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With the development of global urbanization and the construction of regional urbanization, residents around urban cities are
increasingly making demands on urban public transportation system. A new kind of modern public transportation vehicle named
Multi-Articulated Guided Vehicle based on Virtual Track (MAAV-VT) with the advantages of beautiful, smart energy con-
servation and environmental protection is proposed in this paper, which aims at optimizing the public transportation system
between and within urban areas. *erefore, concentrating on the general design and control strategy, the main contents of this
paper are as follows. At first, the design concepts and key technologies of MAAV-VTare introduced. It is the fusion of urban rail
transit operation mode and advanced automotive technologies, which have the characteristics of 100% low-floor, medium to high
velocity, medium to big capacity, and low construction cost. *en, as the core subsystem, to guarantee the properties of self-
guiding and trajectory tracking of the new vehicle, this paper is focused on the control system based on the dynamics and
kinematics model of the whole multi-articulated vehicle. *e multi-trace-points cooperative trajectory tracking control strategy
on the basis of the circulation of feasible path generation method is proposed and the lateral controller is designed for trajectory
tracking. *e process of feasible path generation is conducted once the tracking error exceeded. A simulation platform is built
considering the mechanical properties of each vehicle element and the characteristic of articulated mechanism. Finally, the
function of control system is validated. *e tracking error of each vehicle elements would be reduced to make sure the whole
multi-articulated vehicle moves along the preset virtual track.

1. Introduction

As the rapid growth of private transportation, the con-
struction level of urban road system is hardly to satisfy the
demand of transportation which caused the phenomenon
of traffic environment deterioration and the imbalance
between supply and demand. *is is typical in big cities of
emerging developing countries. Developing the urban
public transportation system energetically is an effective
countermeasure to mitigate the transportation press. *e
guided vehicle system could play an important role in
public transportation system. *e guided vehicle is guided
by external medium and operated without the driver’s
control [1]. *e external medium which plays the role of

guidance could be both contactless form such as optics and
magnetics and contact form including guide wheel and rail
[2]. *e “CIVIS” [3] and “Phileas” [4] are two typical
guided vehicles which had been used for engineering
applications. As well, the AutoTram Extra Grand is also a
long guided vehicle developed by the Fraunhofer IVI,
combining the advantages of rail and road-bound trans-
port systems. A few similar vehicles and the lines in op-
eration are listed in Table 1.

*e advanced automation control technologies in the
field of intelligent vehicles, such as motor control tech-
nology, navigation technology, identification technology of
operation environment, and trajectory tracking technology
are developed rapidly in recent years.
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First of all, the guided system and environment per-
ception technology provide the operation lines information
and environment information around the bus to the control
system. *e guided system is mainly constituted by one or
more of the navigation methods including GPS navigation,
inertial navigation, laser navigation, magnetic navigation,
and visual navigation. *e researches on environment
perception technology are concentrated on the access of the
obstacle information and traffic signal information mea-
sured by the camera, radar, and other related sensors. Reid
[7] proposed an automatic guidance method for tractor by
differential dynamic positioning technology with GPS in real
time. Will [8], Makela [9] and Bakambu [10] designed the
guided systems for agricultural machinery and submarines
separately. Chan [11] focused on two types of magnetic
systems to identify the characteristics of these two sensing
systems and to offer a comparison of their distinct features.
Hopstock [12] developed a permanent magnetic pavement
marking tape. Sections of varying magnetization wavelength
were installed in a 230-m linear array. Magnetic field profiles
were determined at lateral displacements from the tape out
to 0.9m. Søgaard [13] developed a laser optic position de-
termination system (PDS) by mounting it on an agricultural
tractor and a sowing machine. Se [14] described a kind of
vision-based mobile robot localization and mapping algo-
rithm using scale-invariant image features as landmarks in
unmodified dynamic environments. Giovanni [15] reviewed
three approaches to vision-based self-localization used in the
RoboCup middle-size league competition and described the
results they achieved in the robot soccer environment for
which they had been designed.

