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By combining manual welders (with intelligence and versatility) and automatic welding systems (with accuracy and consistency),
an intelligent welding system for human soft tissue welding can be developed in medicine. ,is paper presents a data-correction
control approach to human welder intelligence, which can be used to control the automated human soft tissue welding process.
Human soft tissue welding can preconnect the excised tissue, and the shape of the tissue at the junction ensures the recovery of the
operative organ function. ,is welding technology has the advantages of rapid operation, minimal tissue damage, no need for
suture materials, faster recovery of the mechanism and properties of the living tissue, and the maintenance of the function of the
organs. Model of the welding system is identified from the data; an open-closed-loop iterative learning control algorithm is then
proposed to improve the tracking accuracy of the system.,e algorithm uses the tracking error of current and previous to update
the control law. Meanwhile, to further improve the accuracy under the conditions of external interference, a system correction
term is added to the proposed ILC algorithm, which can be adjusted according to the system’s errors and output and improve the
capability of the target tracking greatly. A detailed convergence analysis for the ILC law has been given. Simulation results verify
the feasibility and effectiveness of the proposed method for GTAW control tasks.

1. Introduction

Automatic welding [1–3] is a welding process which has
been widely used in precision and stable joining. It is pri-
marily used for applications with the appropriate degree of
overall penetration that are critical to services. ,e auto-
mation system relies on accurate control of joint assembly
[4] and welding conditions [5–7] and tedious programming
of welding parameters [8] to produce repeatable results.
With the progress and development of welding technology,
automatic control is adopted to improve the welding quality
monitoring and has become an important direction of the
development of the welding technology. In the development
and application of welding automation, how to ensure
welding quality under the premise of meeting basic re-
quirements has become the focus of attention. Focusing on

welding quality issues, many domestic and foreign welding
research works [9–11] have invested a lot of manpower and
material resources, including arc height control [12], weld
automatic tracking control [13, 14], and welding penetration
control [15–17]. ,rough the application of various auto-
matic control technologies, the welding process is auto-
matically controlled to ensure the normal progress of the
welding process.

In recent decades, the welding process control of au-
tomatic welding has been the focus of scholars. Despite the
success in monitoring and sensing the welding process,
control algorithm of the weld penetration remains difficult.
Di et al. [18] combined the neural network and fuzzy logic
control technology to realize the control of welding process.
,is method simplifies the fuzzy law and improves the
adaptability of the member functions used in advanced
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welding process. ,e results show that this method is very
effective in the welding process control of regular welds. In
the nonlinear compensation technology of robot control,
Gao et al. [19] adopted a robot welding seam tracking neural
network controller based on the Cartesian space trajectory.
,e neural network can be directly used in arc welding robot
trajectory planning without modifying the internal structure
of the existing controller of the arc welding robot. Based on
the welding car, Yan et al. [20] proposed a visual control
method for the starting point of welding seam, which used
the binocular vision to detect the welding torch and welding
seam. After image processing and identification, the devi-
ation between the position of the welding torch and the
position of the welding seam was obtained. However, the
final accuracy of this method still depends on the mea-
surement accuracy of the visual system. When the initial
point of a wide V-shaped weld is identified, a better effect
can be obtained.

,e welding mentioned above is related to the industry,
but the welding that we are talking about is applied to the
biomedical field. ,e Welding Institute of the Ukrainian
National Academy of Sciences has been studying high-
frequency welding of soft tissue in vivo since 1992 and
applying it to clinical practice as an option for surgical
suture. Before the 20th century, surgical sutures were needles
and thread, made of natural materials. Although material
and technology of the needle and thread suture have been
improved in recent decades, needle and thread suture have
the characteristics of long time, slow recovery, easy infection,
easy scar, and obvious defect of wound, which bring great
pain to patients and extend the operation time and post-
operative recovery time. ,erefore, human soft tissue
welding is proposed, which uses high-frequency current to
weld the human tissue. ,e welding principle is that by
regulating and controlling the temperature generated by the
high-frequency current, the cell membrane is destroyed, and
proteins are released first, and then the current is further
adjusted; pressure is applied to denature the proteins be-
tween cells by heat, causing winding and agglutination, so as
to realize the connection of the wound binding interface. In
the welding process, except for the special effects of high-
frequency current and coincidence pressure, the welding
position accuracy is the key factor. In the process of welding,
it is necessary to ensure that the welding position is accurate
and controlled within the scope of the wound. ,e above
must be realized through the machine’s continuous auto-
matic adjustment of the position. To realize intelligent ad-
justment of the machine, a large number of experimental
data andmodulation strategy are needed to form the welding
algorithm, which is the work we are currently performing.
Rodts et al. [21] proposed the use of selective laser welding
on the surface of three-dimensional fabrics to improve their
wear resistance. Colic et al. [22] studied the applicability of
laser welding in biomedical device manufacturing and an-
alyzed stainless steel materials used in biomedical applica-
tions. ,e research results show that stainless steel has
excellent forming and welding characteristics and can be
used as a material for certain medical devices. ,ere are
some other methods that we can learn from [23–26].

