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ABSTRACT

The article introduces a method to create any 2D laser profiles applied in welding technology.
This method allows for the creation of profiles that best suit the weld characteristics and material of
the weld workpiece, thereby improving the quality, accuracy, and aesthetics of the weld and
increasing laser welding efficiency. In the study, the authors proposed a model of a 2D laser profile
generation system with a reflecting mirror and two piezoelectric linear actuators. The forward and
inverse kinematic equations were completely solved, while a control algorithm was proposed to
control the motion of linear actuators. The model is simulated on MATLAB with circular, sin-wave,
and 8-figured profiles. The obtained results show that the control profiles are almost close to the
desired ones (both shape and scan period). There is a displacement between them. With the given
simulation parameters, the displacements of the above-mentioned profiles are 0.03 mm (1.5%), 0.05
mm (2.5%), and 0.05 mm (1.25%), respectively. This shifting can be reduced by increasing the
number of samplings. The simulation results provide strong evidence for the feasibility of
implementing a practical 2D laser profile generation system based on the proposed model.

Tur khéa: Laser profile; Laser welding; Non-contact welding; Piezo linear actuator.
1. INTRODUCTION

The laser was first introduced in 1960 by Theodore Maiman at Hughes Laboratory [1]. Laser
beams can be focused on very tiny spots with high irradiance. Over a period of decades, laser
technology has been constantly developed and has made big achievements in a wide range of high-
technology fields (optical art projection, military, laser welding, biological technology, etc.).

Despite being more costly, laser welding has witnessed an increasing adoption due to its
advantages over traditional methods [2, 3]. Due to the fact that laser radiation can be constrained
in a very narrow beam and not scatter when going far away from its source, it allows to control
laser energy focusing on a small area with high density. By directly heating with a laser beam, the
temperature of local regions of workpieces can increase quickly, while other zones of the material
remain cold. As a result, different parts and even different metals are joined in a non-contact
process. This minimizes heat loss and time consumption, increases productivity, and allows the
implementation of regular, aesthetically pleasing welds in restricted conditions with minimal
intervention. Laser welding technology continues to be optimized with research into spatter
formation, which gives insights into the welding process and increases the effectiveness of welding
practices [4]. Research also focused on beam oscillation patterns, which estimate their effect on
weld characterization [5]. Studies then concentrated on laser welding for different types of
materials, for example, plastics, alloys, dissimilar metals, or the optimization of methodologies for
the laser welding process [6-8].

Basically, laser welding attaches to the procedures of creating laser profiles and then translating
and overlapping them. The laser source must not be focused for too long at one point and must be
projected evenly within the profile during the welding process. To increase efficiency, profiles
need to be generated with a shape and dimension that best suit the weld's characteristics and

Tap chi Nghién citu KH&CN qudn su, 93 (2024), 137-145 137


mailto:tqphuoc@hcmut.edu.vn

Co kj thugt & Co khi dpng lyec

materials of welding workpieces. In the laser welding industry, profile creation can be performed
using single-axis or two-axis mechanisms. The structure using a single shaft is relatively popular
because this method is easy to manufacture and control and can be used in cases of low
requirements. The drawback of this structure is that it only creates basic profiles of circular shapes.
The 2-axis profile scanning mechanism has a more complex structure, using two sets of
galvanometer mirrors. It allows the creation of profiles of any figure, but the scanning speed is
limited by the maximal oscillation frequency of the galvanometers, and the structure is relatively
bulky. Its profile ranges are dependent on the dimensions of the mirrors and the distance between
them. These disadvantages can be overcome with a proposed model using a reflecting mirror and
piezo linear actuators. The new advanced approach permits the generation of any 2D profile while
reducing the dimension of the mirror to a minimum. The reduction in the dimension of the
reflecting mirror does not affect profile ranges as long as a laser beam falls into the mirror area;
hence, it totally reduces the dimension of the structure.

In this article, the authors present research and the design of a 2D profile generation system.
Piezo linear actuators, which have small dimensions and high precision in displacement control
(nanoscale), are proposed to be used [9]. In the framework of the research, a system model is
introduced. The forward and inverse kinematics equations are fully resolved, while an advanced
algorithm is proposed and simulated.

2. METHODOLOGY

2.1. The model of 2D profile generation system

A laser application consists of different parts, basically, it includes a laser source, laser fiber
optic, profile generation system, focus lens, and profile screen (Fig. 1).
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Figure 1. The basic block diagram Figure 2. Proposed 2D laser profile
of a laser application. generation system.

In the framework of the paper, we only focus on the 2D laser profile generation system. The
system is constructed from one reflecting mirror, two piezo linear actuators, and a control driver.
Laser beams reflect only on one mirror before going to the profile screen. This, on some scale, can
reduce the loss of the laser beam in comparison to the case of a two-axis profile scanning system. In
the model, the mirror has a rigid center O. Two piezo linear actuators, AAl and BB1 are located at
a distance of d from the center. They change their displacement in the OZ direction. As a result, the
mirror rotates around the center. In order to get the desired profile, an advanced algorithm is
introduced to control these two piezo linear actuators. For building kinematic equations, we choose
a coordinate system OXYZ with the origin at the center O. The laser source is arranged on the OZ
axis, emitting a laser beam to the center of the mirror, while the AA; and BB; actuators are arranged
in the OXZ and OYZ planes, respectively. The profile screen is perpendicular to the OY axis and
keeps a distance of s from the coordinate origin. Some parameters of the model are listed in table 1.
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Table 1. Parameters of the model.

