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Abstract To solve the problems that the current seam track-
ing process cannot find the weld line and the control method
based on the kinematic model of welding mobile robot leads
to low accuracy, a method for searching the welding seam is
designed firstly. By this method, the initiation point of the
weld line can be found and the attitude of the robot parallel
to the weld line can be adjusted automatically. Secondly, for
improving the tracking precision and anti-interference perfor-
mance, a new controller based on the kinematic and dynamic
model of the mobile welding robot is designed. To deal with
the partial uncertainty and the disturbances of welding pro-
cess, this controller combines the sliding mode variable struc-
ture control and low-pass filter, so that it is able to complete
the controlling of cross-slider and wheels coordinately. The
stability and convergence of the designed controller are
proved through the use of Lyapunov theory. The effectiveness
of the proposed method is verified by simulation and experi-
ments. In the seam tracking process, the welding torch is able
to track the welding seam well and the robot moves steadily
without any obvious chattering.
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1 Introduction

In welding process, there are many limitations for acquiring
continuous, stable quality and increasing productivity because
the welding quality depends on worker’s skillfulness and other
factories, which not only included the thickness of the mate-
rials to be welded, the chemical element composition of the
welded material, and the surface treatment of the workpiece
but also included welding method, welding speed, and
welding path, especially automatic finding of the initial
welding location and seam tracking of the welding seam in
real time [1—4]. A rapid development in computer technology
and robot technology has led to great improvement in the
automated welding process [5-7].

To realize an automatic welding process, nowadays, a mobile
type of welding robot is used for welding line. But, it cannot find
the position of the weld line automatically. The first major issue
in welding robotics is to find the position of the weld line
[8—12]. In most practical applications, such as mobile welding
robot, the robot task is to track a given path with constant line
speed and the smallest possible error [13—16].

After finding the weld line, the robot starts the weld seam
tracking process. Accurate path tracking has received consider-
able attention in recent years. It is a task that is difficult to
achieve for industrial robots. An application where this plays
an important role is seam tracking in robot welding field. So
many scholars have carried out research on the seam tracking
and have achieved a lot of fruitful research results [17, 18].
Although significant achievements have been made in the area
of seam tracking, reliable application techniques for robots are
still needed. The majority of the existing methods only consider
the kinematic models and less consider the dynamic models.

In this paper, to realize an automatic welding process, a mo-
bile type of welding robot is used. At the same time, we simply
introduce an algorithm for finding the position of the weld line
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automatically using the laser sensor, and an improved sliding
mode control (SMC) seam tracking method with a low-pass
filter for mobile welding robot is also elaborated.

2 The configuration and detection principle of a laser
displacement sensor

A seam tracking sensor in an automation welding system is
necessary [19-21]. Although a vision sensor was the most
outstanding technique with non-contact, quick processing,
and anti-interference characteristic, the image processing is
very complex. This process reduces real-time processing, thus
affecting the accuracy of seam tracking [22]. A laser displace-
ment sensor has become an indispensable tool in the robotics
community. A less common but growing application field for
laser range finders is a seam tracking system. The laser dis-
placement sensor offers many advantages over other types of
sensors. Their advantages include high measurement accuracy
and simplicity of data processing when compared with visual
tracking.

Figure 1 shows the laser displacement sensor (LDS).
The sensor is comprised of a light-emitting element, a
main processing circuit, and a position sensitive detector
(PSD), which detects targets using triangulation (shown in
Fig. 1b). A LED is used as the light-emitting element. As
shown in Fig. 2, one-dimensional PSD signal detection
and processing circuit consists of the preamplifier, the
adder, the subtractor, and the divider. IC,, IC,, IC3, and
IC4 are the high-precision operational amplifier, and
ADS538 is the analog divider [23].

The surface condition of the target can affect the distribu-
tion of light quantity, which causes slight variations in mea-
sured values. Therefore, the linear characteristics are a plot of
the error in the analog output in the measurement range. The
error of the LED displacement sensor increases when the sur-
face of the measured object has a low reflectance (black) or is
glossy. But in this paper, the welding surface is smooth plane;
the LED sensor enables stable highly accurate displacement
measurement, neglecting the light quantity distribution of the

— Displacement output 4 to 20 mv

“PSD: Position Sensitive Devic

Change of distance

(2) (b)

Fig. 1 Laser displacement sensor. a LDS configuration. b Principle of
detection
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beam spot. The scanning principle of the groove detection was
listed in the literature [24].