*e control system of guided vehicle should export
accuracy control commands to make the vehicle move along
the expected trajectory. *e control system integrates these
subsystems including information perception, task plan-
ning, behavior decision, and execution organization. Rea-
sonable decision support architecture could increase the
decision-making ability of the whole system. Several kinds of
decision structures are used in intelligent vehicles. Rose-
nblatt [16] developed a distributed architecture for mobile
navigation system. Brooks [17] described subsumption ar-
chitecture for controlling mobile robots. Layers of control
system were built to let the robot operate at increasing levels
of competence which are made up of asynchronous modules
that communicate over low-bandwidth channels. Higher-
level layers subsumed the roles of lower levels by suppressing
their outputs. Other scholars also developed the architecture
like hierarchical intelligent control structure [18], multilevel
structure system [19, 20], and so on [21, 22].

*e researches on trajectory tracking are very rich at the
field of intelligent vehicles. *e intelligent vehicles are
typically nonholonomic constraint system which has the
characteristics of highly nonlinear and complexity.*us, it is
fairly difficult to propose the control strategy based on
precise modeling. *e commonly used tracking control
strategy decouples the lateral and longitudinal motion.*us,
the path following and velocity control of the system could
be individually controlled. *e path following could be
divided into preview control and compensation control. *e
preview control methods [23–25] calculate the target
quantities which control the motion state of the intelligent
vehicles first based on the dynamics model and the kine-
matics model. *e real time condition monitoring system
should give a feedback of the actual lateral acceleration, yaw
velocity, sideslip angle, and so on. *e controller makes the
difference between the calculated target and actual quantities
decrease to approach the target path. Xia [9] proposed a
novel approach combining the sliding mode control and
extended state observer (ESO) for attitude control of a
missile model. Saber [26] developed trajectory tracking and
configuration stabilization for the vertical takeoff and
landing (VTOL) aircraft which addressed global configu-
ration stabilization for the VTOL aircraft with a strong input
coupling using a smooth static state feedback. *e com-
pensation control methods monitor the target trajectory and
actual location of the vehicle. *en, the actuators which
control the motion of the vehicle are controlled directly to
make the vehicle move along the trajectory. *e steering
model, kinematics model, and dynamics model are often
used in the control system.*e control method could also be
classified based on the control strategy, such as PID method,
optimum control, sliding-mode control, model predictive
control, fuzzy control, and neural network control. All these
methods are applied in intelligent vehicle control system and
obtained good results.

In recent years, there are some safer and more robust
algorithms in the field of path following control, especially
for autonomous vehicle. For example, Zhang [27] investi-
gated the path following control problem for four-wheel-
independent-drive electric vehicles with consideration of
modeling errors and complex driving scenarios which
employed a suppress twisting second-order sliding mode
(SOSM) control strategy to suppress the heavy chattering
issue existing in the traditional sliding mode control (SMC).
In addition, this team provided a new solution for path
following control of autonomous ground vehicles which
formulated a standard model and represented in a Taka-
giSugeno fuzzy form to deal with the time-varying nature of

Table 1: A few guided vehicles and the lines in operation.

Vehicle type Guidance mode Lines in operation
O-bahn (Mercedes, Volvo) [5] Physical guidance (guide wheel in side) Adelaide, Leeds, Essen
CIVIS (Iris bus) Optical guidance Las vegas, Rouen, Clermont-Ferrand
Phileas (APTS) Magnetic guidance Eindhoven
Stream (Ansaldobreda) Magnetic guidance Trieste
Aeg (Cegelec) Induction cable guidance Channel tunnel, Shuttle
Toer [6] Optical guidance Rouen
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the vehicle speed [28]. To enhance the vehicle safety, this
team further investigated the problem of steering actuator
fault diagnosis for automated vehicles based on the approach
of model-based support vector machine (SVM) classification
[29].