Parameters | Units |  Description Parameters | Units | Description
Mirror G: Laser source S:
Radius, Rg mm | The radius of the | Crosssection, | mm? Cross section of laser
mirror Seross beam
Piezo linear actuator AA;. Piezo linear actuator BB;.
Travel range, | mm | The travel range Travel mm The travel range of the
Xa of the actuator range, Xgs actuator BB:
AA;
Resolution, nm The minimum Resolution, nm The minimum travel of
Sa travel of the Sg the actuator BB;
actuator AA;
Profile: Position arrangement:
Y- Range, Ry | mm | Dimension of | Distance, ds, | mm | The distance from the
profile in Y- profile-screen  to  the
direction coordinate origin, default s
Z-Range, Rz | mm | Dimension of | Distance, mm | The distance from actuator
profile in  Z-| daa1 AA; to the origin O,
direction defaultd
Scanning ms | Profile scanning | Distance, mm | The distance from actuator
period, Tscan period dsB1 BB: to the origin O,
default d
Piezo control driver:
Input co Control co mmand | Output V | The output  voltage
mmand to driver range,Vo applying to piezoelectric
actuator

2.2. Piezo linear actuator

Piezo linear actuators are based on a special characteristic of materials that produce
displacement and force when electrical energy is applied to them. The advantages of piezoelectric
linear actuators over other types are higher displacement accuracy, a larger generation force, and
a higher response speed. Furthermore, it consumes low energy, has no heat generation, and has no
moving parts like gears or bearings. For the model, we can use closed-loop piezo linear actuators
with a travel range of ~1 mm, precision of < 30 nm, and a frequency of 5 kHz. This kind of device
has a travel range that meets the travel range required in simulation on Matlab (the travel range of
linear actuators in the simulation was smaller than 1 mm).

Figure 3. Example of the piezo linear actuator and its driver.

2.3. The forward kinematic equation

Based on the proposed model, we have the coordinates of the points A = (d, 0, Za), B = (0, -d,
Zg),Zs>0. Lete; =(1,0,0),e,=(0, 1,0), es=(0, 0, 1) — unit vectors of the OX, OY and OZ axes,
fi - the normal of the mirror. We have:
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While k is a scale value. Let k be chosen to ensure dk = 1. Then (1) can be rewritten as:
ﬁ:(_ZA7ZB’d) (2)
Let p- The normal of the laser beam from the source S, p=-€,=(0,0,—-1). Let
G=-p=(0,0,1) and g, - The projection of the vector g on the vector ii. We have:

(q’ﬁ)|a|ﬁ (q’ﬁ)ﬂ d(_ZA’ZB’d)_ (-a, B,

] " kR "SI el 3)

i, =cos(z<q,ﬁ»|q|%=

Where =27, /d, fp=27,/d. Let m - The normal of the reflecting laser beam on the mirror.
Based on the nature of reflection on a flat mirror, we have:

M+§ = 20, @
o o A=) (2a.2p1-0" - )
=>Mm= 2q//ﬁ q _0!2+—,32+1 (0,0,l) = aZ +'B2 =) (5)

Let P — Laser spot on the profile screen. P is the intersection of the profile screen (described by
Y =), and the laser-reflecting beam (described by r =mt ). Resolve the system functions:

r=mt;Y =s (6)
We have the coordinates of laser spot P:
-Sa  —SZ,

5z, ™
Y=s (8)

Cs(l-a® - %) s(d*-Z,0-Z.%)
Z= 28 B 2dZ,, ®©)

The formulas (7), (9) describe the forward kinematic equation for the scanning model. For X-
coordinate, when Z, -0, X—>0 , while Z, —>0,X —>o. For Z-coordinate, when
Z,2+2,—>d*, Z—0,while Z, -0, Z —>o0. So, by changing the values of Za, Zs, we can
expand the profile at any scale in two directions: OX and OZ.

2.4. The inverted kinematic equation

In this problem, we have a profile on a plane described by a parameter function. The aim of the
research is to propose a control method to derive the desired profile. It is clear that any curve in
the 2D plane can be approximated by a set of parameter functions, for example, cubic spline

interpolation. Let's take a look at a profile described by a setP={P, P,, ...,P,}, where P- A
parameter function denotes piece number i. F3I can describe as:
X; ()

ﬁ(t)=[z_ ©

}, teft,t,] (10)

where t; is the breaking point of parameter t. The length of F3I is determined by the formula:
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i+l

! =tj JX2(O+Z2 (@)t (11)

Let v, - Speed of laser spot motion when moving on the piece I5I ; T.- The time for laser spot
traveling along the piece I5I . In the case of regular motion on F3I . We have:

v, =L /T, (12)
If the speed of the laser spot remains unchanged on the total profile P, so we have:
V=|/T=Z:|i/Z:Ti:Vi=|i/Ti (13)
i=1 i=1