3 The mobile welding robot and detection principle

The general structure of the robot is shown in Fig. 3 [25].
This robot consists of a sensor system, a PC processor, a
controller, welding equipment, two driving wheels, two
passive auxiliary wheels, etc. Meanwhile, all essential
control and electrical components are implemented on
the internal drive unit. The main difference and perfor-
mance of this robot with respect to similar ones is its
mechanical structure and driving mechanism. The robot
consists of two DC servo motors that actuated the main
driving wheels parallel to each other and the other two
stepper motors that actuated the driving cross-sliders as
a fine-tuning mechanism. The torch in front of the laser
sensor is driven by a rotary motor to perform weld groove
scanning. The geometric center C of the body is the center
of mass. The passive wheels prevent the robot from tip-
ping over as it moves on a plane. In this paper, we neglect
the effect of auxiliary wheel motion to the whole system.

4 Modeling analysis
4.1 The kinematic analysis

The kinematic scheme of a mobile welding robot depicted in
Fig. 4 is a typical example of non-holonomic mechanical sys-
tems. To describe the robot motion, several reference coordi-
nate systems are depicted. AXY is the reference coordinate
system; BX1Y1 is the coordinate system fixed to the mobile
robot; B, the middle between the right and left driving wheels,
is the origin of the mobile robot; W is the welding torch, and C
is the centroid of the robot body. a is the distance from B to S;
b is the distance from S to W (original position); 2/ is the
distance between the two driving wheels, and 7 is the radius
of the wheel. In the two-dimensional Cartesian space, the pose
of the robot is represented by the vector P=[xyd]", where (x,
" is the coordinate of BX1 in the reference coordinate sys-
tem, and the heading direction # is taken counterclockwise
from the AX-axis. The currently linear velocity and angular
velocity of the robot are respectively denoted by v and w.
Suppose the welding torch is required to track a reference
trajectory, we have to coordinate control cross-sliders and
two driving wheels to make the welding torch track the weld
seam with a reference velocity.

As the longitudinal and lateral motions are not
coupled, independent of each other, so the control algo-
rithms can be designed vertically and horizontally,
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Fig. 2 Main circuit of one-dimensional PSD

respectively. This paper only studies the control of the
lateral cross-slider.

It is assumed that the wheels of the robot do not slide; that
is, the mobile robot can only move in the direction normal to
the axis of the driving wheels, so we can obtain the following
non-holonomic constrains equation

Take point B as the reference point to establish the
kinematic model of the welding mobile robot, and the
position of the kinematic mode of the mobile welding
robot is follows:

X cosf 0 y
xsinf—ycosf = 0 (1) = [ sinf 0 [w] (2)
0 1

- <

The velocity of the welding torch (point W) would be
impact not only by the velocities of the two driving
wheels but also by the velocity of the horizontal cross-
slider. Therefore, in this paper, we also take into account
the velocity of the horizontal cross-slider, which will
improve the precision of seam tracking. Suppose S,(¢)
is the distance between S and W, then the linear velocity
of the horizontal cross-slider is S,(¢). From Fig. 4, the
posture of the welding torch at point W can be described

as follows:
Xw i X
Yw | = |V
Ow | 0
. (3)
—Lcoso ~[Lsina + S, ()] 0 cosfl
+ | —[Lsina + S, (1)] Lcosa 0} sind
Fig. 3 Architecture diagram of the robot system L 0 0 1 @
&) Springer
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Fig. 4 Kinematical scheme of the mobile welding robot
where L is the distance from B to W and « is £ CBW.

4.2 Dynamics of mobile welding robot

Suppose moving on a horizontal plane; the welding mobile
robot system with a non-holonomic constraint can be de-
scribed by the following dynamic equations:

M@+ Va(0.0)a+ F (1) + 6l0) + 70 = BQT-A (@A (4)

where ¢, ¢', and ¢ are the vectors of robot body positions,
velocities, and accelerations, respectively; M(q) is the sys-
tem inertia matrix; V(q,q’) is the centripetal force matrix
which refers to the position and the speed; F(q') is the
surface friction; G(g) is the gravitational force; 7, is the
uncertain modeling matrix and unknown disturbance; B(g)
is the input transformation matrix; 7 is the input moment
vector; A(g) is the constraint matrix; and A is the binding
force vector.

Ignore the friction of the surface friction and the binding
force vector and treat them as an uncertain modeling matrix.
Then, the dynamic model of the welding mobile robot is
change into the following:

M@ +Vn(0.0)a+A(0.0) +ra=B@T 9
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where
21,
+24 o 0
r 27 | cosf cosf
M(q) = 0 + 24 9 |; Blg)=—|sinf sinf |;
r r
21,1 Lo
0 0 I+ Td
.
21 . 2c
= tan6-6 + ‘2’” 0 0
r r
I 2em
Vm(%é) = 0 —Z4 ta 9(9+rL 0
prom
0 0 -

A(g, g) is the uncertain modeling matrix.

