to reduce its speed adaptively. After
passing through a large curvature of the road, the vehicle
increases its speed to complete fast and stable path tracking.

3) CONSTRAINT ESTABLISHMENT
Based on the established suitable objective function, to ensure
the safety factors in the path tracking process, the control
amount of the vehicle (the longitudinal acceleration and the
front wheel rotation angle) should not exceed a certain thresh-
old. Hence, a certain restriction on the control amount is
required.{

Umin (k) ≤ U (k) ≤ Umax (k)
1Umin (k) ≤ 1U (k) ≤ 1Umax (k)

(12)

where Umin (k) and Umax (k) are the lower and upper limits
of the control amount, respectively, which are characterized
by the constraints on the longitudinal acceleration and the
absolute value of the front wheel rotation angle during the
path tracking process; and 1Umin (k) and 1Umax (k) are the
lower and upper limits of the control amount change rate,
respectively, which are characterized by the constraints on
the longitudinal acceleration and the change rate of the front
wheel rotation angle during the path tracking process.

4) WEIGHT MATRIX SELECTION
As mentioned in, Section III.A.2), three weighting matrices
F , Q, and R in the objective function are characterized as
the constraints of the optimal control system on the terminal
error, cumulative error, and control amount during the path
tracking process. The intelligent vehicle path tracking process
can be regarded as an infinite-time linear quadratic control
system. Thus, the influence of terminal errors on the system
can be ignored, that is, F = 0. The objective function of the
path tracking system can be rewritten as

J =
∫
∞

t0

(
XTQX + UTRU

)
dt (13)

where X =
[
v̇y, β, ye, εe

]T ; u (t) = [ax , δ].
The error term weighting matrixQ and the control variable

weighting matrix R are taken as diagonal matrices, respec-
tively.

Q =


q1 0 0 0
0 q2 0 0
0 0 q3 0
0 0 0 q4

 , R =
[
r1 0
0 r2

]

At a low vehicle speed, the vehicle has good handling per-
formance. At this time, to ensure tracking speed and accuracy,
the optimal controller tends to apply small speed changes to
meet the tracking accuracy requirements.

At a high vehicle speed, the vehicle has poor handing per-
formance. Therefore, the optimal controller tends to reduce
the vehicle speed to ensure good driving performance, that
is, improving the handling stability of the vehicle by reducing
the acceleration constraints.

When the vehicle speed is in the safe steering range,
the optimal controller tends to consider the speed and accu-
racy of the path being followed. With the fitting tool in
MATLAB, the weights of the weighting matrices Q and R
are defined as the exponential functions related to the vehicle
speed.

5) SOLUTION OF OPTIMAL CONTROL LAW
The objective function and control quantity constraint of the
optimal controller are established above, and the weight-
ing matrices Q and R with vehicle speed are selected. The
maximum-value principle is applied to solve the above opti-
mal control problem.

The Hamiltonian function H is constructed as

H =
1
2
XTQX +

1
2
UTRU + λT [AX + BU ] (14)

Following the maximum-value principle, the Hamilton
function H should take the maximum value to minimize the
performance index function J

∂H
∂U
= RU + BTλ = 0 (15)

Then, the optimal control equation is

U∗ = −R−1BTλ (16)

where R and B are known equations. Hence, the solution of
the optimal control equation is transformed into the solution
of λ.

From the canonical equation, we obtain the following:

Ẋ =
∂H
∂λ
= Ax − BR−1BTλ (17)

λ̇ = −
∂H
∂X
= −QX − ATλ (18)

To achieve linear feedback, λ is generally expressed as a
linear function of X about the state vector, that is,(

Ṗ+ PA− PBR−1BTP− Q+ ATP
)
X = 0 (19)

Ṗ+ PA− PBR−1BTP− Q+ ATP = 0 (20)

The optimal control equation can be rewritten as

U∗ = −R−1BTPX (21)

The optimal control quantity U∗ of the system is unrelated
to the initial state of the system. In other words, regardless of
the initial state of the system, the optimal control can deter-
mine the feedback control quantity by solving the feedback
matrix K = −R−1BTP to make the performance index of the
system reach the minimum value.
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FIGURE 6. Schematic diagram of longitudinal control.

