IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received July 19, 2018, accepted August 19, 2018, date of publication September 3, 2018, date of current version October 17, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2868339

A Path Planning and Navigation Control System
Design for Driverless Electric Bus

LINGLI YU, DECHENG KONG™, XUANYA SHAO, AND XIAOXIN YAN

School of Information Science and Engineering, Central South University, Changsha 410083, China

Corresponding author: Decheng Kong (kongdecheng @csu.edu.cn)

This work was supported in part by the Major Projects of Science and Technology in Hunan under Grant 2017GK1010, in part by the
National Key Research and Development Plan under Grant 2018 YFB 1201602, in part by the Natural Science Foundation of Hunan under
Grant 2018JJ2531 and Grant 2018JJ2197, in part by the State Key Laboratory of Robotics and System (HIT) under Grant
SKLRS-2017-KF-13, in part by the State Key Laboratory of Mechanical Transmissions of Chongqing University under Grant
SKLMT-KFKT-201602, and in part by the National Natural Science Foundation of China under Grant 61403426.

ABSTRACT Extensive studies have been conducted on unmanned vehicle recently due to its bright prospect.
However, few of them have studied the technology of driverless bus. In this paper, a path planning and
navigation control system is designed for 12-m length driverless electric bus. The global path planning is
adopted by the Dijkstra algorithm based on the analysis tool of ArcGIS. For local planning, a triple-layer
finite-state machine is proposed to plan the driving maneuver, and it reduces computational complexity
and improves driving effectiveness. Then, optimal trajectory is generated by a curve fitting technique based
on path planning and driving maneuver, which takes full account of the safety and kinetics for driverless
bus. In addition, we address the speed planning by expert rules to imitate an experienced driver. Finally,
the trajectory tracking controller is devised by an adaptive rolling window. Moreover, a heading error
compensation model and a self-adaptive strategy of controller parameters are set up to improve the control
precision. Finally, simulation by TruckSim and scenes experiments verify the validity and practicability of
our proposed path planning and navigation control system for driverless bus.

INDEX TERMS Adaptive rolling window, driverless electric bus, driving maneuver planning, trajectory

generation, trajectory tracking control.

I. INTRODUCTION

Recently, unmanned vehicle technology is focused on a vari-
ety of autonomous missions in both civil [1] and military
scenes [2]. In future, public transportation reduce some traf-
fic accidents caused by human mistakes and enhance the
traffic utilization [3]. Recently, most researchers study the
autopilot by integrated navigation system, in-vehicle sensors,
roadside ITS, traffic monitoring, vehicle-to-vehicle (V2V)
and vehicle-to-infrastructure(V2I) communications [4]. The
development for Defense Advanced Research Projects
Agency (DARPA) challenges exhibits great autonomous driv-
ing performance [5]-[8]. In addition, lots of companies, such
as Google, Baidu, Tesla and so on, focus on the unmanned
vehicle. All of them help to promote the feasibility of
self-driving technology and develop commercial autonomous
vehicles.

Autonomous driving for a simple driving situation
becomes a reality soon [9]-[11]. Although driverless tech-
nology has gradually stepped out of the laboratory, there are
still many restrictions away from commercial feasible for the
complexity and uncertainties of transportation. Nowadays,
driverless bus can be competent for intercity bus with a

fixed line and relatively simple road condition. At the same
time, it reduces manpower to avoid the problem of “driving
fatigue”. Thus, it’s feasible for driverless bus coming earlier
than intelligent car.

A French company Local Motors introduced the Olli,
a self-driving electric 12-seat bus in Fig. 1(a). On Septem-
ber 1, 2016, the world’s first unmanned bus line was opened
for trial operation in Dubai. The small electric unmanned bus
is called EZ10, and it drove its inaugural passengers in a
Bavarian town in Fig. 1(b). In Shenzhen of south China, four
self-driving buses began trial operations in November 2017.
The buses had a designed speed of 10 to 30 kph and began
running on a 1.2-kilometer route in the bonded zone of Futian
in Fig. 1(c).

Path planning provides safe and reliable maneuvers under
various driving environment [12], which contains global path
planning and local path planning. Global path planning pro-
vides a valid path and key sub-target for local path planning,
including driving direction and destination. Meanwhile, local
path planning is to avoid the static or dynamic obstacles [13].
The common methods of path planning including Artificial
Potential Field [14], Cell Decomposition [11], Visibility
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FIGURE 1. Several driverless buses in the world. (a) Olli. (b) EZ10.
(c) Shenzhen bus.

graph [15], Voronoi Diagram [16] and Probabilistic Road
Maps [17]. During global planning, the global route is deter-
mined by a digital map and a localization system [18]. Local
path planning is divided into two stages: driving maneuver
planning and trajectory generation. Driverless maneuver is
determined by global planning and current sensor perception
data [19], [20]. Multiple criteria decision making is applied
to plan driving maneuver in [21]. An optimization path
planner in [22] is capable of planning multiple contingency
paths. But these algorithms are usually not applied in real
driving scenarios well. However, FSM (Finite State Machine)
is to express those sequences state of driving maneuvers [23].
In addition, the trajectory generation exists a variety of meth-
ods, including polynomial [24], Bezel curve [25] Spline
curve [26], etc. For instance, 4th order polynomial and
dynamic bicycle model are utilized to describe the land vehi-
cle motion in [27].

Navigation Control is an essential issue for unmanned
vehicle, which attracts lots of researchers and investiga-
tors [28]-[31]. PID controller, which is simple to design
PID rules, is widely applied to engineering practice [32].
However, it is difficult to meet the precision requirements
of unmanned vehicle control system with uncertain nonlinear
dynamics. To improve control precision, it is better to predict
the motion state. Principal Component Analysis (PCA) and
Neural Networks (NN) are proposed to estimate the vehicle
sideslip angle [33]. However, they require a large number of
data to train parameters. Model predictive control (MPC) is an
optimization-based time-domain control method [34], [35].
Compared with most controller, the distinct feature of MPC
lies in its capability that predicts future control inputs by
its knowledge of the plant dynamics and the desired output.
In many MPC applications, the mathematical model for a
system cannot be reliably determined. It is difficult to apply
MPC to an engineering system [36]. In addition, model-free
control approach is difficult to apply to an actual system
in [37] and [38].