,e field of machine learning control in welding has
been studied for many years [27–29]. With the development
of computer control technology and with the help of iterative
learning control, fuzzy control, PID, and other intelligent
control methods, many robots and specific automatic
welding equipment also have a certain self-learning func-
tion. ,ey can not only simulate the learning perception of
skilled operators but also transcend human limitations.,ey
have the advantages of a large amount of information, no
contact with the workpiece, high sensitivity and precision,
and strong antielectromagnetic interference ability [30–33].
So, we introduce iterative learning control into automatic
robot welding.

,e history of iterative learning control [34, 35] can be
traced back to 1984, when Arimoto proposed the learning
rules of P, PI, and PID and successfully applied them to the
motion control of robots. After that, closed-loop and open-
loop combination learning control laws appeared. Open-
closed-loop ILC can extract current and previous track
information simultaneously. ,erefore, it is better than
open-loop or closed-loop ILC in learning ability. Meanwhile,
we add a system correction term into the ILC algorithm,
which improves robustness and anti-interference of the
system.,e algorithm not only inherits the characteristics of
the traditional ILC control, such as simple structure, high
reliability, and easy engineering implementation, but also
overcomes the shortcomings of the closed-loop controller,
such as poor followability and inaccurate adjustment under
strong interference, and has strong nonlinear and uncertain
characteristics.

,is paper is structured as follows: in Section 2, a
mathematical model of the human soft tissue welding system
is derived. A new designed ILC algorithm with the system
correction term is proposed in Section 3. Section 4 describes
the convergence and stability of this algorithm. Finally, the
control system is implemented to verify the effectiveness and
robustness of the control strategy through numerical
simulation.

2. Dynamic Model of the Welding System

,e human soft tissue welding robot is shown in Figure 1.
,e electrode is held on the electrode holder, extended from
the nozzle of the welding gun, and welded through the part
between one end of the electrode and the welded part of the
human soft tissue. At the beginning of the welding process,
the arc transfers heat to the human soft tissue, and the
human soft tissue temperature rises rapidly. ,e proteins in
the soft tissue melt and then stick together, like fried eggs.
When suturing with the needle and thread, the skin easily
leaves a scar, and immune response may also occur, but by
stitching their own proteins together, they can heal on the
spot and create shallower scars. During surgery, high-fre-
quency current passing through the soft tissue will cause
instantaneous thermal damage, thus achieving the purpose
of cutting. Meanwhile, protein spill bonding can achieve
hemostasis at the same time. In the process of protein
overflow and bonding, the wound is closed, and the binding
interface is connected.
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At present, the biggest disadvantage of welding tech-
nology is that it is easy to cause tissue burns, which lead to

insufficient strength of the connection between tissues, so
that the welding anastomosis is not firm enough, and the
high incidence of postoperative complications is mainly due
to the difficulty in controlling the position and current of the
welding machine during the use. From the perspective of the
view of system control, the crack at the wound can be
controlled by adjusting the welding input. ,e biomedical
welding process studied in this paper takes the welding
current as the control input and the fracture position at the
wound as the system output.

,e dynamic characteristic model of the biomedical
welding system is as follows:

x(t) � 􏽘

j

l�1

alx(t − l) + 􏽘
k

h�1
bhu(t − h), (1)

where x(t) is the weld position, u(t) is the welding current, l

and h are the system time delay, j � 5, and k � 6.
Formula (1) can be written as
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,e equation of the state of model (1) is expressed as

X(t) � AX(t − 1) + BU(t),

Y(t) � CX(t),
􏼨 (3)
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, and C � I.