B. LONGITUDINAL CONTROLLER DESIGN
After the optimal controller is designed, the longitudinal con-
troller is further designed. We adopt direct vertical control.
The schematic is shown in Fig. 6. With the use of the longi-
tudinal powertrain model established in Section II, an inverse
engine model and an inverse brake model are established
to convert the desired acceleration into a desired throttle
opening and brake pressure that can be controlled.

The vehicle powertrain has strong nonlinearity. Thus, prac-
tical difficulties can be experienced when an accurate inverse
enginemodel is being established. From (3), the output torque
of the engine is a nonlinear function of the throttle opening
and engine speed. Its steady-state output torque curve is
shown in Fig. 7.

The look-up table module is established in MATLAB. The
desired throttle opening can be obtained using the expected
output torque of the engine through the offline look-up table

αth = f
(
Ttq, ω

)
(22)

Under braking conditions, when the driving force is
Ft = 0, the relationship between the expected braking force
Fx and the desired deceleration (acceleration) ades can be
expressed as

mades = −Fx −
∑

F (23)

FIGURE 7. Engine static MAP chart.

Assuming that the road surface adhesion coefficient can
always satisfy the braking condition, the braking force and
the brake pressure of the brake cylinder can be approximated
as a linear relationship as follows:

Fx = Kbp (24)

where Kb is the braking coefficient.
The relationship between the desired brake pressure and

the desired deceleration obtained by formulas (23) and (24)

Q =


1 0 0 0
0 1 0 0
0 0 a1 + b1 ∗ em1∗v + c1 ∗ em1∗v 0
0 0 0 a1 + b1 ∗ em1∗v + c1 ∗ em1∗v

 ;

R =
[
1 0
0 a2 + b2 ∗ em2∗v + c2 ∗ em2∗v

]
;


a1
b1
c1
m1

 =

−2.77
2.65
0.57
−1.1

 ;

a2
b2
c2
m2

 =

−1.01
0.02
13.03
0.15

 ;
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FIGURE 8. Drive / brake switching logic.

FIGURE 9. Longitudinal fuzzy PD control block diagram.

is

p =

∣∣mades +∑F
∣∣

Kb
(25)

To ensure that the driving performance during the vehicle
path tracking process meets the requirements, the following
conditions should be met when the accelerator pedal and
the brake pedal are working: 1) the accelerator pedal and
the brake pedal cannot work at the same time; 2) and the
switching between the accelerator pedal and the brake pedal
should not be excessive. The logic diagram of braking and
driving switching is shown in Fig. 8.

In consideration of the complex structure of the sub-
components of the vehicle powertrain and the complex non-
linear relationship, the longitudinal speed tracking controller
is designed following fuzzy PD control theory. Its control
block is shown in Fig. 9.

The regular expression of the PD control algorithm is

u (t) = kpe (t)+ kd
de (t)
dt

(26)

where kp is the proportional coefficient, kd is the differential
coefficient, and e(t) is the error signal.

FIGURE 10. Membership function of input/output.

FIGURE 11. Fuzzy control regular surface of Kpw .

The input of the fuzzy control of the drive control system
is the error value and the change rate of the desired throttle
opening and the actual opening calculated by the inverse
engine model. The output is the control parameters Kpw and
Kdw for driving the PD controller.

The fuzzy controller mainly consists of three parts: control
fuzzification, fuzzy reasoning, and deblurring. The design
process is as follows:

First, the input and output variables are blurred. To con-
sider the control effect and control difficulty, the input and
output of the fuzzy controller are described by five fuzzy sub-
sets, namely, {NB (negative big), NM (negative middle), ZO
(zero), PM (positive middle), and Pb (positive big)}. The two
input variables are fuzzified by using the trianglemembership
function trimf and the Z-type membership function zmf; the
membership function of the input and output variables is
shown in Fig. 10.

After obscuring the input and output variables and formu-
lating the relevant fuzzy rules, the two output variables are
deblurred by the centroid method. Figs. 11 and 12 show the
fuzzy control surfaces of Kpw and Kdw after deblurring.