Navigation control for driverless bus brings greater chal-
lenge since bus system belongs to a great inertia and large
time delay system. Therefore, a path planning and navigation
control system for driverless bus is designed. Several major
contributions listed below.

Firstly, in global planning stage, a digital map is built by
ArcGIS which is used to establish road network and set up
a series of road attributes. Then, global route from starting
point to destination is planned by Dijkstra algorithm based
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on ArcGIS. In local planning stage, a triple-layer finite state
machine is proposed for driving maneuver planning. More-
over, a cubic polynomial is used to express optimal trajectory
which considers the safety and kinetics model.

Secondly, a lateral controller based on adaptive rolling
preview window is designed to improve the control accuracy
and reduce the lag time. Meanwhile, an error compensation
model is used to predict the heading error for driverless bus.
A self-adaptive parameter controller is devised to improve the
robustness under different driving scenarios. Finally, a trape-
zoidal acceleration and deceleration longitudinal controller is
designed to improve stability and comfort.

This paper is organized as follows. Section II introduces
the system architecture of driverless electric bus including
hardware and software. Section III presents map-building
and global planning method. Local path planning and optimal
trajectory generation are described in Section IV. Our tra-
jectory tracking controller is designed in Section V. Finally,
simulation and experiments are given in Section VI for the
performance of driverless bus.

Il. SYSTEM ARCHITECTURE OF THE DRIVERLESS
ELECTRIC BUS

Driverless electric bus drives itself by recognizing driving
environment and deciding maneuvers based on multiple sen-
sors. A general hardware of the driverless electric bus and
software framework are described below.

A. HARDWARE SYSTEM OF THE DRIVERLESS

ELECTRIC BUS

The driverless electric bus and its sensor configuration are
displayed in Fig. 2. The bus platform equipped with elec-
tric power steering (EPS), electronically controlled brake
system (EBS) and motor-driven system. On-board sensors
are used for perception to detect the surroundings, including
vehicles, pedestrians, or other obstructions. Two lidars detect
adjacent objects on both sides [39], [40], and two millimeter-
wave (MMW) radars are installed on the bus head and tail
respectively. To detect and classify objects, a color camera is
installed in the middle of the windshield.

GPS-RTK

GPS-RTK L
L

Control MMW
.Ladar
Ladar Camera Box
® Ladar
MMW. [
Ladar GPS/IMU

FIGURE 2. Hardware System of the bus platform.

An integrated navigation system, including Real-Time
Kinematics GPS and Inertial Measurement Unit (IMU),
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is equipped to achieve precise localization and dead
reckoning for driverless bus. The controllers of EPS, EBS,
motor-driven system, perception and planning are integrated
in a control box. Besides, the information of on-board sensors
and controllers communicate through controller area network
(CAN).

The hardware system architecture contains three compo-
nents. The perception layer, including lidars, MMW radars
and GPS/IMU offer the information on surrounding environ-
ments. perception controller transfers data through the CAN,
and GPS/IMU data pass to planning layer through serial port.
Planning and control layer collect the data from perception
layer and vehicle state, then pass the calculation results to
VCU actuators of the driverless bus.

B. SOFTWARE FRAMEWORK FOR PLANNING AND
CONTROL LAYER

The planning and control layer provides four basic functions,
including map-building, global planning, local planning and
trajectory tracking control (shown in Fig. 3).

Geographic information

o 1 Planning and control

| layer

Map-
building

|

Global
planning

|

Local

planning

Perception
layer

Vehicle statues!

tracking
controller

|
|
|
!
Lo Trajectory
|
|
|
|
|
|

Execution layer

FIGURE 3. Software structure for planning and control layer.

(1) Map-building: A digital map for driverless bus provide
navigation data of lane lines, road junctions, special positions,
etc. The bus locates its position and desired path in the map.
The method for building the map is based on ARCGIS. The
raw data of GPS are employed to build road net, which
represents the road geometry with centimeter-level accuracy
through ArcGIS.

(2) Global planning: Global planning searches the shortest
and safest path to reach the destination from initial position.
In this stage, the built map and a searching algorithm is
essential for fast routing.
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(3) Local planning: Local planning is to plan driving
maneuvers exactly and generate optimal trajectory in real
time. Driving maneuver reasoning is a rule-based decision
process based on triple-layer finite state machine. Addition-
ally, bus kinematic model is considered to generate a safe and
feasible trajectory.

(4) Trajectory tracking controller: The controller is to
guide the driverless bus along the planned trajectory. The
vehicle control should be robust under various driving con-
ditions [41]. Therefore, bus states should be predicted for
the specialty of the electric bus with great inertia and great
lag. Besides, rolling window is applied to trajectory tracking
control.

lll. MAP-BUILDING AND GLOBAL PLANNING

A. ESTABLISHMENT OF ROAD NETWORK BASED

ON ARCGIS

Map-building, one of key driverless technologies, which is
crucial for positioning, navigation and control. In this paper,
we construct the driverless bus map by ArcGIS and utilize the
Dijkstra algorithm to plan global path.

ArcGIS offers a unique set of capabilities for applying
location-based analysis, and gain greater insights using con-
textual tools to analyze and visualize data [42]. The map for
driverless bus is built by collected GPS data. In this paper,
a path is divided into two types which are general path and
special path respectively.

(1) The general path is mostly straight. For a GIS map,
a path contains edges and nodes. Raw GPS points of orig-
inal path are connected by edges in order, and the distance
between nodes is d, as shown in Fig. 4 (a).

