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ABSTRACT Unmanned road roller has become an attractive solution to reduce operators’ working intensity
and improve compaction efficiency. As a result of working in bumpy environments, sideslip effect is
unavoidable during the compacting process. In order to guarantee the reliability and stability of path tracking
control, a novel and effective method based on preview control and sideslip compensation is proposed in
this paper. The kinematic and dynamic models of articulated road roller considering sideslip angles are
obtained first. Then, a preview controller with sideslip compensation (PCSC) is developed to eliminate
the path tracking errors between the actual path and the desired path. To evaluate the control performance
of the proposed method, simulation under the MATLAB/Simulink and automatic compaction experiments
at the construction site were performed with initial errors. Finally, the simulation and experimental results
show that the path tracking errors can converge to zero as time goes by. The proposed method has the ability
to navigate an articulated road roller to track a desired path in the existence of sideslip, only regarding the
steering angle dynamic as control input. Compared with other benchmark method, it not only improves the
control accuracy, but also increases the convergence rate, proving its effectiveness and feasibility. All these

also demonstrate the practical value and validity of the proposed models with sideslip.

INDEX TERMS Path tracking, articulated road roller, sideslip compensation, preview control.

I. INTRODUCTION

As a typical compact machinery for earth-rock filling, road
roller has played a significant role in constructing dams, air-
ports, roadbeds and so on [1]-[3]. With the rapid development
of filling engineering, the service condition of road roller
is affected by some adverse external factors, such as large
filling quantity, extreme construction environment and long
uninterrupted working time. To reduce operators’ working
intensity and improve compaction efficiency simultaneously,
unmanned road roller has become an attractive solution,
depending on its obvious advantages.

Path tracking is one of the most elemental and important
problems in the research of unmanned road roller, whose
purpose is to ensure the vehicle can lock into a desired path
with a designed control law [4]-[6]. It is important to point
out that a road roller is an articulated steering type vehicle,
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which has two frames (front and rear) articulated by an active
revolute joint. Its steering action is obtained by changing the
angle between the front and rear frames, contributing to a bet-
ter curve negotiation performance. Unfortunately, the active
revolute joint brings additional degrees of freedom, which
results in weakening the lateral stiffness of the vehicle and
increasing the difficulty in control [7]-[9].

In the past years, numerous studies have been published
concerning the path tracking control of articulated vehicles,
especially tractor-trailer vehicles. Yue et al. [10] designed a
posture controller based on model predictive control (MPC)
to track the forward and backward obstacle avoidance maneu-
vers for tractor-trailer system. Khalaji [11] proposed a novel
PID-based kinematic controller as a non-model-based con-
troller to navigate the tractor-trailer wheeled robot follows
desired trajectories. In [12], a varying time state feed-
back controller was designed to generate actuator torque by
using Backstepping technique and Lyapunov direct method.
Shao et al. [13] developed a path tracking strategy for the
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articulated steering vehicles, where the reinforcement learn-
ing method was selected for optimizing the parameters of
the PID algorithm to reduce control overshoot and oscil-
lation. In [14], a coordinated control approach combining
MPC and global terminal sliding mode control was presented
for tractor—trailer vehicles, achieving a satisfactory trajectory
tracking performance. Furthermore, the nonlinear kinematic
model, and dynamic model under variable load and robust
control with complex constraints of a tractor-trailer have been
reviewed and discussed in [15]-[17]. However, it is noted that
atractor and a trailer are articulated by a rigid free joint. From
the viewpoint of kinematics, each body has its own instanta-
neous center of velocity, which is different from articulated
road roller. Path tracking control of a tractor-trailer depends
on the trailer’s motion with respect to the tractor. Therefore,
these mentioned models and control laws of tractor-trailer
cannot be directly used for articulated road roller.