3. Designed ILC Algorithm with the System
Correction Term

For welding system (3), the following iterative learning
control algorithm is considered:

ui+1(t) � ui(t) + 1 + cos αi( 􏼁φ(t)ei(t)

+ 1 + cos αi+1( 􏼁Ψ(t)ei+1(t),
(4)

where i indicates the iteration number, φ(t),Ψ(t) are the
learning gain matrices, and ei(t) � yd(t) − yi(t). ui(t) is the
control variable. cos αi and cos αi+1 are system correction

terms. ,e designed iterative algorithm flow is shown in
Figure 2.

We also set a special coefficient for the ILC law
[36, 37] to determine the reward and punishment of the
control law according to the effect of the control law.
When the system output yi(t) is close to the expected
output yd(t), the learning law correction can be en-
hanced. When the system output yi(t) is deviating from
the expected output yd(t), the learning law correction
can be weakened.

,is paper not only considers the errors between the
system output and the reference trajectory but also considers
the spatial orientation relation between the three variables in
the output vector space.

cos αi �
ei(t) yi+1(t) − yi(t)( 􏼁

ei(t)
����

���� yi+1(t) − yi(t)
����

����
,

cos αi+1 �
ei+1(t) yi+2(t) − yi+1(t)( 􏼁

ei+1(t)
����

���� yi+2(t) − yi+1(t)
����

����
.

(5)

Electrode-lead

Electrode
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Figure 1: Welding schematic for biomedical applications.
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It is the basis for judging the quality of the ILC law based
on vector analysis. Let us simplify these formulas, α⌢i ≜ (1 +

cos αi) and α⌢i+1 ≜ (1 + cos αi+1).

4. Problem Formulation

,e welding process is repeated at [0, T]. Let us consider the
following welding process system with the interference and
uncertainty terms:

Xi(t) � AXi(t − 1) + BUi(t) + ωi(t),

Yi(t) � CXi(t) + ]i(t),
􏼨 (6)

where i is the number of iterations, t ∈ 0, 1, . . . , T{ }, and
ωi(t) and ]i(t) are the uncertainty item and interferential
term, respectively.

Following are restrictions on ILC systems (4) and (6).

Assumption 1. ,e initial state of the system is the same
every time.

Assumption 2. ,e expected output is the same, when the
system runs every time.

Assumption 3. ,ere exists ud(t) that makes the system state
become xd(t) and system output become yd(t) for all
t ∈ [0, T].

xd(t) � Axi(t − 1) + Bud(t) + ωd(t),

yd(t) � Cxd(t),
􏼨 (7)

where xd(t) is the expected state. In the actual welding
process, the welding control system performing the repeated
welding process meets the above three assumptions. ,e
expected output in the welding process is a constant value, so
it also meets Assumption 2. Assumption 3 is the condition of
controllability for a given control task.

When the initial state of the system is xi(0), the solution
of equation (6) can be written as

xi(t) � A
t
xi(0) + 􏽘

t

s�0
A

t− s
Bui(s), t ∈ 0, T{ }. (8)

Theorem 1. For the system described by equation (6), the
given reachable expected trajectory is yd(t). If conditions (1)
and (2) are satisfied,

(1)
(1 − Υ) − φCB

I + ΨCB

�������

�������
≤ ρ< 1, t ∈ 0, T{ },

(2) xi(0) � xd(0), i � 0, 1, 2, . . . ,

(9)

then the learning rate (4) makes the output trajectory to
uniformly converge to the expected trajectory. When i⟶∞,
we have yi(t)⟶ yd(t) (t ∈ [0, T + 1]).

Proof. Let us consider the control error at the i + 1 iteration:

△ui+1(t) � ud(t) − ui+1(t) � ud(t) − ui(t) − φα⌢iei(t) − Ψα⌢i+1ei+1(t)

� Δui(t) − φα⌢i yd(t) − yi(t)􏼂 􏼃 − Ψα⌢i+1 yd(t) − yi+1(t)􏼂 􏼃

� Δui(t) − φα⌢iCΔxi(t) − Ψα⌢i+1CΔxi+1(t) + φα⌢iC]i(t) + Ψα⌢i+1C]i+1(t)

� Δui(t) − φα⌢iC AΔxi(t − 1) + BΔui(t) + Δωi(t)􏼂 􏼃

− Ψα⌢i+1C AΔxi+1(t − 1) + BΔui+1(t) + Δωi+1(t)􏼂 􏼃 + φα⌢iC]i(t) + Ψα⌢i+1C]i+1(t).