*e development of these advanced technologies pro-
vides proper environment for the development of guided
vehicle. On this background, a new vehicle concept based on
virtual track which combines the advantages of intelligent
guided vehicle and rail transportation system is proposed. In
this work, the job designing of multi-articulated guided
vehicle is proposed to solve the problem of urban public
transportation congestion. *e design concepts and general
technologies involved in the design process of the new
vehicle are proposed. To solve the problem of uncoordinated
movement of front and rear carriages during the operation
of the multi-articulated vehicle, a collaborative tracking
algorithm based on dynamic and kinematic characteristics
are proposed. *e contributions and highlights of this work
are summarized as follows:

(1) *ree layers framework of control system including
identification and monitoring, feasible trajectory
planning, and execution are introduced.

(2) *e dynamic and kinematic model between the joint
constraints and each carriage is built which ulti-
mately formats the whole characteristic of multi-
articulated vehicle.

(3) A feasible path planning method and trajectory
tracking strategy of the multi-articulated vehicle is
proposed and verified by the constructed simulation
platform.

2. DesignConcepts andGeneral Technologies of
the MAAV-VT

*e multi-articulated guided vehicle is a new public
transportation vehicle which positions as an important
component of public transport system. *e construction
mode is able to take full advantages of the city space and
develop a comprehensive transportation system with the
connection of other vehicles between and within urban
areas. *e MAAV-VT could undertake different responsi-
bilities including urban agglomerations transportation and
inner-city transportation. It is an extension and supplement
of the urban public transport system. *e MAAV-VT is the
fusion of operation mode of rail transit and automobile
emerging technologies. It has the advantages of high velocity
and big capacity like railway vehicles. Furthermore, it could
operate without steel rail which helps decrease the con-
struction cost and keep the road neat and beautiful. *e
design concepts of the MAAV-VT are described as the
following six parts which are shown in Figure 1.

(1) Multi-articulated connection for big capacity: the
new vehicle should have a big carrying capacity of
about 15 thousand persons per hour with the op-
eration speed of 40–50 km/h. In this situation, the
guided vehicle should have at least three units for

carriage. *us, the multi-articulated connection
method is used here. *is characteristic helps the
vehicle possess the ability like traditional railway
vehicles.

(2) Rubber tyre support to operate without rail: the new
vehicle should adopt rubber tyre support mode. *is
is the guarantee to operate without steel rail. *ere is
no need to destroy the existing road surface in the
construction progress. *e integrity of the road is
reserved which saves a lot cost and keeps the road
beautiful.

(3) Virtual track guidance for self-guiding: the lack of
steel rail also brings loss of physical constraints of the
vehicle. *us, the guidance function which is pro-
vided by steel rail should be reformed. Virtual track
guidance here is used for self-guiding. Virtual track is
defined as a series of continuous or discrete signal
band. It could be set as electronic map, magnetic nail,
or vision based band to guide the vehicle.

(4) Specially designed structure and control strategy for
trajectory tracking: the structure of the vehicle and
the tracking controller should also be specially
designed to realize self-guiding.*e vehicle elements
are connected by articulated mechanism. *e tra-
jectory following ability of the whole vehicle should
be guaranteed by the specially designed structure and
a suitable control strategy.

(5) Hub motors for independent driving: independent
driving is an effective method to design 100% low-
floor vehicle. Hob motors is very suitable here for
increasing the traction efficiency and simplifying the
structure of the machinery drive system. Even more
important, isolated control of each wheel is conve-
nient for the trajectory following of each vehicle
element.

(6) Mixed road rights with existing road vehicles to
improve efficiency: the vehicle should operate with
other road vehicles in unban cities. *e synergetic
service of all these vehicles leads to great efficiency of
urban transport system.

According to the design concepts, a few technologies
include the identification and guidance of virtual track, self-
guiding, and trajectory tracking and the control strategy of
hubmotors are combined in order to realize the designation.
As the core of the Multi-Articulated Guided Vehicle based
on Virtual Track, the control system is the key to guarantee
the properties of self-guiding and trajectory tracking. *e
role of control system and the relationship between it and
other subsystems of the MAAV-VT are focused on this
paper.