5 The strategy of finding the seam position
automatically

The robot is put on one side of the welding line.
Figure 5a, b serves to obtain the entrance angle () be-
tween the moving direction and the welding line. When
the sensor detects the groove, the control part begins to
calculate the entrance angle according to the position in-
formation from the sensor. At the same time, v is fed
back to the driving wheels. Then, the angle value is
regarded as the initial condition for finding the position
of the weld line. The robot moves back in a straight line
for a distance S. In Fig. 5c, d, the robot begins to turn. ¢
is regarded as the turning angle of the steering wheels.
During this period, the angle changes from 0 to ¢, grad-
ually. In Fig. 5e, the robot moves along a circular path. In
Fig. 5f, the turning angle changes from ¢, to 0. At the

(a) Welding line (b) Welding torch (C)

Moving
f/{ﬁreclion
— : is j:—é;a
&::ﬂq;[:; T vigd] 1 [Boks Eofl—=r5
witoe ] i [t witpd] | [Bote

Fig. 5 a—f Diagram of the operating schedule for a tracing process
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end of this stage, the robot runs parallel to the weld cen-
ter line in an appropriate way and the welding torch co-
incides with the welding line.

Figure 6 shows the diagram of the automatic mobile
welding robot finding the seam line. The whole turning pro-
cess is separated into three stages. Those correspond to the
process in Fig. 5c—f. The speed rate (v) of the robot and the
mean angular velocity of the driving wheels (w) are always
constant. When the turning time is determined, the steering
angle is also determined. The initial moving direction of the
robot acts as the positive direction axis. The central point of
the rear axis acts as the origin of the coordinates.

At the first turning stage, the robot starts to move from the
start point O to O;. In this process, the mean turning angle
changes from 0 to ¢. The turning radius (R) changes from + oo
to 0 correspondingly. The turning angle is ¢ = (¢ + ¢2)/2 =w;t
(rad) and the turning radius at time ¢ is R =//¢ = l/wt, where w
is the angular velocity of the driving wheels from O to O, (rad/
s) and / is the distance between the axes of the turning wheels
and the driving wheels (mm). At the first moment, the initial
values are all equal to zero and then the trajectory locomotion
on O—0 can be calculated as follows [24]:

rt
Xo-0, = | vsin [v ]d = ‘/Tr—VlFresnel S ﬂt
0 w1 I (6)
]d 7,/7T—VlFresnel C{ lﬂ}
wi V

When the robot arrives at Oy, it starts to move along the
circular path with constant radius Ry=1/¢,. As can be seen in
Fig. 7, the coordinate of point M, which is an arbitrary point at
the stage of O;—0, can be calculated as

{xolo2 = x1 + 2Rgsin(3/2)sin(a; + 3/2) )
Yo,-0, =1 + 2Resin(3/2)cos(or + 3/2)

J" cos [vw
= Vi
Yo-o, 0 2]

y Y Locomotion Of  Welding line
the welding torch

Locomotion Of O point

A straight line
parallel to welding line

Fig. 6 Diagrammatic sketch of the tracing welding line
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Fig. 7 Geometry relationship at O;—0,

where « is the angle between y-axis and O, point tangent line
on O-0,.

Using the same calculation principle, we can get the loco-
motion equation from O, to O3 as follows:

2 /
X0,-0, = X2~ l7r7v cos V¢0 + 2hw, Fresnel S let’
) w1 2[0.}1
—Fresnel C ﬂt sin v¢0 +2byw
I 21wy
Iy v o? + 2w vwi
Y0,-0, = Y2~ w—](cos{ 0 T }F resnel C[ t}
fvw 21
+Fresnel S lt sin v¢0 Rl
I 20w

(8)

where ¢' is the time parameter when the steering angle is
changing; (x;,y1) and (x,,),) are the coordinates O; and O,,
respectively, which can be expressed as

x| = 1/ lFresnel S[ d }
9)
yl ,/ Fresnel Cl J
xz =x + 2R0s1n v¢0 1)
(10)
_ . <v¢02/zw1> "y
Yo =M + 2ROSH1 |:2 COS (T)

6 Welding seam tracking method

From the robotics viewpoint, the mobile welding robot is a
multi-input\multi-output (MIMO) non-linear system [26, 27].
SMC, as one of the most robust control approaches, makes the
control system insensitive to parametric uncertainties and
norm-bounded disturbances [28]. On the other hand, the
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control performance is limited either due to its high gain
chattering nature or due to the introduction of smoothing tech-
nique approach as the trade-off.