The design flow of the brake controller is the same as that
of the drive controller. The fuzzy control surface maps of Kpb
and Kdb after defuzzification are shown in Figs. 13 and 14.

C. COMPENSATION CONTROLLER
During intelligent vehicle path tracking, the optimal control
rate of the optimal controller planning is based on the sim-
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FIGURE 12. Fuzzy control regular surface of Kdw .

FIGURE 13. Fuzzy control regular surface of Kpb.

FIGURE 14. Fuzzy control regular surface of Kdb.

plification of the vehicle model. Therefore, the error is large
only through this feedforward angle control nonlinear vehicle
model, which could even lead to control failure.

To ensure the accuracy of path tracking, the lateral devi-
ation and direction deviation are initially combined into an
integrated error according to a certain weight, and the inte-
grated error and its rate of change are used as two inputs of the
fuzzy controller. A reasonable fuzzy control rule is designed
to output the compensation angle in real time.

The calculation rules for the integrated error are as follows:

E = λ·
[
2 (ye − ymin)

ymax − ymin
−1
]
+(1−λ) ·

[
2 (εe − εmin)

εmax − εmin
− 1

]
(27)

TABLE 2. Vehicle main parameters.

FIGURE 15. Double shift road model.

where λ is the weight coefficient, which is characterized by
the degree of emphasis of the fuzzy controller on lateral
deviation and direction deviation. Following Literature [?],
we set λ = 0.6. The specific fuzzy controller derivation
process is shown in Section III.B.

IV. SIMULATION VERIFICATION
To verify the effectiveness of the designed controller,
the joint simulation model of the system is built in the
CarSim and MATLAB/Simulink environment, and the
different working conditions are simulated. The vehi-
cle simulation parameters in the system are shown
in Table 2.

A. ROAD MODEL
The road model describes the reference path of the
vehicle during path tracking. The performance of the
designed path tracking controller is evaluated by cal-
culating the magnitude of the vehicle deviation during
the path tracking process. To facilitate the evaluation of
the designed path tracking controller, we refer to GB/T
6323-2014 standard and ISO/3888 technical report to set
the double lane change (DLC) target path, as shown
in Fig. 15.

The parameters of the DLC road model are shown
in Table 3.
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TABLE 3. Double shift path parameters.

FIGURE 16. Longitudinal speed.

TABLE 4. Simulink results.

B. COMPARATIVE ANALYSIS OF DIFFERENT INITIAL
VEHICLE SPEEDS
Simulation analysis is conducted at initial speeds of 5, 15,
and 20 m/s respectively, and the adhesion coefficient is set
as µ = 0.85. In this manner, the designed hierarchical path
tracking control system is verified to track the path along the
planned speed of the upper optimal controller at different ini-
tial speeds. The results are shown fromFigure 16 to Figure 19,
and the peak values of A, B and C are shown in Table 4.

Figs. 16 and 17 show the vehicle speed tracking diagram
and longitudinal acceleration comparison diagram of the lon-
gitudinal control system under three vehicle speeds, respec-
tively. A, B, and C are the speed tracking graphs of three
different speeds, respectively. The peak values of longitudi-
nal acceleration for A, B and C are 1.718232, 2.58011 and
2.872928 m/s2 respectively, which implies that the designed

FIGURE 17. Longitudinal acceleration.

FIGURE 18. Lateral error.

longitudinal and lateral coordinated control system can track-
ing of different expected speeds during vehicle path tracking.

Figs. 18 and 19 show the effect diagrams of tracking the
DLC path under three vehicle speeds and the comparison
of lateral deviation and direction deviation, respectively. The
designed longitudinal and lateral coordinated controller can
both track the expected speed and path stably, and the tracking
error is within a reasonable range based on the results of
Table 5.

C. DIFFERENT ROAD ENVIRONMENTS
To verify whether the vehicle has good path tracking ability
on different road surfaces, taking the initial speed of 15 m/s
as an example, the simulation analysis is conducted on the
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FIGURE 19. Deviation direction.

FIGURE 20. Longitudinal speed.