*e framework of control system based on multilevel
hierarchical theory is shown in Figure 2. *ere are three
layers in the system including identification and moni-
toring, feasible trajectory planning, and execution to as-
sure the vehicle move along the given virtual track. *e
input of the control system is the identified results of
virtual tracks.
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*e geometry information of the virtual track is per-
ceived and identified first, such as the location, road slope
grade, super elevation, and obstruction. *e vehicle’s real-
time operation status including the attitude and location
should also be monitored. *en, feasible trajectory of the
whole multi-articulated vehicle is planned according to the

boundary conditions of the kinematics and dynamics model.
Finally, the execution layer is the key to make sure trajectory
tracking and following through the accurately control of
each motor. *e objective velocity and torque of each wheel
for tracking the planned feasible trajectory are calculated
separately. *e control of hub motors is based on the vehicle
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Figure 2: *e three layers of the control system.
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system dynamics, the friction model between wheel and
ground, and the control theory. *e three layers formed a
closed loop from the identification and monitoring to the
trajectory tracking control strategy.

3. Kinematics Model of MAAV-VT System

3.1. Description of Virtual Track. *e multi-articulated
guided vehicle is operated by the guidance of preset virtual
track on the road. *e virtual track in front and the actual
position and attitude of the guided vehicle should be
identified based on the optical identification system. A series
of coding graphs are used to describe the virtual track. *e
QR codes have the advantages of uniqueness and veracity.
Furthermore, the codes could store the information of
virtual track including the location in front, road slope
grade, and super elevation. *e actual position and attitude
of each vehicle element relative to the virtual track could be
measured and calculated by the visual system.

3.2. Kinematics Model of Joint Constraints. As is shown in
Figure 3, the kinematics constraints are acted between two
vehicle elements.*emoving coordinate system are denoted
as OiXiYiZi and OjXjYjZj. Taking the revolute joint as an
example, the revolute joint has limited the three degrees of
freedom of parallel motion and the rotational motions of

horizontal and longitudinal. Only the vertical rotational
motion is retained. *e axles of revolution of the two vehicle
elements are recorded as ωi

→ and ωj
�→. Two orthogonal vectors

are selected in the second element and recorded as ωj1
��→ and

ωj2
��→ separately. *e equations of kinematics constraints in
the hinge point are expressed as follows:

C qi, qj  �

riJ − rjJ

ωi · ωj1

ωi · ωj2

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

� 0, (1)

where riJ and rjJ represent the position vector in the hinge
point of the first and second vehicle elements. Substituting
the transformation matrix of the ground fixed coordinate
and car body following coordinate which named as Ai and
Aj into Equation (1), we can get:

Ri + Ai riJ
�→

− Rj + Aj rjJ
�→

 

Aiωi
→

· Ajωj1
��→

Aiωi
→

· Ajωj2
��→

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

� 0, (2)

whereRi andRj represent the position vectors of the original
point of the two car bodies following coordinates. *e Jacob
matrix of the constraint equation is expressed as follows.

_Cq qi, qj  �
zC
zq

�

I −AiriJGi −I AjrjJGj

0 −AiωiGi · Ajωj1 0 −Aiωi · Ajωj1Gj

0 −AiωiGi · Ajωj2 0 −Aiωi · Ajωj2Gj

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

� Cqi
Cqj

 . (3)

4. Dynamics Model of MAAV-VT System

*e dynamics model of the MAAV-VTsystem is the reflection
of its real service status. *e instructions of control objectives
adopted from the feasible path planning layer are transferred to
the dynamics model. *e control performances of hub motors
and the mechanical characteristics of articulated mechanism
between each vehicle are considered in the dynamics model.
*us, an integrated simulation platform is built to verify the
accuracy of the path-following method raised above. *e
structure and parameters of each vehicle element are nearly the
same as the electromobiles with the characteristics of four-wheel
active steering and all-wheel-drive. Each element is constituted
of four independent hub motors and two sets of steering
mechanisms. *e vehicle elements are articulated by a series of
hinges and formed a unified whole. *us, the dynamics model
of each vehicle is studied first. *en, taking into account of the
connection mechanism between each vehicle, the modeling
method based on loop variables is used.