In order to overcome chattering of SMC, Zhu et al.
[29] developed a sliding mode controller with a low-
pass filter for robot manipulators by inserting a low-pass
filter (LPF) in front of the plan, the low-pass filter weaken
the chattering of the sliding mode controller, and the pre-
cise of the trace tracking can be converged to zero expo-
nentially under the existence of parameter uncertainties
and disturbances. The author’s team previously proposed
a sliding mode control scheme with smooth continuous
function, which guarantees the smoothness of the control
signal and the exponential error convergence for mobile
welding robot [30, 31].

A novel control algorithm to achieve seam tracking
of a mobile robot with non-holonomic constraints is
proposed. This algorithm uses the theories of sliding
mode for robust control to compensate for unknown
disturbances applied to mobile welding robot and a
LPF to eliminate the high-frequency chattering control
signal.

In order to further weaken the influence of the
chattering and increase the precise of the trace tracking
of the mobile welding robot, the traditional switching
function is replaced by smooth continuous function. It
has the ability to solve the seam tracking problem based
on the dynamic modeling of the mobile welding robot.
Particularly, the dynamic performance of the cross-slider
is also considered.

Adding a low-pass filter at the output of the sliding
mode controller, the high-frequency control signal
chattering can be filtered out effectively. The control sys-
tem based on the sliding mode variable structure is shown
in Fig. 8.

According to the matrix theory, the dynamic
(Eq. (5)) of the robot can be rewritten to the following

where M'(q) = B(q)M(q). V,,(¢.4) = B(9)Vn(q.9), and
B(g) = [B(9)B(¢)] 'B"(q). A'g,9) and 7, are still
treated as the uncertain modeling matrix and unknown
disturbance, respectively.

Define a disturbance vector as d = A'(q,¢) + 7,,. Then,
Eq. (11) is rewritten by another form as follows:

M ()i + v;n(q, q) g+d)=T (12)

The matrixes in Eq. (12) satisfy the following properties:
Property 1 M'(q) is the symmetric positive definite
matrix;

Property 2 Boundedness: matrix functions M'(g) and V'(q)
are uniformly bounded not only to ¢ but also to
q;

(M'(g)-2V'(g)) is the skew-symmetric matrix, as to
an arbitrary vector &, &7 [M’ (q)-2V (q, ¢PlE=0
Linear characteristic: if the constant coeffi-
cients of matrix functions denoted a vector
0, then we can define a proper matrix
©(q,¢,v,a). Equation (12) can be rewritten
by another form as follows:

Property 3

Property 4

M)+ vm(q,q‘)wd(r) — p(g,d.v.a)0 (13)

where v is the velocity vectors and a is the acceleration
vectors.
Adopt a low-pass filter as follows [29]:

form: Ai
§) = —2 (A >0 14
0() =5 (> 0) (14
L , . From Fig. 8, there is 7+ AT = Au, where A=diag(\,
M(q)q+Vm(q7C1>q+A (M) +14=T (1) Ay M) A>0 (i=1, 2,..., n), where 7 is the number of
Fig. 8 Sliding mode control with derdt éy
filter ‘ . .. .
Pi- ey| SMC | u [ Mobile P, . P, . )
+ ; controller LPF welding robot
P |_> Y
Horizontal Laser sensor
IZI i slider
Kalman filter (=
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control input signal. Then, Eq. (12) can be rewritten as
another form

MG+Mg+Vag+Vag+AMG+AV'§= Au (15)

Define the tracking error as e(f) = q(f) — g ), where g (f) is
the tracking trajectory.

Define the sliding mode function, which will determine the
motion of the system after the system state reached the sliding
mode, as follows:

s(t) =eé+ Aje+ Are (16)

where Ai=diag(Aj1, Aig,..., Nin); Ay >0 ((=1,2;7=1,2,..., n),
where 7 is the number of control input signal.