FIGURE 21. Longitudinal acceleration.

road with adhesion coefficient of µ = 0.85, µ = 0.75, and
µ = 0.65. The simulation results are shown from Figs. 20 to
Fig 24, and the peak values under three road surfaces with
different adhesion coefficient are shown in Table 5.

FIGURE 22. Longitudinal acceleration.

FIGURE 23. Lateral error.

FIGURE 24. Directional error.

Figs. 20 and 21 show the time-domain response diagrams
of longitudinal velocity and acceleration on different roads at
an initial speed of 15 m/s. As shown in the figures, the vehicle
tracks the desired speed in different road environments stably,
and the longitudinal acceleration does not exceed 3 m/s2. As
shown in Table 5, the peak values of longitudinal acceleration
under three different road surfaces are 2.1429, 2.1754 and
2.1922 m/s2 respectively, thus indicating good longitudinal
performance.
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TABLE 5. Simulink results.

FIGURE 25. Lateral deviation comparison.

TABLE 6. Simulink results.

Figs. 22–24 show theDLC tracking diagrams of the vehicle
on three different road surfaces at the initial vehicle speed
of 15 m/s as well as the comparison of lateral deviation
and direction deviation. The simulation diagram shows that,
in different road environments, the vehicle, which has good
path tracking ability, tracks the desired path stably. The peak
values of lateral error and deviation in direction of the vehicle
under three different road surfaces are shown in Table 5, and
they both are controlled within a reasonable range.

D. ROBUSTNESS ANALYSIS
A complete path tracking system should have good anti-
disturbance capability and strong robustness. This section
verifies the robustness of the proposed path tracking system
by adding lateral wind disturbances and changing the sprung
mass during the co-simulation process. The initial simulation
speed is set to 54 km/h.

Lateral wind is a common nonlinear disturbance during
vehicle driving, and it occurs particularly at high-speed driv-
ing and affects vehicle tracking accuracy and steering sta-
bility. To test the nonlinear interference capability of the
designed path tracking control system, a 50 km/h lateral wind
model is added in the CarSim simulation condition. The
results are shown from Figs. 25 to Fig 28, and they peak
values are shown in Table 6.

It can be seen that under the action of the lateral wind,
the peak value of the lateral deviation and the direction

FIGURE 26. Directional in deviation comparison.

FIGURE 27. Comparison of lateral error.

FIGURE 28. Comparison of direction error.

deviation only has a little increase compared with that of the
non-lateral wind, that is, the designed fuzzy compensation
controller is robust to lateral wind disturbance. In addition,
200 and 350 kg are loaded on the basis of the original
sprung mass. The change in the position of the center of
mass caused by the increase in the sprung mass is ignored.
Furthermore, in comparing with sprung mass change of
Figs.27 and 28, the change of lateral deviation is less than
0.03m, the change of direction deviation is less than 0.2 ◦,
and the time-domain response curve is basically consistent.
Therefore, the designed longitudinal and lateral coordinated
controller can offset the influence of nonlinear and parameter
changes in the vehicle driving process to a certain extent and
has good robustness.

105042 VOLUME 8, 2020



Z. Sun et al.: Investigation of IV Path Tracking Based on Longitudinal and Lateral Coordinated Control

FIGURE 29. Block diagram of HCU HiL system.

TABLE 7. Longitudinal acceleration.

V. TEST VERIFICATION
To verify the feasibility of the control system design, we rede-
velop the HIL simulation test platform. On the basis of the
rapid control prototype, the control algorithm is compiled into
executable code and downloaded to the controller to verify the
operational efficiency of the control algorithm. The HIL test
platform is shown in Fig. 29.

A. VARIABLE SPEED CONDITION
First, in order to verify the performance of the longitudinal
control system, the optimal speed planned by the optimal
controller under the initial vehicle speed of 18 km/h and
72 km/h are separately taking as the tracking target and the
time-domain response of the longitudinal performance under
two different conditions are shown in FIGURE.30 to 31.