Some authors also have examined the control theory of
Load-haul-dump (LHD) vehicles and wheel loaders, whose
articulated structures are similar to those of road rollers.
Nayl et al. [18] proposed a sliding mode controller based on a
novel continuous sliding surface and the nonlinear kinematic
equations, being applied to the case of a LHD vehicle. They
also analyzed the effect of kinematic parameters on model
predictive controller (MPC) using a simulated LHD model
in [19]. Alshaer et al. [20], [21] modeled the wheel loader
as a multi-body mechanical system and applied the model to
track the desired path with a fuzzy logic controller and a pro-
portional integral derivative (PID) controller. Dou et al. [22]
developed a novel relative navigation control law based on
neural network and spatial geometric relationships for artic-
ulated underground vehicles. Nevertheless, it is noted that
the above-mentioned vehicles have two front wheels while
the road rollers generally have a rigid drum in the front.
Quaglia et al. [23] developed a simplified dynamic model
of a novel snake robot designed at Politecnico di Torino,
which has the same system layout with a road roller. Unfortu-
nately, due to its snake-like architecture in the motion phase,
the tangential forces generated between ground and rollers
depend on sideslip effect, differing from those of road rollers.
As a result, these methods may not also be suitable for path
tracking control of an articulated road roller.

Recently, several attempts have been made in path tracking
control of a road roller. Yao et al. [24] discussed the steering
kinematics of a road roller, and proposed a trajectory tracking
method with disturbance-resistant and heading estimation.
The impact of attitude feedback and control structure on
the path following control of unmanned road rollers have
been analyzed in [25] and [26] respectively. Chen et al. [27]
proposed an active disturbance rejection control, featured
with estimating and cancelling ““total disturbance” . Although
these papers have proposed different control methods for the
path tracking problem of road roller, they fail to take into
account the control input saturation, which is limited by the
mechanical saturation interval of vehicle. Furthermore, the
existing studies only focus on ideal mathematical models
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or environments. To the authors’ best knowledge, there are
few studies considering sideslip effect and its compensation
in path tracking control of a road roller, which has a seri-
ous influence on the compaction quality and efficiency of
unmanned road roller.

In this paper, a path tracking control method of an artic-
ulated road roller with sideslip compensation is proposed.
Firstly, the mathematical model is finalized in the presence
of sideslip effect. Then, a path tracking control law based
on proposed error dynamic equation and preview strategy
is designed, and the control input is only the steering angle
dynamic. To evaluate the control performance of the proposed
method, a comparison with control laws containing sideslip
compensation and non-compensation is performed through
simulations and experiments. Finally, the simulation and
experimental results demonstrate that the proposed method
can ensure the articulated road roller lock into a desired
path in bumpy environments, proving its effectiveness and
feasibility.

The remainder of this paper is structured as follows.
Section II describes the vehicle model with sideslip applied
in the proposed control law, including kinematic model
and dynamic model. In Section III, a path tracking control
problem is established considering sideslip effect, which is
based on designed preview controller. A series of numerical
simulations under the MATLAB/Simulink is performed in
Section IV to verify the effectiveness. Section V describes
the experiments conducted to demonstrate the performance of
the proposed method. Results of the experiments are further
discussed in detail. Finally, the conclusions are stated in
Section VI.

II. ARTICULATED ROAD ROLLER MODELING

WITH SIDESLIP

The mathematical model, describing motion state of articu-
lated road roller, has played an important role in solving path
tracking problem. According to its function, the model can be
divided into kinematic model and dynamic model. In order to
obtain satisfactory control results, the kinematic and dynamic
characteristics of articulated road roller have been consid-
ered simultaneously in this paper. However, due to the effect
of suspension movements and frequent steering, sideslip is
indispensable when the articulated road roller is working,
especially in bumpy environments. Thus, the influence of
sideslip has also been considered during vehicle modeling.
In this section, the kinematic model and dynamic model of
articulated road roller are established, and the corresponding
derivation process is described.