Construct the Lyapunov function as L = %STM 's. Because
M'(q) is a symmetric positive definite matrix, that is

s"TM's = "M's, and based on property 3, there is s”

[M’(q)—ZV’(q, q)] = 0 and then

1 .
L= 5 (STM’S+ sTMs + S‘TM/S)

1
=sTMs+ ESTMS

(17)
=7 (M’S + V’s)
=g’ [M’ ((jﬂj‘d + A+ Azé) +V (e + Ae+ Aze)}
From Eq. (15), there is
M'G = Au=M'G-V'§-V'q—AM'§-AV'q (1)

= A“‘(M”r AM/)é—(V’ + AV)GV'g
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Then, Eq. (17) can be written as
L=s" [Au—(M"+ AM’)z;—(x/ + Av’)q—v’q

+M((j>q"d + A+ Azé) +v (é + A+ Aze)]

(19)

— [Au + M(Alé + Aze—q"d> +V <A1é+ Aze—q'd)
—(M"+ AM’)q'—(V’ + AV/>q'} = 5T (Au+ H)

H=M(ANé+ Me—q )+ V (Ae+ Aye—ij,)
—(M’+ AM’)q'—(v’ + Av’)q]
Based on the linear characteristics described as Eq. (13),

H=1(t,9,4,4,94:9a>4a> 94 4)®> Where ¢ is the unknown
vector. If there exists a known vector ¢y, satisfy the condition

as ‘(Z),‘ = |¢~dy;| <E;, where ;>0 and i=1,2,...,n. Then,
li:sT(Au+ng5).

where
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2209

Design the sliding mode control law as follows:
u=—A"" gy + (T¢)sen(s)vsen(s)| (20)

where I'py=H,, in which H, is the precise model of H;
Ty; = |Tyyls w=diag@y, ¥, ..., 1,); ¥;>0,

sgn(s) = [sgn(s), sgn(sy), ...,sgn(s,)]. Then, Eq. (18) is writ-
ten as

i=1,2,...,n;

L= 5" 1(é-60)~(T€) sen(s)-vsen(s)|
sT [F(}f <T§> sgn(s)ﬂ/}sgn(s)}
; {s,- (F&b) lf|si\ <Fq§5)i}*srwsgn(3)stTwsgn(s)

==> (Wsil)<0
i=1

(21)

Assumed ) = '€, the sliding mode control law (Eq. (20))
can be rewritten as

u=—A"[T'¢y +nsgn(s)] (22)

In order to completely eliminate the chattering, the SGN
function is replaced by using the unit vector continuous func-
tion as [15]. Then, the control law become

ks

u=-A" [F @o + 77—} (23)
sl + &

where §e R**" is the smooth parameter in regulating the

switching function and 6> 0. & is time varying, whose change

can represent the change of the uncertain term [15], and £>
| AAA™ (=) ||+ AH || 411

1*|‘M715gm‘|
coefficient matrixes related to the welding robot structure; ¥ is
the equivalent control.

(1>0), where A, AA, H, and AH are

7 Verification program

In order to verify the correctness and effectiveness of this
algorithm, the mobile welding robot is required to track refer-
ence trajectories. In the process, the dynamic model described
in Eq. (5) is used as the mobile welding robot mode. The
expectation velocity, angular speed, and sampling time are
10 mm/s, 0.02 rad/s, and 0.2 s, respectively.

The tracking velocities, linear velocity of the welding
torch, control output, and velocity of the two wheels using a
traditional low-pass filter and an improved low-pass filter are
shown in Figs. 9, 10, 11, 12, 13, and 14, respectively. Figure 9
shows that the errors using the improved low-pass filter are
less than those using the traditional sliding mode control. The
linear velocity of the welding torch using the improved low-

pass filter is relatively more stable than that using the tradi-
tional sliding mode control (shown in Fig. 11).

From Figs. 9, 10, 11, 12, 13, and 14, we can see that the
proposed method yields a superior performance such as small
seam tracking error and high resistance behavior to noise un-
certainties. And the tracking performance of the mobile
welding robot under the control of the improved method is
better than that of the traditional method.

8 Conclusion

We conducted simulation and experiment to verify the validity
of the derived mathematical model and the capability of the
robot in seam tracking a predefined path.

(1) One control method is proposed for automatic finding of
the position of the welding line. The sensor system de-
tects the position and groove shape of the welding line,
and the control system is designed to calculate the en-
trance angle and the width of the groove. The turning
locomotion is composed of three-stage Fresnel functions
aimed at finding the position of the weld line.

(2) In order to weaken the chattering phenomena, the first-
order low-pass filter (LPF) has been used in the control-
ler design of mobile welding robot. The LPF was used to
eliminate the high-frequency chattering control signal. In
order to further weaken the influence of the chattering
and increase the precise of the trace tracking of the mo-
bile welding robot, the traditional switching function is
instead replaced by smooth continuous function

(3) The proposed method has the ability to solve the seam
tracking problem based on the dynamic modeling of the
mobile welding robot. The experiment results show that
the proposed method yields a superior performance such
as small seam tracking error and high-precision linear
velocity.
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