As is shown in Figure 4, the articulated mechanism is
constituted of kinematic pairs and force elements. *e ar-
ticulated mechanism should satisfy the needs of connection

force and the freedom of motion between each vehicle el-
ement. Taking the spring-damper system as an example, the
mechanical properties of the articulated mechanism are
analyzed.

*e function of spring-damper system here is used to
decrease the impact of longitudinal impulse between each
vehicle. *e acting points of the force element system in the
front and rear vehicle element are recorded as Si and Sj. As is
shown in Equation (4), the distance vector rSiSj

between Si

and Sj could be calculated by the position vector:

rSiSj
� Ri + AiriSi

− Rj + AjrjSj
 , (4)

_rSiSj
� Ri − Ai

rSi
G _θi − Rj − Aj

rSj
G _θj , (5)

where _rSiSj
is the velocity vector and _θj is the first-order

derivative of the attitude in the generalized coordinate.*us,
the acting force FS could be expressed as follows:

FS � K rSiSj
− r0SiSj

  + C _rSiSj
 , (6)
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where K and C are the stiffness matrix and the damping
matrix separately. r0SiSj

is the initial distance vector.*e form
of generalized force vector could be described as follows:

Qi � −Qj �

FSeq

−GTAT
i

rT
Si
FSeq

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (7)

*e multi-articulated vehicle should consider the
influence of the connection between each conjoint ele-
ment. As is shown in Figure 5, each vehicle element is
regarded as a basic unit which is the same with the dy-
namic model above in the modeling. *en, the connec-
tion forces are taken into account. *e modeling method
of long-large train based on the loop variable developed
by CHI [30] is used here. *e basic idea of this method is
to regard each vehicle element as central integral unit.
*e kinematic equation could be expressed as

M €X + C _X + KX � P, (8)

where M, C, and K represent the mass matrix, damping
matrix, and stiffness matrix of the vehicle element. €X, _X, and
X are the generalized acceleration vector, velocity vector,
and displacement vector. P is the generalized load vector.

Equation (8) changes to (9) while considering the acting
forces F between each vehicle element:

M €X + C _X + KX � P + F. (9)

Equation (9) is expanded for each basic integral unit,
which is expressed as follows:

Mi
€Xi + Ci

_Xi + KiXi � Pi + Fi. (10)

In this way, the integral of the whole multi-articulated ve-
hicle is divided into small integral units. While giving the initial
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value and acting force of each vehicle element, the dynamic
models of the whole multi-articulated vehicle could be built.

5. Feasible Path Planning

*eaims of feasible path planning are to generate a feasible path
of the multi-articulated vehicle which meeting the requirement
of kinematics constraints, boundary conditions, and charac-
teristic of actuators. *e problem of path planning could be
represented as the planning of a series of movement attitudes
and gestures between the original state and the terminal state.
*e multi-articulated vehicle could operate according to the
planning gestures to achieve the goal of path following.

5.1. Comparisons of the Path Planning Methods. *ree kinds
of path planning methods are compared, including spline curve
fitting, Bessel curve fitting, and polynomial fitting. As shown in
Figure 6, the results of cubic spline interpolation, quartic
B-spline interpolation, and polynomial interpolation are rela-
tively similar, with a high degree of coincidence. *e main
difference of each interpolation curve is reflected in the be-
ginning end. It can be seen from the local enlarged view of the
curve that the cubic spline interpolation curve has the
smoothest transition, followed by B-spline. In order tomake the
polynomial interpolate each interpolation point, the degree of
polynomial is higher to seven degree.*e transition of the curve
in this section is less gentle than that of cubic spline and
B-spline. In addition to the initial node and the target node, the
fitting curve obtained by using the Bezier function does not pass
through other control points, which are only used to control the
shape of the fitting curve. *erefore, the curve fitted by the
Bezier function is the smoothest, but the disadvantage is that the
function value of each control point and the tangent direction
cannot be strictly controlled.