(a)

=T = Exit point

GPS point 7| @ /
._© -7
h T"=—‘;Entry point
(b)

FIGURE 4. Map-building in ArcGIS. (a) General path. (b) Special path.
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(2) The special path has a relatively large curvature, such
as intersections and ramps. Besides, there is no lane line
detected by perception layer. The collected GPS in intersec-
tions is saved in special path database. Meanwhile, special
mark points are respectively set on two ends of special path,
which are the entry point and exit point. They are the key
points to distinguish general path and special path. The two
points are connected with yellow straight lines to ensure the
integrity of the road network for a GIS map (Fig. 4(b)).

Finally, GIS database and special path database are estab-
lished. GIS database stores road net information created by
ArcGIS, and special path database stores GPS data for inter-
sections.

B. GLOBAL SHORTEST PATH PLANNING BASED ON
DIJKSTRA ALGORITHM

The road net map consists of two basic elements: edges and
nodes. The nodes connect each other by edges of topology
network structure. And, the direction of road, markers and
the other rules are all created in ArcGIS. The global planning
is to search the optimal path from initial position to goal by
such network topology.

Dijkstra algorithm is utilized to search the shortest path
between nodes in a graph which is a searching algorithm for
fast global routing [43]. Besides, ArcGIS supports network
analysis which supports an effective shortest path analysis
based on the topologic structure of road network, and its basic
algorithm is Dijkstra algorithm. Thus, network analysis tool
is applied to global path planning. Besides, instead of plan-
ning one fixed path to destination, global planning plans the
path dynamically based on current location of the driverless
bus in map.

C. DATA PROCESSING FOR THE GLOBAL PATH
The optimal path is obtained through global planning and the
global reference points are processed to local planning.

(1) The general path provides reference GPS nodes with
distance d in GIS map. To improve precision, linear interpola-
tion is implemented between pair of nodes and N intermediate
nodes are inserted, as shown in Fig. 5 (a).

(2) The special path provides reference nodes by special
path database. Moreover, these raw GPS points are sampled
at sampling interval of M to reduce computational complexity
in Fig. 5(b).

IV. LOCAL PATH PLANNING AND OPTIMAL

TRAJECTORY GENERATION

A. DRIVING MANEUVER PLANNING BASED ON
TRIPLE-LAYER FSM

Driving maneuver planning for driverless bus is to generate
a reasonable behavior like an experienced driver. It makes
decision according to the driving contexts, including global
map, perception information and GPS/IMU system. FSM
(Finite State Machine) is an efficient method to express those
sequences of driving maneuvers. Detailed state design of
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FIGURE 5. Data processing for global path. (a) general path. (b) special
path.

FSM improves system intelligence, but the system is too com-
plex, and the design process is much difficult. To facilitate
modularity, a triple-layer FSM is used to evaluate feasible
behavior in different driving scenes. A comprehensive plan-
ning architecture for driverless bus is shown in Fig. 6.
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FIGURE 6. Triple-layer FSM structure of driving maneuver planning.
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FIGURE 7. The gradient following strategy.

The map of general path and special path comes from
GIS database and special path database respectively. The
driving maneuvers under two types of paths are different. For
instance, overtaking is not allowed in special path to ensure
the safe driving for driverless bus. Therefore, the state of
top-layer FSM is devised as {general path (R1) and special
path(R2)}. Meanwhile, the type of road is distinguished by
entry point and exit point, which are marked in global map
(in Fig. 5). The trigger events as follows:

T1: The bus passes the entry point.

T2: The bus passes the exit point.

When the perception system fails to identify correct lanes,
the planner automatically transits to GPS following mode.
Aiming at such a problem, the middle-layer state set is
{GPS Following(M1), Lane Keeping (M2), Gradient Fol-
lowing (M3)}. Gradient following is an intermediate mode
which is mainly utilized to reduce the lateral error gradually,
when the lane keeping mode switch to GPS tracking mode
suddenly.

As is shown in Fig. 7, when driverless bus enters special
path from general path, abscissa values of driverless bus is
cx;, and global GPS point is gx;. So lateral error at time t is
e = |cx; — gxy|. To reduce the error gradually, the abscissa of
endpoint in planned trajectory is set as x; = e;/k (k is scaling
coefficient). When ¢ increases, e; decreases continuously, and
the endpoint of generation trajectory approaches the global
GPS point in map gradually (the method of trajectory gener-
ation is introduced in the section B).

The middle-layer state machine trigger conditions are
divided into the following two kinds:

W1: Lane recognition is valid.

W2: Lane recognition is invalid.

In bottom-layer FSM, the driving state set is designed as
{structured driving (Q1), unstructured driving (Q2), unstruc-
tured obstacle avoidance (Q3), following (Q4), overtaking
(Q5), buffer adjustment (Q6) and special path (Q7)}. The
individual states in the bottom-layer FSM correspond to the
following external trigger events:

El / E2: The dynamic obstacle in front of the bus exits /
disappears.

E3 / E4: The lane information from perception is valid /
invalid.
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ES: The bus enters buffered road.

E6/E7: The stationary obstacle in front of the bus exits /
disappears.

E8: The bus enters the special path.

EO: The bus finishes the special path.

E10: The bus enters the area of destination.

According to the states and trigger events, bottom-layer
FSM is used to switch between different states in Fig. 8.
In our system, different driving states determine key reference
points which is used for trajectory generation. Then, each
state is introduced as follows:

Q3 ES
E24/Elt
Mission a1 E5 a5 E10| Mission
start complete
" IE3 E6.E7 E8l
Q2 as |B® a6

FIGURE 8. Bottom-level state transition.

(1) Structured driving: an initial state and lane recognition
are valid. Lane recognition by perception layer is utilized to
guide for driverless bus in this stage. So, the global optimal
reference points are generated by lane detection.

(2) Following: In this state, the driverless bus follows the
vehicle ahead only when the lane detection is valid. The
system plans the speed according to vehicle ahead velocity
and global optimal reference points based on lane detection.

(3) Overtaking: This stage allows driverless bus to over-
take. It is divided into three substages: (a) lane change;
(b) overtake; (c) lane return. Safe space is considered to avoid
collisions with other vehicles. If d; < dy,, driverless bus
changes the lane, here d represents the distance between two
vehicles, dy, is the safe space. At this time, global optimal ref-
erence points are shifted from the current lane to another lane.
Driverless bus returns to the lane again, when it overtakes the
vehicle, and d > dy,. The process in detail is shown Fig. 9.