From FIGURE 30 to 31, it can be seen that the designed
longitudinal control system can stably track the expected
vehicle speed under the condition which can satisfy the
requirements of road adhesion. Furthermore, the longitudinal
acceleration is always less than 3 m/s2, which is enough to
meet the requirements of driving conditions.

B. DLC ROAD
To verify the path tracking capability of the longitudinal and
lateral coordinated control system, an initial speed tracking
of 54 km/h is used as an example. Fig. 32 shows the HiL
test and pure simulation tracking during the situation where
the longitudinal speed can stably track the optimal speed.

FIGURE 30. Initial speed: 18km/h. (a) Tracking of longitudinal speed; (b)
Time-domain response of longitudinal acceleration.

TABLE 8. Simulink results.

The effect diagrams of the double shifting line as well as the
tracking performance and driving performance indicators of
the vehicle during the tracking are shown in Figs. 33 and 34.
Meanwhile, the peak values of lateral deviation and deviation
in direction on Co-simulation and HiL test are shown in
Table 7.

As shown in Table 8, the peak value of the lateral deviation
between Co-simulation and HiL test only has a little increase.
As for deviation in direction, it’s very close between the two
except at the peak. But as you can see from Figs. 33 and 34,
there is a fluctuation onHiL-test at about 10 s, which is caused
by an accidental test error. Therefore, the longitudinal and
lateral coordinated control system has a good path tracking
capability.

C. SMOOTHLY CURVED ROADS
To verify the stability of the path tracking system on smoothly
curved roads, the results of the HIL test are compared with
the pure simulation results. Fig. 35 shows the comparison of
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FIGURE 31. Initial speed: 72km/h. (a) Tracking of longitudinal speed;
(b) Time-domain response of longitudinal acceleration.

FIGURE 32. Double line path tracking.

FIGURE 33. Comparison of lateral error.

tracking results obtained by HIL and pure simulation as the
vehicle drives along a smooth curve. Figs. 36 and 37 show
the comparison of longitudinal driving performance, path

FIGURE 34. Comparison of deviation in direction.

FIGURE 35. Smooth curve tracking.

FIGURE 36. Comparison of lateral error.

tracking performance, and steering performance during the
tracking process.

The simulation diagram shows that, compared with the
CarSim/Simulink joint simulation, the time-domain response
curve of HIL test is basically consistent, and the online
simulation accuracy is slightly poor primarily due to the
small-time delay and nonlinear interference of the con-
troller. In sum, the HIL simulation results show that the
real-time performance and the effectiveness of the designed
longitudinal and lateral coordinated path tracking controller
meet the requirements. Therefore, the designed longitudi-
nal and lateral coordinated controller is effective in real
environments.
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FIGURE 37. Centroid lateral acceleration.

VI. CONCLUSION
In this paper, the high nonlinearity and complex longitudinal-
lateral coupling relationship of the proposed system during
intelligent vehicle path tracking is studied. And based on
which, a new intelligent vehicle longitudinal and lateral coor-
dinated control algorithm is proposed. To this end, a nonlinear
dynamicsmodel, a tiremodel, and a vehicle powertrainmodel
including longitudinal and lateral coupling are constructed.
The longitudinal and lateral coordinated control system of the
intelligent vehicle is designed, in which the upper controller is
the optimal controller that can plan the optimal vehicle speed
and the optimal front wheel angle in real time, and the lower
controller is the lateral fuzzy controller with steering angle
compensation to improve the accuracy of the path tracking.
On this basis, the vehicle speed tracking controller is designed
and the longitudinal and lateral coordinated control of the
vehicle is realized. Finally, the effectiveness of the designed
longitudinal and lateral coordinated path tracking control
algorithm is verified by CarSim/Simulink joint simulation
and HIL test. The results show that the designed hierarchical
path tracking control system can predict the expected vehicle
speed in real time at different initial speeds, control the vehi-
cle’s adaptive acceleration and deceleration to achieve path
tracking, and balance the tracking performance and driving
performance under different vehicle speeds, so as that the
dynamic optimization of tracking performance and driving
performance during vehicle path tracking is guaranteed. Fur-
ther study on effect of road condition in IV path tracking
system will be conducted in the near future.
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