(10)

Memory

Skin welding 
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–
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–
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yd (t)

ei (t)

ui+1 (t)

ui+1 (t)
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yi+1 (t)

ei+1 (t)

yd (t)

Figure 2: Welding schematic for biomedical applications.
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,en, equation (10) could be rewritten as

I + Ψα⌢i+1CB􏼐 􏼑Δui+1(t) � I − φα⌢iCB􏼐 􏼑Δui(t) − φα⌢iCAΔxi(t − 1)

− Ψα⌢i+1CAΔxi+1(t − 1) + φα⌢iC ]i(t) − Δωi(t)( 􏼁 + Ψα⌢i+1C ]i+1(t) − Δωi+1(t)( 􏼁.
(11)

Take the norm at both ends of formula (11):

I + Ψα⌢i+1CB
����

���� Δui+1(t)
����

���� � I − φα⌢iCB
����

���� Δui(t)
����

���� + φα⌢iCA
����

���� Δxi(t − 1)
����

����

+ Ψα⌢i+1CA
����

���� Δxi+1(t − 1)
����

���� + φα⌢iC
����

���� ]i(t) − Δωi(t)
����

���� + Ψα⌢i+1C
����

���� ]i+1(t) − Δωi+1(t)
����

����.
(12)

Equation (12) could be rewritten as

Δui+1(t)
����

����≤
I − φα⌢iCB

I + Ψα⌢i+1CB

��������

��������
Δui(t)

����
���� +

φα⌢iCA

I + Ψα⌢i+1CB

��������

��������
Δxi(t − 1)

����
����

+
Ψα⌢i+1CA

I + Ψα⌢i+1CB

��������

��������
Δxi+1(t − 1)

����
���� +

φα⌢iC + Ψα⌢i+1C

I + Ψα⌢i+1CB

��������

��������
ζ] − ζω( 􏼁

≤ ρ Δui(t)
����

���� + η1 Δxi(t − 1)
����

���� + η3 Δxi+1(t − 1)
����

���� + Θ,

(13)

where η1 � ‖φα⌢iCA/(I + Ψα⌢i+1CB)‖, η3 � ‖Ψα⌢i+1CA/
(I + Ψα⌢i+1CB)‖, ρ � ‖(I − φα⌢iCB)/(I + Ψα⌢i+1CB)‖,
ζ] � maxt∈[0,T] sup‖]i(t)‖, sup‖]i+1(t)‖􏼈 􏼉,

ζω � maxt∈[0,T] sup‖Δωi(t)‖, sup‖Δωi+1(t)‖􏼈 􏼉, and
Θ � ‖(φα⌢iC + Ψα⌢i+1C)/(I + Ψα⌢i+1CB)‖(ζ] − ζω).

Using formula (8), formula (12) can be written as

Δui+1(t)
����

����≤ ρ Δui(t)
����

���� + η1 􏽘

t−1

s�0
A

t− s
B

����
���� Δui(s)
����

���� + η3 􏽘

t−1

s�0
A

t− s
B

����
���� Δui+1(s)
����

���� + Θ

≤ ρ Δui(t)
����

���� + η1η2 􏽘

t−1

s�0
Δui(s)

����
���� + η3η2 􏽘

t−1

s�0
Δui+1(s)

����
���� + Θ,

(14)

where 1≤ t≤T and η2 � sup0≤s≤t−1‖At− sB‖.
Multiplying both sides of formula (14) by λt (0< λ< 1),

we obtain
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λt Δui+1(t)
����

����≤ ρλt Δui(t)
����

���� + η1η2 􏽘

t−1

s�0
λt− sλs Δui(s)

����
���� + η3η2 􏽘

t−1

s�0
λt− sλs Δui+1(s)

����
���� + Θ

≤ ρλt Δui(t)
����

���� + η1η2 􏽘

t−1

s�0
λt− s sup

0≤τ≤T
λτ Δui(τ)

����
����􏽮 􏽯 + η3η2 􏽘

t−1

s�0
λt− s sup

0≤τ≤T
λτ Δui+1(τ)

����
����􏽮 􏽯 + Θ

≤ ρλt Δui(t)
����

���� + η1η2 􏽘

t−1

s�0
λt− s Δui

����
����λ + η3η2 􏽘

t−1

s�0
λt− s Δui+1

����
����λ + Θ

≤ ρλt Δui(t)
����

���� + η1η2
λ 1 − λT
􏼐 􏼑

1 − λ
Δui

����
����λ + η3η2

λ 1 − λT
􏼐 􏼑

1 − λ
Δui+1

����
����λ + Θ.