(4) Buffer adjustment: It is an intermediate stage that
driverless bus needs to adjust speed especially during driving
around a ramp or intersection. The signs of enter and exit are
obtained from global map.

(5) Special path: This stage is used to deal with special
terrain such as intersections and ramps. The global reference
points come from the special path GPS database in this state.
This status is activated until the entry point is accepted, and
the bus switches to buffer adjustment status until the exit sign
of special road is activated.

(6) Unstructured driving: Lane lines fail to be identified by
perception in unstructured driving. Therefore, a Check Zone
is set up manually, and obstacles in this area is detected as
threaten obstacles in Fig. 10. Then check whether a danger-
ous obstacle in the Check Zone. If it exists, the system can
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Shift global optimal referen
points to origine lane

Shift global optimal referenc:
points to another lane

FIGURE 9. The shift process of global optimal reference points under
overtaking state.

FIGURE 10. The Check Zone under the Unstructured driving, C1 is a threat
for the driverless driving while C2 is not.

switch to the unstructured obstacle avoidance state, other-
wise, the original state is maintained. Once the lane line is
valid, the system switches back to structured driving.

(7) Unstructured obstacle avoidance: It is a combination
of unstructured driving state and overtaking state. Driverless
bus avoids collisions by setting Check Zone and shifting
the global reference points between Check Zones. The state
switches to unstructured driving if an obstacle disappears in
the Check Zone, otherwise, the original state is maintained.

B. OPTIMAL TRAJECTORY GENERATION
The global optimal reference points are obtained based on
global planning and driving maneuver planning under differ-
ent scenarios. However, the raw reference points are usually
sparse and unconstrained. They should be fitted to generate
the optimal trajectory which is smooth and consistent with
the bus kinetic constraints. In this section, cubic polynomial
with constraints is applied to solve the problem.

From Fig. 11(a), cubic polynomial is generally written as

YX)=ag+ax + ag)c2 + a3x3 (1)

Under the established coordinate system in Fig. 11(b),
initial position and initial heading of driverless bus are both
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FIGURE 11. (a) shows the sketch of trajectory generation. G is a target
point which is selected in global optimal reference points. T is the cubic
polynomial curve, [ is parallel to the X axis at the point G. (b) displays
the bus coordinate system.

zero, trajectory Y (x) satisfies

Y(0)=0 2
dY Jdx = 0 3)

combined with (1) -(3), constant coefficients are obtained
ap=a; =0 “)

According to (4), the first derivative of cubic polynomial
is expressed

2axxf + 3azxy = tan6 5)
Then, offset of the target point y,gye; is denoted as
Yoffset = Y €080 + xf sin 6 6)

Target point (x7, yr, 6) is also in the cubic trajectory, so it
satisfies

Yr = a2X2 + a3Xf3 @)
From (5)-(7),
3Yoffser 4tan6

a; = 8
2 sz cos 6 Xy ®
3tan6 2
a3 = anv.— ZYoffset )

sz Xf3 cosd

Therefore, cubic polynomial is related to G, and different
target points determine different trajectories. For instance,
when x¢ and yy are fixed, but 8 € (0, 70°), trajectory clus-
ters are shown in Fig. 12(a). Trajectory clusters of different
target points are illustrated in Fig.12. An appropriate target
point is essential for an optimal trajectory. Besides, several
constraints are satisfied. The maximum steering angle of front
wheel is limited for driverless bus.

According to geometry relation, turning radius R is esti-
mated by (10)

R=d/siné; (10)

Where & is front wheel angle, d means the wheelbase.
The range of front wheel Rg € [—38°,42°]. From (10),
the minimum turning radius Ryin = d/ $in §f max, here 8f max
is the maximum front wheel angle. Meanwhile, the faster
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FIGURE 12. Trajectory clusters under different target points.
(a) (10, 10, 0 ~ 70°). (b) (5, 10, 0 ~ 80°).

of driverless bus travels, the longer of trajectory is. In this
paper, a piecewise turning radius is defined by the following
equation:

_ Rmin V <V
Riin + Kigv v = vy

(11)

a

where Kj, is an adjusted coefficient, v represents current
speed, vy, is a velocity threshold. Hence, turning radius of
a feasible target point is larger than L,. Furthermore, optimal
trajectory generation algorithm is described as follows:

Algorithm 1 Optimal Trajectory Generation

Input: Global optimal reference points

Output: Trajectory equation Y (x)

fori=1,R;,>L,do

1: Calculate L, according to the current speed.

2: Calculate the distance d; from coordinate point
X, Yni=1,2,...,n,):

d; = ,/xiz +yl-2.

3: Calculate the angel W; between the line and x-axis:

W; = arctan[(y; — yo)/(xi — x0)].

4: Calculate the lateral offset of (X;, Y;): yogser (i) = d;
xsin(; — W;).

5: Calculate minimum turning radius: R; = dl.2 /(2*
Yoffset ())-

6: end for

7: Calculate Y (x) according to (X;, Y3, 6;.

C. SPEED PLANNING
In this section, we imitate an experienced driver to solve
speed planning problem for driverless bus. An expert system
emulates decision-making ability of a human driver [44].
Expert rules are built according to driving maneuver, current
speed v, and reference speed v, in TABLE 1.