A. KINEMATIC MODEL

The kinematic model of an articulated road roller can be
simplified as two frames (front and rear) and an active rev-
olute joint, as shown in Figure 1. In which OXY is the global
Cartesian coordinate system, P (xp, yp) is the midpoint of the
front frame’s roller axle, 6p is the heading angle of the desired
path with respect to the positive X axis, 8 is the sideslip angle
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FIGURE 1. Kinematic model of the articulated road roller with sideslip.

of the front frame with respect to the positive perpendicular
direction of roller axle, vp is the forward velocity of the front
frame, ¢ is the steering angle of the front frame with respect
to the heading direction, Q (xQ, yQ) is the midpoint of the
rear frame’s wheel axle, 9 is the desired heading angle of
the rear frame with respect to the positive X axis, « is the
sideslip angle of the rear frame with respect to the positive
perpendicular direction of wheel axle, v is the forward
velocity of the rear frame, [ is the distance from the junction
point H to the midpoint of the roller axle and the wheel axle.

According to the depicted geometrical characteristics of
the vehicle, the coordinate change of the midpoint P of front
frame’s roller axle can be derived as follows:

Xp = vpcos (Bp + B)
yp = vpsin (6p + ) ey
Since two frames of road roller are articulated by the

junction point H, their velocity constraints can be represented
by the following expression:

vp +6p x PH = vg +6p x QH )

where 6p and éQ are the angular velocities of front and rear
frames respectively.

Here, it can be observed that the forward velocities vp and
vo have the same change rule with respect to the velocity
of junction point H. For the convenience of calculation,
Equation (2) can be substituted into a vector decomposition
formulation:

—sing ]

cosae 0 vo | | cos¢
sine -1 éQ " | sing cos ¢
cosfB 0| vp
X[mw 1}[@} )

Additionally, it is quite evident from Figure 1 that there is
a geometrical relationship given by:

6o = 0p + ¢ @)
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Substituting Equation (4) into Equation (3), the angular
velocity 0p of the front frame is derived as follows:
bp = —vpsin(¢ + B — a) — lp cosa )
lcosa +1cos(¢p —a)
On the basis of the equations above, the kinematic model of
an articulated road roller with sideslip is proposed as shown
in the following expression:

ip cos (6 + B) 0

. sin (6 + B) 0 v

gp =| —sin(¢+p—a) —lcosa |: P] 6)
v L L ¢

¢ 0 1

where L = [ cosa + [ cos (¢ — ).

B. DYNAMIC MODEL

The dynamic model of an articulated road roller can be estab-
lished by combining its force condition during operation with
the kinematic model.

As depicted in Figure 1, the front frame is connected to
the rear frame through an active revolute joint. The driving
motion of road roller is motivated by the tractive force acting
on the rear wheels, and the steering motion is driven by
the steering torque acting on the junction point. In practical
rolling compaction, the operating velocity of road roller is
typically rather slow, which is lower than 5 km/h. Therefore,
it is noted that the eccentric force caused by steering at high
velocities, and the air resistance are neglected in this paper.

In vehicle-based coordinate system of front frame, its kine-
matic velocities can be described by the derivatives of vector
qT = [xp, yp, Op, @], as follows:

Vpy cosOp sin Op 0 0 ).CP
vpy | = | sinfp —cosfp O O JéP 7)
6p 0 0 1 0 5

where vp, and vpy are the longitudinal and lateral velocities
of the front frame respectively.

Similarly, the kinematic velocities of rear frame are given
by:

X0

VOx cosfp sinfp 0 0 .
voy | = sinfp —cosfp 0O O gQ 8)
bo 0 0 10 5

where v, and vy, are the longitudinal and lateral velocities
of the rear frame respectively.
By using the geometric relationship:

xo = xp — [ (cos Op + cos bp)
)’Q =Yyp— l (sin 913 —+ Sin QQ) (9)

the Equation (8) can be rewritten as:

VOx cosbfp sinfg —Ising O ),CP
voy |= sinfp —cosfp [ (1+cos¢) [ gp (10)
fo 0 0 1 1 g
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Combining Equations (4), (6), (7) and (10), the kinematic
velocities of road roller can be indicated by the generalized

velocity vector vl = [vP, ép], as shown in the following
expression:
Vpx cos Op sin Op 0 0
VPy sin 6p —cos Op 0 0
op | 0 0 1 0
vox | | cos(Bp +¢) sin(6p + @) —Ising O
Voy sin (Bp + ¢) —cos(Op + @) [ (1 +cos¢) [
6o 0 0 1 1
cos (Bp + B) 0
sin (Bp + B) 0 vp
0 1 6p (an
—sin(¢+B—a) _ cosa+cos(¢p—a)
[cosa cos o