*e curvature radius, slope, curvature value, and change
rate of curvature value obtained by each method are shown
as follows. As shown in Figure 6(a), the slope change of each
curve is relatively gentle, and the results of cubic spline curve
interpolation, B-spline interpolation, and seventh polyno-
mial interpolation are relatively similar, and the slope
change of Bessel fitting curve is the least. *e curvature
radius of each curve has little difference, and each curve
generation method can better meet the requirement of the
minimum curvature radius. *e curvature radius of each
curve generated from the above initial position to the target
position is all greater than 10m. As can be seen from
Figure 6(c), the curvature of each curve changes continu-
ously, so the curves generated by each method can all realize
the constraint conditions on the rate of curvature change
proposed by the aforementioned actuator characteristics. As
shown in Figure 6(d)), the curve curvature change rate of
Cubic Spline interpolation and B-Spline interpolation did
not show large peaks and troughs but showed a stable change
trend, which was more conducive to meeting the require-
ment of curvature radius change rate. *e interpolation
method of seventh degree polynomial had a larger curvature
change rate at the boundary.

*us, considering from the feasible path constraint,
cubic spline curve interpolation and B-spline interpolation
can basically meet the requirements of planning and feasible
path. *e planned path meets the requirements of tracking
point function values with continuous second derivative and
controls the minimum curvature radius and the maximum
radius of curvature change rate better. However, the first
derivative value, namely, the trace point velocity direction,
cannot be controlled. *e higher order polynomial can
satisfy the requirement of function value and derivative
value at the control point, but the curvature change rate of
the generated curve is difficult to guarantee. *erefore,
combining the advantages of piecewise function and poly-
nomial interpolation, a piecewise quartic polynomial in-
terpolation method is selected to generate feasible paths for
self-guided tram.

5.2. Piecewise Quartic Polynomial Interpolation Method.
*e physical quantities which describe the motion of multi-
articulated vehicle are labelled as set C. *e set contains the
location coordinates of each trace point (xObm

, yObm
), the in-

stantaneous turn center (xOi
, yOi

), and the articulated mech-
anism(xJi

, yJi
). *e attitudes, yaw velocity of each vehicle

element, steering angle, and velocity of each wheel which
recorded separately as φi, ωi, δijk, and vijk are all included. *e
mapping function which is labelled as Γ from the planned path
to these physical quantities which control themotion features of
the multi-articulated vehicle could be written as follows:

xOi
, yOi

 ,φi,ωi, δijk, v
→

Ji
, xJi

, yJi
   � Γ g(x), v

→
Obm

, xObm
, yObm

  ,

(11)

where g(x) is the planned path and v
→

Obm
is the velocity of

each trace point. Parameter m is the number of trace points.
Parameter i is the number of vehicle elements. Parameter j

and k represent the location of each wheel, which are
assigned as f or r on behalf of front and rear and l or r on
behalf of left and right Figure 7.

Cubic spline and B-Spline interpolation are appropri-
ately considered the kinematic characteristics of the multi-
articulated vehicle. *e two curves could fit the function
values in trace points. And, they are all second differentiated
to control the radius of curvature.*ese advantages are good
to control the continuity of the path. However, the first-
order derivative is uncontrollable which means the direction
of the curve is uncertain.*e higher-degree polynomial is all
right to control both the value and the first-order derivative
in trace points, but the curvature of planned curve is hard to
guarantee. *us, a method of segmental interpolation based
on quartic polynomial is proposed here.

*e polynomial equation in each segment is expressed as
follows:

Ph(x) � 
4

j�0
ahjx

j
. (12)

*us, the first- and second-order derivatives are
expressed as the following equations:
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Ph
′(x) � 

4

j�1
j · ahjx

j− 1
, (13)

Ph
″(x) � 

4

j�2
j · (j − 1) · ahjx

j− 2
. (14)

*e characteristics of the segmental interpolation based on
quartic polynomial should guarantee the continuity of function
values and the first and second derivatives in the boundary
points.