Compared with structured driving, the speed under
unstructured driving is slow for security. When driverless
bus in the stage of overtaking, the first step is lane change
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TABLE 1. Expert rules for speed planning.

v,

stage 0<v,<2m/s 2<v,<4m/s 4<v,<6ml/s 6=<v, <10m/s
v, (m/s)
Structured driving 5.4 m/s 5.4 m/s 9 m/s 9 m/s
Unstructured driving 4.4 m/s 4.4 m/s 8 m/s 8 m/s
Buffer adjustment 2.7 m/s 2.7 m/s 4 m/s 4 m/s
Lane change/ la
ane changer fane 2.7 ms 2.7 m/s 4m/s
return
Overtake 1.5V, +2 m/s 1.5V, +2 m/s 1.5v,+2 m/s 1.5V, +2 m/s
i1 I i 4
Following v, v, v, v,
Special path 2.7 m/s 2.7 m/s 4 m/s

Emergency stop or
geniey stop 0 0 0 0

mission complete

that needs a slow speed. Then driverless bus overtakes ahead
vehicle with a higher speed based on time-headway model,
here vy is the speed of ahead vehicle. Finally, driverless bus
returns the original lane which is similar with the stage of
lane changing. Driverless bus travels according to the front
vehicle under the stage of following, which means v; changes
with vy. It is noted that final desired speed is smaller than the
maximum design speed 9 m/s in this system.

V. TRAJECTORY TRACKING CONTROLLER

Bus trajectory tracking control system is a large delay and
strong coupling system. Meanwhile, it has more stringent
real-time requirements, so updating frequency of local path
planning and controller need as soon as possible. Due to com-
putational complexity of local planning is higher than control
algorithm in our system, the position of bus requires real-time
prediction and rolling optimization in an update period to
ensure the control precision. Besides, bus trajectory tracking
control requires stronger robustness in different scenarios.

A. COMPUTING PLATFORM

Bus trajectory tracking control demands a higher real time
for large inertia system. So update rate of local path planning
and trajectory tracking controller need as soon as possible.
The runtime environment for two modules is in real-time
Beckhoff Industrial Controlling Computer (ICU). Beckhoff
created a global standard for automation with the launch
of PC-based control technology. As for software, Twin-
CAT (The Windows Control and Automation Technology)
automation suite forms the core of control system. TwinCAT
software system turns almost each PC-based system into a
real-time control with multiple PLC and robotics runtime sys-
tems. TwinCAT software system is utilized for path planning
and trajectory tracking controller, it ensures update rate of
two modules real-time, and it synchronizes strictly while the
program is running.

B. ADAPTIVE ROLLING OPTIMIZATION WITH

PREVIEW WINDOW

The trajectory tracking controller accepts local information
in the form of a preview window periodically, here trajectory
equation is Y (x) and current speed is v,.. The size of preview
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FIGURE 13. Adaptive rolling preview window.

window adjusts adaptively according to actual speed, and the
rolling optimization period of preview window is T.

Fig. 13 shows the adaptive rolling preview window.
Meanwhile, the size of window is defined (12).

l=v,T,+C (12)

Where [ is arc length of preview trajectory, v, is current speed
feedback, T, is preview time and C is a threshold constant.
According to Y (x) = ap + a1x + arx? + azx3, preview point
(x4, ya, 4] on the trajectory is obtained by (13).

Y = 3a3x2 + 2axx + a;
Xd
z=/ 1+ Y"2dx (13)
X0 ,
64 = arctan Y

Where Y’ represents the derivative of trajectory, x; denotes
the abscissa value of preview point, 6, is the desired heading
angle at preview point, x € [xo,xr], xo is the origin of
trajectory within rolling period. In Fig. 13, when the time
is t + T, (next preview window), the window obtains new
current speed and local trajectory based on current position,
then a new preview point is calculated. With preview window
updating, position error is eventually eliminated to heading
error.

C. PREDICTIVE HEADING ERROR COMPENSATION MODEL
The front steer is easy to control quickly, and its lag is small
in terms of driverless bus. Therefore, heading angle 6 of front
wheel is

0 =8 +0 (14)

Where 6, is real-time heading of bus from combined nav-
igation system, and & is the front-wheel corner. Although
the front-wheel are obtained directly, there exists a relation
dr = f(8s), 85 is the steering wheel angle. By collecting
steering wheel angle and corresponding front wheel angle,
the least-square method is utilized to fit the functional rela-
tionship:

8 = 8,/k (15)
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where k is the scale transmission coefficient. To reduce inertia
and delay of bus, heading error is predicted in advance.
The heading variation of driverless bus in adaptive preview
window is related to the longitudinal speed v,, front wheel
angle &y. Based on Ackermann steering geometry, The head-
ing variation Ag (rad) is approximately calculated as

Ag =, Ty/R (16)

where Ty is control period, R represents the radius of driver-
less bus movement around origin O. Submit (10) to (16), pre-
dictive heading compensation in a trajectory updating period
is expressed as

Ap =v,Tgsindy/d a7

where d represents the wheelbase and dy is the front-wheel
corner. The predictive heading angle of front wheel is E.q.18.

6, =0+ Ap (18)

D. ADAPTIVE INCREMENTAL PID

According to the adaptive rolling preview window and the
predictive error compensation model, the error of lateral con-
trol can be obtained as e = 6; — 6,. To improve the control
accuracy and reduce the inertia, the incremental PID, which
is widely used in engineering, is utilized for lateral control.
The control increment Au:

Au = Kple(k) — e(k — 1)] + K;e(k)

+K (e(k) — 2e(k) + e(k — 2))
e(—1)=0
e(=2)=0

19)

where K, K;, K; denote the parameters of proportion,
integral and differential respectively, k is sample number
k=0,1,2,...... ), and e(k) means heading errors at k step
period. However, there is a coupling relationship between
lateral and longitudinal control. The parameters of controller
changes with different longitudinal velocities. Therefore,
an adaptive relationship between the lateral control param-
eters and longitudinal velocity is expressed as:

Kp = filvr)
Ki = fa(vy) (20)
Kq = f3(v;)

Based on the actual experiments, the corresponding laws
are summarized. The lateral error changes rapidly while the
speed is high. K}, is appropriately reduced to weaken the
system sensitivity. K; is supposed to decrease appropriately
due to the integral effect. K; is reduced appropriately due to
the differential part characterizes error rate. The relationship
is defined as

K. = {C/Vrv Vi > Vset @1
m, Ve < Vger
K; =ae™"r
Ky = be™"r (22)
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where a, b, c and m are the constant coefficients, vy is a
speed threshold. K}, is concretely expressed with a piecewise
function based on current speed of driverless bus. Com-
bined (19)-(22), the output of steering wheel control quantity
is

u=3;+ Au (23)

To meet performance requirements of driverless bus, soft
limit and hard limit are set for steering control. The hard
limit iS Umin » < ¥ < Umax_h> Umin_hr and Umax j are the
upper and lower bound of steering wheel angle respectively;
while the soft limit iS #min s < AU < Umax s> Umin_s and
Umax_s are the upper and lower bound of control increment
respectively.