From the above equation, the matrix J transforming gen-
eralized velocities to kinematic velocities is obtained as:

cos B 0
—sin B 0
0 1
J = | cos(d—B) —Ising (12)
—Isingsina
COS o
b —cos(¢p — )
L cos« _

where

sin (¢ — B) cos ¢ — sin B cos (¢ — &)
cosa ’
sin(¢ + B —«a)

cos o

b =

According to Kane’s dynamical equation [28], the dynamic
model of an articulated road roller submitted to holonomic
and non-holonomic constraints is defined as follows:

N(g) =J"MJ
F(q.V)=-J"(MJ+WMJ)V
N(@QV =F(@qV)+J'w (13)

where N (g) is the inertia matrix of road roller, M is the
extended mass matrix of road roller, F (g, V) is the force
vector representing Coriolis and centripetal forces, W is the
extended angular velocity matrix of road roller, w is the vector
describing the active forces and torques of system.

From Equations (12) and (13), the inertia matrix N (g) is

calculated as
| nr1 n12
N(g) = [,m m} (14)

where
ni = mp +mgcos” (¢ — B) + moa’ +JQ12 ’
) moal sin ¢ sin o
nipp = npp = —le SIH¢COS (d) - ﬂ) -
Jobcos (¢ — )
lcosa

cos o

le2 sin? ¢ sin® & Jo cos (p—a)

ny = jp+mQ12 sin? o+

cos2 cosZ o
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In the above equations, it is noted that mp and mg are
the inertia mass of front and rear frames respectively, and
the jp and jg are the inertia torque of front and rear frames
correspondingly.

Furthermore, the force vector F (g, V) is obtained by using
Equation (13), as follows:

_ S Sz |]ove
F(q,V)—[le fzz}[ep} (15)

Jjopbd
12

where

fi1 =mgé [sin (¢ —p) cos (p—B) —ac]—

3

. . [ cos (¢ —a) cos (¢ —B)+asin (¢p+«)
fz=mol¢ [ cos o ]
. sin ¢ sin« cos (¢ — B)
+mgl |:a sing — o :|

N Jjodbsin (¢ — )

’

[cosa
. | singsi (¢ — B) +csingsi
or =mld |:sm sin o cos — csin smai|
—mgl¢ [sin ¢ sin (¢ — B) + asin @]
gl |:sm ¢sinacos(p—p) 2sin ¢:|
cos o
_Jogd cos (¢ — )
lcosa
_ 5 [ singcos(¢p—a) singsinasin(dp+oa)
J=—mol'¢ |: cosa * cos? o i|
jQ(ﬁ sin (¢ — ) cos (¢ — )
+ 2 9
COs® o
__sin B sin(¢—a)—sin(a —p) sin ¢
€= cosa ’
d_cos(qb—i—,B —a)
o cosa '

In addition, the active force and torque of system can
be described by the vector w' = [fp. fu]. Therefore, the
generalized forces t are expressed as:

r:JTw:T[fQ] (16)
izt

where fp is the tractive force acting on the rear wheels,
namely the resultant force of driving force and friction, fz
is the steering torque acting on the junction point, and 7 is
the transformation matrix given by:

T [cos(qs—/s) b/l

—Isin¢ 1 4+ cos (¢ —a)/cosai| an

Based on the above contents, the dynamic model of an
articulated road roller with sideslip is finally proposed as
follows:

v i |=ravier|%] (18)
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IIl. PATH TRACKING CONTROL

To complete the rolling of the designated area, articulated
road rollers are generally driven to move along the pre-
determined paths in actual construction. Thus, the aim of path
tracking control is to make an articulated road roller lock
into a desired path in bumpy environments. In this section,
a mathematical error dynamic equation is proposed, and a
state-feedback control law is designed to achieve the control
purpose.