(15)

According to formula (13) and the definition of norm, we
get

Δui+1
����

����λ≤ 􏽥ρ Δui

����
����λ + Θ, (16)

where 􏽥ρ � ((ρ(1 − λ) + η1η2λ(1 − λT))/(1 − λ − η3η2λ
(1 − λT))).

When ρ< 1, we can get limi⟶∞‖Δui‖λ≤ (Θ/(1 − 􏽥ρ)).
According to formulas (6) and (8), when 0< λ< 1, we get

λt
ei(t)

����
����≤ ‖C‖ 􏽘

t−1

s�0
A

t− s
B

����
����λt− sλs Δui(s)

����
����≤􏽢cη2 􏽘

t−1

s�0
λt− s Δui

����
����λ≤􏽢cη2

λ 1 − λT
􏼐 􏼑

1 − λ
Δui

����
����λ, (17)

where 1≤ t≤T + 1 and 􏽢c � ‖C‖.
According to the definition of λ-norm,

sup
1≤t≤T+1

λt
ei(t)

����
����􏽮 􏽯≤􏽢cη2

λ 1 − λT
􏼐 􏼑

1 − λ
Δui

����
����λ.

(18)

So, limi⟶∞sup1≤t≤T+1 λt‖ei(t)‖􏼈 􏼉≤ (Θ/(1 − 􏽥ρ)). We find
that the tracking error bound converges to a small neigh-
borhood of the origin, and we can reach the conclusion
yi(t)⟶ yd(t)(i⟶∞). □

5. Simulations

In this paper, MATLAB is used for simulation to verify the
feasibility of the proposed algorithm in the biomedical
welding system. Let us set the input initial value as ui(t) � 0
at each iteration. ,e expected trajectory is yd(t) � 6mm.

,e data used in the simulation are φ(t) � 0.19,Ψ(t) � 0.24,
and ωi(t) � 0.0015 cos(0.1πt).

After the biomedical welding system is learned for 5
times, 10 times, 15 times, and 20 times respectively, the
effect of the welding process and trace control is shown in
Figures 3 and 4. As shown in Figures 3 and 4, after 20
iterations, the effect of the tracking control system can be
reached quickly, and the error of the tracking control is
smaller than 0.02mm. After 20 seconds, Figures 5 and 6
show that the maximum value of the error absolute pair in
each welding pass varies with the number of welds, and it
can be seen that the tracking error gradually converges to
zero as the iteration number increases. Each initial state is
reset to zero. ,e initial point of the desired trajectory and
the initial point of the output trajectory are not together,
but after 20 seconds, the actual trajectory can coincide with
the desired trajectory. ,is means that the position control
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Figure 3: Tracking curve of biowelding with the system correction term.
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of medical welding reaches the expected value, which
proves the effectiveness of the iterative algorithm for the
process control of biomedical welding.

,rough the comparison of multigraph data, the iterative
learning algorithm with modified items has less oscillation in
the process of biological welding and achieves better tracking
control effect. Moreover, it is obvious that the new iterative
algorithm has a faster convergence rate than the traditional
iterative algorithm and a smaller final error. ,e algorithm
proposed in this paper can well suppress the effect of

disturbance so that the tracking control system of the output
opposition value of the control system is almost influenced,
and the control system is still controlled within the range of
0.02mm. Because of this, the new iterative control system can
suppress the nonrepeatability disturbance in the process of
biological welding with certain inhibition energy and obtain a
better control effect than the traditional algorithm.

6. Conclusions

In this paper, ILC algorithm is used to study the tracking
problem of the biomedical welding system. ,e proposed
intelligent ILC algorithm makes full use of the advantages
of p-type ILC and system correction terms. ,e ILC al-
gorithm is applied to the biomedical welding system to
improve the tracking performance of repetitive tasks and
to deal with the uncertainty of the model. Sufficient
conditions are given to ensure the convergence and ro-
bustness of the open-loop ILC system. Finally, the ef-
fectiveness of the proposed ILC scheme in the biomedical
welding system is demonstrated by a simulation example.
Future work will be focused on the implementation of
intelligent optimization methods to adjust the learning
gain matrix for ILC control recommendations in the
human soft tissue welding robot.
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