E. LONGITUDINAL CONTROL STRATEGY

The control signal output to the VCU actuators of driverless
bus is target speed v, ae.r and deceleration a for the longi-
tudinal control here. A protection module is set up which
only allows one of the two signals to output at a time for
protecting the execution layer. A trapezoidal acceleration
and deceleration control method is designed to improve the
stability and comfort.

(A) Initial stage:

If v, < v, va < (v + step), then, Vi arger = Va.

Ifv, > v, vg < (v, + step), then, initial stage is over.

If v, < vin, va = (Vi + step), then, v arger = Vi

If vy > vin, va = (Vin + step), vy < Viarger, then,

Viarger = Vr + Step.

If v, > vy, then, initial stage is over.

(B) Acceleration stage:

If vg < (v + step), then, viuger = Va.

If vg > (vr + step), then, V¢ arger = Vi + step.

(C) Deceleration stage:

Firstly, Calculate the deceleration: a = (vg — v;)/ts.

If a < ay,, then, a = ay,.

If a > ayp, then, a remains unchanged.

(D) Emergency stop: @ = dmax-

Where v, is the actual speed, vy, is the speed threshold, vy
means the result of local speed planning, and v; yg s TEpTE-
sents the expected speed to the execution layer, (vy, + step)
denotes the range of speed judgment. f4is the customized
deceleration time threshold; a;;, is a customized comfortable
deceleration threshold and apmax is the maximum response of
deceleration for driverless bus.

Therefore, the entire lateral and longitudinal control struc-
ture is shown in Fig. 14. Combined the information of local
path planning and driverless bus status, the lateral and lon-
gitudinal controllers update with adaptive rolling preview
window to achieve rolling optimization and eliminate control
error.

The algorithm of trajectory tracking runs in Beckhoff real-
time controller, and its control period is 10 ms in our system.
Desired speed v; and desired tractor Y (x) are generated
by local planning. The method of adaptive rolling preview
can calculate the desired heading angle 6, at the preview
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FIGURE 14. Lateral and Longitudinal control block.

point. Besides, the variation of heading in a rolling optimiza-
tion period is predicted by (17). The steering wheel control
quantity u is calculated through adaptive incremental PID.
And trapezoidal acceleration and deceleration control method
perform drive or brake for longitudinal control. The algorithm
of trajectory tracking is described as follows:

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION OF MAP-BUILDING AND GLOBAL
PLANNING

In this section, a simulation is conducted to test the blocks
of map-building and global planning. Firstly, the road net
structure is built by importing a high precision electronic map
which is a part of map in Zhuzhou of China into ArcGIS.
The road network structure contains ramps and several lanes.
Then several geographical attributes are set up, such as types
of roads, whether a one-way road, length of road, etc. Further-
more, the network analysis tool in ArcGIS based on Dijkstra
algorithm is used to plan a global path.

Fig.15(a) displays the whole planning path in the road
network and Fig. 15(b), Fig. 15 (c) and (d) are the local
enlarged plots which is clearly shown the path in different
parts. From these results, planning path is the shortest path
with the constant considerations of ramps, crossroads and
one-way road.

(a) (b)

(c) (]
FIGURE 15. Global path planning. Blue line represents the result of

global planning. (a) The whole planning path. (b) Initail part. (c) Middle
part. (d) End part.

B. SIMULATION OF OPTIMAL TRAJECTORY GENERATION
The driverless bus drives in a series of scenarios, includ-
ing lane changing, lane keeping, turning and so on. Several

VOLUME 6, 2018



L. Yu et al.: Path Planning and Navigation Control System Design for Driverless Electric Bus

IEEE Access

Algorithm 2 Trajectory Tracking Controller
Input: Y (x), v/, Output: u, vigge; and a
1: Initialize c,f, b, Tp, Tg, Tc,Vser;
2001« 1,k <0
3: While (not arrive destination)
4: fort<i*T;do
// rolling preview window

5: I <~ v, T, + C;
6: y <« 3a3x? + 2arx +ay;
7 0; < arctanY’;
8: l<—f;)"\/1~|—Y’2dx;
9: fork < T,/T.,t <lgdo

/I Predict heading error
10: 8 < 85/k;
11: Ap < v, T./R;
12: R < d/sindy;
13 0, < 6+ Agp;
14: 0 < 8 + 6p;

// 1ateral control
15: e(k) < 64 — 6,
16: K, < fi(v;)
17: Ki < f(v),
18: Ka < f307)
19: Au < Kpyle(k) — e(k — 1)]

+Kie(k) — 2e(k) + e(k — 2))

20: u <8+ Ay,

// longitude control
21: if initial stage
22: then viyger = f/(initial stage);
23: if acceleration stage
24 then vy e /f (acceleration stage);
25: if deceleration stage
26: then a = f /(deceleration stage);
21: if emergency stop
28: then a = amax;

// update control parainents
29: k<—k+1

e(k) < etk —1)

30: etk —1) < e(k —2)
31: end for
32: end for
33: i<« i+l

34:  update Y (x), v,
35:  end while

typical driving scenarios are selected to simulate. The trajec-
tory is generated by a cubic polynomial when an appropriate
preview target point is determined by current state of driver-
less bus.