Actual path\ N Pes1red path

~.

FIGURE 2. Path tracking control problem.

A. ERROR DYNAMIC EQUATION

Regarding the midpoint P of front frame’s roller axle as the
navigation point, the path tracking control problem can be
depicted in Figure 2, where ¢; is the displacement error, eg
is the heading error, e, is the curvature error, r is the turning
radius of road roller, R is the curvature radius of desired path.

As mentioned above, the path tracking errors between the
actual and the desired path are represented by the displace-
ment error e;, the heading error ey and the curvature error
e.. Here, it is worth pointing out that if the desired path is a
straight line, the curvature error e, will be zero.

Then, it is noted that if the navigation point P is rotating
A0 clockwise around the instantaneous center / to the next
position P’, path tracking errors will also change accordingly,
as shown in Figure 3.

FIGURE 3. Dynamics of the path tracking errors.
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Considering that Af and Aé are very small, and R is far
greater than e; in actual path tracking control. The following
geometrical relationships can be obtained from Figure 3:

Ae; = (rAfd) ey
Aeg = AO — AS

RAS ~ r A6

1 1
- _ _ 19
€c , R (19)

According to the first equality of Equation (19), the dis-
placement error dynamic is proposed as:
Aej
% = —-—— 20
el =— = Vpes (20)
where vp = rAG/At
Combining the rest three equalities of Equation (19),the
heading error dynamic is derived as follows:
. Aeg y (1 r)
“=ar TPUTR
= Opr X e, = vpe, 2n

From Equation (5), it is easily verified that the reciprocal
of r can be calculated as:
1 6p —vpsin(p+ B —a)—Ipcosa 2
roovp vp[lcosa + lcos (¢ —a)] 22)
In order to calculate conveniently, the assumption has been
made that the forward velocity vp, sideslip angles 8 and «,
the curvature radius of desired path R are all constant. What’s
more, it is noticed that ¢, 8 and « are all very small under
normal working conditions. Hence, their cosine functions can
be approximately equal to 1, and their sine functions can be
approximately equal to the angles themselves in radians.
From the above equation, the curvature error dynamic is
yielded as follows:

: ¢
€c=—4—l[2+(¢+ﬂ—a)(¢—a)] (23)
Finally, the linear error dynamic equation of an articulated
road roller with sideslip is described as:

el 0Ov O e 0 )

e |=100 v |le|+] O |6 9
. 14

éc 00 O ec 1

where y =2+ (¢p+ B — @) (¢ — ).

B. DESIGN OF CONTROL LAW
From the mathematical point of view, the aim of path tracking
control is to make the displacement error e;, the heading error
eg and the curvature error e, converge to zero over time.
Analyzing the linear error dynamic equation, it is found that
the steering angle dynamic ¢ can be selected as control input
to achieve the path tracking of a road roller.

Preview control is a widely used approach in vehicle path
tracking control, with the advantages of fast response and
high convergence performance [29]-[32]. The basic idea of
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this control law is tantamount to anticipate the path ahead and
adjust the steering angle based on knowledge of the vehicle
dynamics, compensating for the path tracking errors. Here, a
path tracking control law based on proposed preview strategy
is being designed.

Y .
. Desired path

(—XG, Y6)

o X

FIGURE 4. Schematic of the path tracking control law based on proposed
preview strategy.

As shown in Figure 4, where 6p is the desired heading
angle, 0y, is the current heading angle, G (xg, yg) is the
target point on the desired path, D (xp, yp) is the desired
point, and L is the preview distance. The controller makes an
appropriate steering action based on the displacement error
e1, the heading error eg and the front sideslip angle § at the
corresponding velocity. In terms of the controller, its purpose
is to eliminate the path tracking errors between the actual path
and the desired path. To facilitate understanding, an improved
heading error Ejy is proposed as:

Eg =e9+ B (25)

Consequently, the path tracking control law is designed as
follows:

b=k (arctan (%) + Eg) (26)

where k is the adjustment factor.