6. Verification of the Trajectory
Tracking Strategy

*e coordinate trajectory tracking strategy of the multi-
articulated vehicle based on the circulation of feasible path
planning is verified by the constructed simulation

platform. *e simulation platform is built based on the
dynamics model and trajectory calculation model. *e
values of control variables are calculated according to the
replanned path and then transferred to the dynamics
model. *e actual motion trajectory and the kinetic pa-
rameters are calculated. *e operation velocity is con-
trolled by the first trace point which is preset at a medium
constant value.

*e trajectory of lemniscate is preset as the virtual track.
*is kind of track is always used in vehicle handling and
stability testing. It is suitable to verify the trajectory tracking
ability of the multi-articulated vehicle considering the
executability and stability. *e equation of the preset track is
shown in the following equation:

l � 60∗
�������

cos(2ψ)
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Figure 6: Comparison of results of different curve generation algorithms: (a) slope of each curve, (b) curvature radius, (c) curvature value,
(d) change rate of curvature.
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*eminimum radius of the lemniscate is 20meters while
ψ � 0∘. *ere is a transition curve before the lemniscate
track. *e transverse span and longitudinal span of the track
are about 140 meters and 40 meters separately.

*e black thick dash line represents the preset lemniscate
track, and the others are the actual trajectory each trace point
moved. As is shown in Figure 8, the trajectory of each vehicle
is highly consistent with the preset track. *e controller has
detected sixteen times of the condition that the position or
attitude error exceeded the preset threshold value. Under the
circumstances, the controller would conduct the command of
feasible path replanning to adjust the position and attitude to

follow the guidance in front of the virtual track. *e speed of
the first trace point is constant at 6m/s. *e actual speed of
each wheel controlled by hub motors is exported as Figure 8.
*e fluctuation of the velocity curves agrees with the time of
path replanning which means that the hub motors execute as
control instructions. *e multi-articulated vehicle moved at
the right side of the lemniscate first. *e processes of path
replanning for trajectory tracking are increased obviously. As
a result, the velocity curves and the actual trajectory of the
multi-articulated vehicle are unsmooth than that of the left
side. *e whole variant trend of the velocity curves of each
vehicle is nearly the same. However, there is a difference of
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time phase to guarantee each vehicle element to path through
the planned feasible curve in turns.

*e trajectory tracking error including the position error of
each trace points and the attitude error of each vehicle is
displayed in Figure 9. *e variant trend of each trace points in
different vehicle elements is nearly the samewhich proved great
following features of the whole multi-articulated vehicle. *e
position error and the attitude error are fluctuated within 0.2
meter and 0.02 rad.*e tracking error could also show that the
tracking performances of the first half of the preset lemniscate
track are better than that of the second half.

7. Conclusions

A new kind of modern public transportation vehicle named
Multi-Articulated Guided Vehicle based on Virtual Track
(MAAV-VT) is described in this article. It is a fusion of the
operation model of urban rail transit and advance automotive
technology. *e following works are conducted in this article
centered on the vehicle system:

1. *e design concepts and general technologies of
the MAAV-VT are generalized, which concludes
using rubber tire support to simplify the con-
struction, virtual track guide to realize self-guide,
permanent magnet in-wheel motor drive to make
each wheel independent, and mixed road rights to
increase efficiency.

(2) As the core technology of the multi-articulated
guided vehicle, the feasible path planning method
based on the kinematics model of MAAV-VT is
analyzed. *e expected position determination
method of MAAV-VT is proposed first to locate the
vehicle. *en, the boundary constraint conditions
are analyzed, and the curve generation method is
proposed to generate feasible path of the whole

vehicle. Finally, the trajectory tracking based on the
circulation of feasible path planning is proposed.*e
circulation condition and terminal boundary of the
circulation are analyzed.

(3) *e dynamics model of the MAAV-VT system is
built to reflect its real service status and verify the
trajectory tracking strategy. *e results show that the
coordinate traction control strategy of the multi-
articulated vehicle based on the circulation of fea-
sible path planning has fairly good effects in the
preset lemniscate track.
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