Fig.16 shows that local planning generates different tra-
jectories according to the current direction of driverless bus
in a state of lane changing. And the trajectory is displayed
in global and local coordinate system respectively. When
driverless bus moves forward, the red line is global path and
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FIGURE 16. Blue lines represent the results of trajectory generation for
lane change according to initial heading of driverless bus, which are
showed in global coordinate system and local coordinate system
respectively. Driverless bus initially towards forward ((a), (b)),

right ((c), (d)) and left ((e), (f)) respectively.

the blue line represents the local trajectory which is shown
in Fig. 16(a). Besides, Fig. 16(b) shows the result in the local
coordinate system accordingly.

Fig.16 shows that local planning generates different tra-
jectories according to the current direction of driverless bus
in a state of lane-changing. And the trajectory is displayed
in global and local coordinate system respectively. When
driverless bus moves forward, the red line is global Path, and
the blue line represents the local trajectory which is showed
in Fig. 16(a). Besides, Fig. 16(b) shows the result in the local
coordinate system accordingly.

The initial direction of trajectory is consistent with the
direction of driverless bus. When driverless bus towards the
front right of the current lane and it exists heading error
between driverless bus and global path, the generated trajec-
tory is showed in global coordinate system in Fig.16(c) and
local coordinate system in Fig. 16(d) respectively. Similarly,
Fig. 16(e) and Fig. 16(f) show the situation of driverless bus
towards the front right of current lane. The local trajectory and
the direction of heading are tangent. Driverless bus to track
the local trajectory smoothly and avoid a sharp turn although
it exits large heading error.

Fig.17 and Fig.18 show the trajectory planning while
driverless bus on the ramp and right turn respectively. The
local path planning generates optimal trajectory based on the
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FIGURE 17. The results of trajectory generation for ramp. Driverless bus
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FIGURE 18. The results of trajectory generation for right turn. Driverless
bus initially towards right ((a), (b)), forward ((c), (d)) respectively.

driving direction of driverless bus. The initial direction of
trajectory is consistent with driving direction. Furthermore,
the generated trajectory by cubic polynomial is smooth and
meet driverless bus kinematics.

C. SIMULATION OF TRAJECTORY TRACKING CONTROLLER
In this section, driverless bus dynamic model is established by
TruckSim. It delivers accurate, detailed, and efficient meth-
ods for simulating the performance of vehicles. It is univer-
sal tool for developing and testing vehicle controllers [45].
The real parameters of the electric bus are set in TruckSim
in Fig.19(a). A more accurate dynamic model is established,
which reflects the real characteristics of driverless bus. The
real parameters of driverless bus are showed in Table 2.

The established bus model is extended by Simulink. Com-
bined with trajectory tracking controller, the controller sim-
ulation platform is shown in Fig. 19(b). Different tracking
trajectories are designed to further verify the performance of
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TABLE 2. Vehicle parameters of driverless bus.

Symbol Quantity value
Meg vehicle quality / kg 17800
! Length / mm 11950
w Width / mm 2540
h height / mm 3350
d Wheelbase / m 5.9
Distance from center of mass
a to front axle / m 2.795
Center of mass to rear axle
b distance /m 3.105
vehicle yaw moment of
Iz inertia / kg.m? 20000
Front wheel cornering
Cr stiffness coefficient N/rad 6500
Rear wheel cornering
Cr stiffness coefficient N/rad 5200
Rg Range of the front wheel /° -38° ~42°
(a)
(b)

FIGURE 19. Driverless bus dynamic model based on TruckSim and
Simulink. (a) Parameters setting in TruckSim. (b) Control block diagram in
Simulink.

our controller. The effectiveness of controller is illustrated
through simulation in an environment with various curvature
profiles. Fig. 20(a) illustrates the tracking effects of proposed
algorithm and PID. Trajectory of driverless bus in proposed
algorithm is more consistent with the given trajectory com-
pared with PID. Fig. 20(b) shows the error curve in travel
process. Initial heading error is 0.2 rad, but the proposed algo-
rithm is faster than PID algorithm in convergence. Because
the heading of bus in next moment is predicted and the desired
heading of given trajectory is not current position but the pre-
view point. The proposed algorithm jointly considers head-
ing information of forward trajectory and predicted heading
of bus. To further test controller, an elliptic curve is given
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FIGURE 20. Different given trajectories are designed for Simulation of trajectory tracking controller. (a) and (b) show the effects of trajectory tracking
and error curve for a given cubic polynomial curve respectively. Similarly, the results of elliptic curve and irregular curve are showed in (c)-(f).

in Fig. 20(c). Even though the heading error for PID algo-
rithm in Fig. 20(d) converges to 0, this method fails to track
the given trajectory in Fig. 20(d). This is because PID only
utilizes the heading error in current position. It cannot track
the given trajectory well when given curve curvature changes
fast. More complex curve is given in Fig. 20(e)(f), the pro-
posed algorithm is significantly better than PID algorithms.

D. FIELD EXPERIMENTS

Several field tests are conducted to evaluate the validity of
path planning and navigation control system in real-world
scenarios. Here, experimental field is an open environment,
including various social vehicles passing in and out the filed
frequently. Fig. 21 shows the results, and each picture is
a snapshot from the driving videos, which are taken from
inside, and outside of driverless bus.
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Fig. 21(a)-(c) show the experiment in 8-shped road.
Although the curvature of road is larger, driverless bus travels
smoothly and tracks the trajectory precisely. Driverless bus
drives itself from general path to special path based on the
planning module and controller, and Fig. 21(d)-(f) show the
process of turning. Besides, driverless bus switches from
structured driving to overtaking state automatically when a
vehicle drives slowly in front. Then, an optimal trajectory
is generated for overtaking. The whole process is shown
in Fig. 21(g)-(1). In Fig. 21()-(), driverless bus activates
emergency stop for safe, when pedestrians or vehicles enter
the road suddenly. Fig. 21(m) shows the process of driver-
less bus merging into traffic. Driverless bus arrives at des-
tination and stopped accurately in Fig.21(n). The driverless
electric bus not only drives safely, but also completes the
navigation missions perfectly. Meanwhile, driverless bus suc-
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(a) (b) ©)

(d) (e) ®

(2 (h) @

0] (k) )

(m) (n)

FIGURE 21. Results of field tests under different scenarios. (a) Onside
iamge. (b) Inside image. (c) Navigation map. (d) Turn start. (e) On road. (f)
Turn end. (g) Lane change. (h) Overtake. (i) Lane return. (j) Inside image.
(k) Outside image. (I) Outside image. (m) Initial stage. (n) Automatic
parking from outside and inside.

cessfully demonstrates merging intersection, overtaking and
autonomous stop. Furthermore, the driving data are recorded
during tests and detailed analysis.