Moreover, it is important to note that the target point and
preview distance are obtained according to the work by
Liu and Duan [33]. The current heading and steering angles
can be measured by a sensor system in practice. And, other
unknown state variables can be calculated as:

e; = (xp —xp)sinfp + (yp — yp) cos p
Ey =60p — 0y + B
L = /(6 — w)? + 6iG — yp)? @7)

Due to the slow response of steering system powered by
hydraulic cylinders, the current heading angle 6y, is consid-
ered as a constant in one sample period AT. Therefore, the
estimation of front sideslip angle 8 can be calculated as:

B=1v—0u (28)

where ¥ is the instantaneous heading angle, given by:

Y = arctan (yp [n] = ypIn = 1]>

xp[n] —xp[n—1]

(29)
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Similarly, the rear sideslip angle « can also be estimated,
depending on the midpoint Q of rear frame’s wheel axle.

The overall block diagram of the proposed path tracking
control is depicted in Figure 5.

JL
Path | ¢
tracking »

Op controller )
Path —a Articulated

tracking p road
errors —— roller
Sideslip | (xp, yp)
angle
Om L estimation ) Ou

p
Desired | 0> p) e, ey

A 4

vp, ¢, (xp, yp)

A

FIGURE 5. Overall block diagram of the proposed path tracking control.

IV. SIMULATIONS

In this section, the effectiveness and feasibility of the pro-
posed path tracking control law will be verified by numeri-
cal simulation, which is conducted via MATLAB/Simulink.
In the simulation model, it is assumed that all state variables
have been measured directly or calculated. Hence, the posi-
tioning system and the sensing system are not included in
the simulation. The action of the control law is the steering
angle dynamic which constraints on the states of path tracking
errors. There is no doubt that tracking a curved path is more
difficult. According to the construction requirements, it is
noted that the compaction path is mainly consisted of straight-
line and circular path in reality [24]. Hence, the desired path is
expected to be a circle, which can test the lateral and steering
maneuvers well due to its curvature radius.

TABLE 1. Simulation parameters for the path tracking control.

Symbol Description Value
mp Inertia mass of front frame (kg) 17100
mg, Inertia mass of rear frame (kg) 9600
Jr Inertia torques of front frame (kg-m* ) 55231
Jo Inertia torques of rear frame (kg-m® ) 43606

! Length of PH and QH (m) 1.63

€, Initial heading error (rad) -0.0635

N Initial position of road roller (m) (0,6)

Vp Forward velocity of road roller (km/h) 2.7

k Adjustment factor 1.28

L Preview distance (m) 3.5

B Sideslip angle of front frame (rad) 0.105

[« Sideslip angle of rear frame (rad) 0.052

¢ Steering angle (rad) [-0.611,0.611]
) Steering angle velocity (rad/s) [-0.2,0.2]

As shown in Table 1, the following vehicle’s param-
eters have been obtained referring to the manual of an
SSR260 articulated road roller: the inertia mass of front and
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FIGURE 6. Simulation results of road roller tracking a circular path in the existence of sideslip using preview controller with the sideslip

compensation and non-compensation. (a) PCSC; (b) PCSNC.

rear frames is respectively given as mp = 17100 kg and
mg = 9600 kg, the inertia torques of front and rear frames
are correspondingly calculated as jp = 55231 kg - m? and
Jo = 43606 kg - m?, the length of PH and QH is 1.63 m.

Besides, initial states associated with steering angle, head-
ing angle, and position coordinates are supposed as O rad, -
0.0635 rad, and (0, 6). The center of the circular path is at
(0, 0), whose radius is 6 m. The velocity of road roller is
typically set as vp = 2.7 km/h.The adjustment factor used
in the simulation is determined by tuning in experiments as
k = 1.28. Similarly, the preview distance is set as L = 3.5 m.
For the convenience of simulation, the sideslip angles of front
and rear frames are assumed as 8 = 0.105 rad and ¢ =
0.052 rad. Considering the driving stability and safety under
various working conditions, the steering angle ¢ is limited
to [—0.611, 0.611] rad, and its corresponding dynamic ¢ is
limited to [—0.2, 0.2] rad/s, by the mechanical saturation
interval of vehicle.