The front wheel heading and vehicle heading are shown in
Fig.22(a). the front wheel heading exceeds the vehicle head-
ing. Therefore, the front wheel is suitable for control variable
of trajectory tracking controller, which reduces the influence
of time delay. In Fig. 22(b), desired speed is planned based on
expert rules which is designed in local planning. The actual
speed of driverless bus response the desired speed quickly.
In addition, it varies trapezoidal mode which is devised in
trajectory tracking controller no matter acceleration or decel-
eration. The blue circle represents a dynamic obstacle that
forces driverless bus to slow down automatically. The blue
triangle represents a static dangerous obstacle, for instance,
pedestrian or vehicle breaks into the lane, which stop driver-
less bus slowly, or overtake it to avoid collision. No matter
acceleration or deceleration, the controller is upgrading com-
fort and smoothness.

Trajectory tracking controller is devised based on the adap-
tive rolling window. In Fig. 23, trajectory length, actual speed
and preview distance are collected during the test. The pre-
view window length is adjusted adaptively by actual speed of
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FIGURE 23. The result of adaptive rolling preview.

driverless bus and local trajectory. Besides, desired tracking
trajectory is updated within a preview window.

In Fig. 24(a), control quantity curves and steering wheel
angle are well coincident. Besides, the change rate of actual
heading and desired heading is almost synchronous during
the test in Fig. 24(b). Thus, the lag time of lateral control
is small. However, the values of desired heading and actual
heading are different due to the amplitude limiting.

Fig. 25 illustrates the steering control with constraints
which ensures driverless bus smoothly in straight line. It is
significant that the constraints are added only when driverless
bus travels in a straight lane. Meanwhile, driverless bus needs
a large steering wheel angle to verify the controller effective
and compare with almost straight line. Therefore, there are
three peaks without constraints in Fig.25 since driverless bus
turns. From above analysis, driverless bus travels smoothly in

VOLUME 6, 2018



L. Yu et al.: Path Planning and Navigation Control System Design for Driverless Electric Bus

IEEE Access

@

=3

=3
1

Steering wheel angle
= = -Control quantity
600 "I """"" Control increment
il
400 - i
® "
o i1
S 200 - 1l
3 i &
3 3 n i % N
2 \ 3 . A -] Fhs A
E) : ok spdh e dho A 4 3 Y S
£ o P A S o s gy
Hl ¥ T ! I
H [¥ie /
-200 _'.‘ { : 1
| "
I \
-400 - N fi
!
]
600 U L I L L L L I L L )
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time/0.1s
(@)
30

Desired heading
*Actual heading
20 - «=weHeading error

I — a2 -

Angle/degree

30 L I I I ! L I )
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time/0.1s
(b)
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FIGURE 25. Steering control quantity with constraint.

straight lane with constraints and has a good performance in
turning.

Test data for trajectory tracking in a typical road is ana-
lyzed in detail in Fig. 26. From Fig. 26(a), actual trajec-
tory of the driverless bus and global path are recorded in
global map. High tracking accuracy in straight path but it
exits tracking error around the large turning which are less
than 0.7m. Meanwhile, actual steering wheel angle is shown
in Fig.26(b), which is consistent with expected steering wheel
angle, and the peak in the curve of driverless bus represents its
turning. The error angle in Fig. 26(c) is almost to zero when
the bus drives in straight line. But the error angle looks larger
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FIGURE 26. Trajectory tracking analysis in the field test. (a) Actual
trajectory of the driverless bus in global map. Blue line represents road,
black line is global path, and red forks record the actual trajectory.

(b) Expected steering wheel angle and actual steering wheel angle.

(c) Error curve. (d) Partially enlarged view of (b).

while the bus is turning. In fact, the transmission ratio of the
steering wheel to the front wheel is 23.1 for the bus. A special
phenomenon is found in Fig. 26(c), there is a steep peak at
about 100th second. We magnify the corresponding position
in Fig. 26(d). The expected steering wheel reduces drastically,
but the actual steering wheel angle cannot change quickly due
to the lag. Meanwhile, the performance of tracking controller
is not affected during the field test, because steering wheel
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rotation is gentle. However, many improvements are required
to reduce lag and tracking error in the future, especially for
turning tracking.

VII. CONCLUSIONS

This paper proposes a path planning and navigation control
system for driverless bus. Before local path planning, map-
building and global path planning are realized for driverless
by ArcGIS. The simulations verify that global path planning
meets the demand of good accuracy and rapidity. A triple-
layer finite state machine is proposed to plan the driving
maneuver, which reduces computational complexity. Consid-
ered the kinetics and safety of bus, cubic polynomial with
constraints is utilized to generate optimal trajectory. Mean-
while, expert rules for speed planning are set up to imitate an
experienced driver. For trajectory tracking controller, a lateral
control based on adaptive rolling preview window is designed
to solve the heavy inertia and great lag problems of driverless
bus control system. Moreover, the heading error is predicted
by a kinetics model. In addition, we devise the adaptive
relationships between lateral control parameters and longi-
tudinal speed through plenty of experiments to improve the
robustness. Besides, a trapezoidal acceleration/deceleration
controller is designed to improve the stability and comfort.
Furthermore, simulations verify the global planning, local
path planning and trajectory controller. Besides, filed tests
are conducted to prove the practicability, and reliability of our
system by driverless bus platform with 12 meters length.

In the future, we will focus on more accurate dynamic
model of bus, as well as on the reliability of each module
complicated dynamic and uncertain scenarios. Besides, many
improvements are required to further reduce lag and tracking
error especially when turning.
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