Figure 6 depicts that the simulation results of articulated
road roller tracking a circular path with sideslip effect in
Cartesian plane, where the solid blue line represents the actual
path based on the PCSC, the solid green line stands for the
actual path based on the preview controller with sideslip non-
compensation (PCSNC), and the dotted red line plots the
desired one. From the simulation results, it can be observed
that PCSC performs better which converges to the desired
path closer. Due to the existence of sideslip, the actual path
based on PCSNC keeps a certain distance away from the
desired path all the time. In contrast, the method using PCSC
can navigate the road roller to track the desired path asymp-
totically. As a consequent, it reveals that the proposed method
can provide a rather satisfactory performance.

Moreover, the time-histories of road roller responses for
PCSC and PCSNC are depicted in Figure 7. It can be found
that the road roller adjusts sharply at the beginning, which is
attributable to the initial errors. After about 15 s, the adjust-
ment becomes smooth gradually. However, it can be observed
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that displacement error and curvature error with PCSC are
close and approaching to zero as time goes by. While, cor-
responding errors cannot converge to zero without sideslip
compensation. Compared with the PCSNC, the proposed
PCSC algorithm can achieve higher accuracy of path tracking
and stronger robustness simultaneously. It is worth men-
tioning that the PCSC-based and PCSNC-based improved
heading errors both converge to zero after 35 s. This is due to
the fact that the sideslip effect primarily affects displacement
errors rather than the errors between the direction of actual
velocity and the desired heading angle.

In addition, Figure 7(d) indicates the time responses of
steering angle, which displays that the related control input
can satisfy the constraints predefined by the mechanical sat-
uration interval of vehicle during the adjustment process.

Above all, the proposed PCSC method can achieve exact
path tracking in the existence of sideslip, confirming its effec-
tiveness and feasibility. Besides this, the PCSC can not only
improve the control accuracy, but also increase the conver-
gence rate, which is superior to the PCSNC method.

V. EXPERIMENTS

To validate the stability and reconfigurability of PCSC
in practical application, automatic compaction experiments
were performed on a road roller at the construction site of
Chang-he Dam hydroelectric power station, which is located
in Sichuan Province, China. Figure 8 shows the automatic
compaction experiment on the main rockfill, and the maxi-
mum diameter of rocks is about 300 mm. Large rocks and
inclines enhance the sideslip effect. There is no doubt that
path tracking control in bumpy environments is more difficult
than on a flat road.

A. SYSTEM SETUP
A SSR260 smooth road roller is modified with various

devices to achieve the path tracking control in the experiment,
as shown in Figure 9. A SPS855 Trimble GNSS receiver is
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FIGURE 7. Simulation comparison of time responses for PCSC and PCSNC in tracking a circular path with sideslip effect. (a) displacement error;

(b) improved heading error; (c) curvature error; (d) steering angle.

FIGURE 8. Automatic compaction experiment on the main rockfill.

FIGURE 9. A modified SSR260 road roller used in the experiment.

mounted in the driver’s cab to measure the position coordi-
nates of frame, whose horizontal and vertical accuracy is as
high as 8 mm and 15 mm respectively when working in Real

Time Kinematic (RTK) mode. The forward velocity can be
indicated by the output of NMEA protocol in real time, and
the coordinates of desired point are then derived from the
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FIGURE 10. Experimental devices equipped on the SSR260 road roller. (a) SPS855 and SPS555 Trimble GNSS receivers; (b) base station; (c) multi-turn

angle encoder; (d) inclination sensor; (e) industrial personal computer.
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FIGURE 11. Experimental results of road roller tracking a circular path in the existence of sideslip using preview controller with the sideslip

compensation and non-compensation. (a) PCSC; (b) PCSNC.

positioning data by coordinate transformation. A SPS555H
Trimble heading receiver is applied to obtain the real-
time heading of front frame by combining the positioning
data received from positioning and heading antennas, with
the accuracy of 0.09 degrees. As shown in Figure 10(b),
another SPS855 Trimble GNSS receiver is configured as the
base station to correct the positioning data. With their own
excellent computing and filtering performance, the Trim-
ble GNSS receivers are able to ensure the stability of the
measurement accuracy. Then, path tracking errors and

VOLUME 8, 2020

sideslip angle are calculated by the relative position and
heading data.

Furthermore, a multi-turn angle encoder is placed in the
revolute joint to measure the real-time steering angle, con-
necting via CANopen and offering up to 0.1 degrees accuracy,
as shown in Figure 10(c). To compensate the positioning error
caused by the variation of front frame in terms of pitch and
roll angles, a two-dimensional inclination sensor is mounted
on the front frame, with the accuracy of 0.1 degrees and the
measurement range of £45 degrees, as shown in Figure 10(d).
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FIGURE 12. Experimental comparison of time responses for PCSC and PCSNC in tracking a circular path with sideslip effect. (a) displacement error;

(b) improved heading error; (c) curvature error; (d) steering angle.

In addition, an industrial personal computer (IPC) is uti-
lized to execute the path tracing methods, and record the
experimental results. For the purpose of satisfying the system
requirements for real-time, a control area network (CAN) is
also introduced to transmit the control and status signals of
vehicle.

B. RESULTS AND DISCUSSION

In order to ensure a fair and valid comparison, the initial val-
ues of displacement error, heading error, and steering angle
in the experiments are identical with those of the simulation
models. As shown in Figure 11, the mentioned automatic
compaction experiments were performed on the same desired
circular path, which contributes to analyzing the control accu-
racy of the path tracking methods with and without sideslip
compensation. Then, Figure 12(a)~(d) correspondingly illus-
trates the comparisons of displacement error ¢;, improved
heading error Ey, curvature error e. and steering angle ¢
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between these two different path tracking controller, namely
PCSC and PCSNC.

From Figure 11, it can be seen that the method based on
PCSC converges to the desired circular path closer, which is
quite similar to the simulation results. Besides this, the actual
path based on PCSC is much rounder and smoother in shape
than other benchmark method, showing that its stability is
better. Moreover, the position delay of vehicle in the non-
compensation condition is more obvious than that in the
compensation condition. The reason is primarily due to the
increase in adjustment time under the same circumstances of
forward velocity.

Figure 12 depicts that displacement error, improved head-
ing error and curvature error with PCSC of experiments tend
to be zero with increase in time, even if they are given initial
conditions. Meanwhile, the steering angle and related control
input were not also saturated. In other words, the effectiveness
and feasibility of the proposed path tracking control law are
confirmed by both simulations and experiments, as well as
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the established models considering sideslip angles. However,
compared with the simulation results, the fluctuation of time
responses for PCSC and PCSNC both are much larger, owing
to the fact that the sideslip angles were constantly changing.
For the same reason, the frequency and amplitude of adjust-
ment also become larger accordingly.

Additionally, it is noted that the time responses of experi-
ments are delayed in comparison with simulation results. This
is explained by the fact that the response delay of steering
cylinders powered by hydraulic system is not considered in
the simulation. Fortunately, there is no any significant effect
on the control performance.

In summary, according to the experimental results,
it demonstrates once again that the proposed PCSC controller
is an effective approach for tracking performance to reach a
high accuracy, whose superiority is also verified.

VI. CONCLUSION

In this paper, a novel and effective method based on PCSC
and the established models with sideslip for path tracking
control of articulated road roller is proposed. Kinematic and
dynamic models accounting for sideslip effect are firstly
established. Then, a preview controller is designed to elim-
inate the path tracking errors in automatic compaction while
compensating the sideslip effect. Next, the control perfor-
mance of PCSC is evaluated by the numerical simulations
and automatic compaction experiments. The simulation and
experimental results show that an articulated road roller given
an initial condition can be navigated to track a desired path
in the existence of sideslip, with the proposed control law.
What’s more, the method based on PCSC not only improves
the control accuracy, but also increases the convergence rate,
which may have implications and wide application in the path
tracking control of unmanned road roller.
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