Where | = ZIi - The length of the total profile, while T = ZTi =T, - The total scanning time.
i=1 i=1

Let treas — Real-time parameter, t = t(trear). The instantaneous speed of a laser spot is defined as:

V(treal):Vi (treal): dll = XIZ(t)+ZI2(t)dt ZI—i = dt I

= 14
dtreal dtreal Ti dtreal T| \/X i2 (t) + Zi2 (t) ( )
Take the derivative of the left part of (7) with respect to trea, We have:
dX dX; dt X

dtreal B E dtreal ) TI «, XiZ + Ziz (15)

On the other hand, take the derivative of the right part of formula (7):
d (—sZA) _S(-Z,Zs 2+zAz'B)
dt., Z; Zg
From (16) and (17), we have:
SZ,

WX s sZy
Tz 2z Z 7

Similarly, if we take the derivative of (8) with respect to real-time trea, We get:
1.Z, _Zas S(Z2,2-2,2-d?%) 5

Ti V Xiz + Zi2 B dZB g 2dZB2 ° (18)
In the case when the speed of the laser spot remains unchanged at I /T,

IX, ——iZAJrSZAZ'B; i

N = z
Tscan \] Xi2 + Z.iz ZB Z: Tscan vV Xi2 + Z.iz dZB ’ ZdZBZ i (19)
By using a recursive process, we can calculate the dynamic parameters of the model in real time.
2.5. Control algorithm

A proposed control algorithm is shown as a follow-up chart in Fig. 4. Two linear actuators AA:
and BB; are controlled to change their displacements, then change the direction of the laser beam
in X- and Z-directions. The initial values of parameters Za, Zg are inferred from (7), (9):

dxo(zo—ﬂ/s2+x§+z§) ds(—Zo+a/sz+X§+Z§)

Z, . = D Zg =
A—init (SZ+X§) B—init (SZ+X§)

(16)

we have:

can !

1Z _=Zu +s(ZA2—ZBZ—d2) -

(20)
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Where N — Number of samplings. In the recursive process, we take the discreteness of these
control parameters. The value of dtis calculated using the following formula (14), while Va, Vs -
Derivatives of Za, and Zg are inferred from (19). The values of Zx and Zg are calculated by the discrete
integration of Va, Vs. These values are then converted to control co mmands and passed to the piezo
linear actuator control driver. The loop will end when the number of iterations reaches the

predetermined sampling number N.
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Figure 4. The flow char of the control algorithm for one scan.
3. SIMULATION AND RESULTS

For a circular profile, the input parameters are described in table 2. Fig. 5 shows the displacements
of linear actuators AA; and BB; over real-time, while Fig. 5 compares the obtained circular profile with
the profile defined by the parameter function. Displacement of control figure: 0.03 mm/2 mm (1.5%).

0.04 15
Displacement of AA1 Cir. profile by control method
Displacement of BB1 | S ptebypeamtincion
=
2 g 002 - ) S
3 E 5%
te i \‘
: 0 \ i /
-0.02 - ' - - ' TN A
0 0.2 0.4 0.6 0.8 1 1.2 . ~
time 44 0.5 [ 05 1
(in ms) Ao
Figure 5. The displacements of linear actuators over Figure 6. Circular profiles are
real-time for the circular profile. obtained by the control method and

by parameter function.
Table 2. Parameters of a circular profile.

Parameter | Tscan =1 ms | N =100 | dtrea = 0.01 ms | s=100 mm | d=2mm
Profile Parameter function Shape
Circular X = cos(t PN
] (), t€[0,272']
Z =sin(t)

For a sine-wave profile, input parameters are described in table 4. The initial coordinates of
points A and B are defined by the formula (22), Zainit = 0 ( mm), Zg-init = 2 ( mm). Fig. 7 shows
the displacements of linear actuators AA: and BB: over real-time, while Fig. 8 compares the
obtained circular profile and the profile defined by the parameter function. Displacement of control
figure: 0.05 mm/2 mm (2.5%).
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Table 3. Simulation results for the circular profile.

Vv vV Controlled
treal ¢ (A (B Displacement | Displacement profile
(ms) mmims) | mmims) Of AA; (mm) | Of BB; (mm) err(1) Y( mm)

0 0 0.0013 | -0.1257 0 0 1.0000 | 1.0000
0.01 | 0.0628 | 0.0091 | -0.1252 0.00001 -0.00125 0.9960 | 0.9960
0.02 | 0.1257 | 0.0170 | -0.1243 0.00010 -0.00250 0.9881 | 0.9881

1 ]6.2832| 0.0013 | -0.1257 0.00000 0.00000 1.0000 | 0.00000

R o
g 0.01 % -
g’g 3 é E osl
s 8< of
T p0f >
051
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Figure 7. The displacements of linear Figure 8. Sin-wave profiles obtained by

actuators over real time for sine-wave profile.  control method and by parameter function.
Table 4. Parameters for a sine-wave profile.

Parameter | Tsan=1ms N =100 dtres = 0.01 ms S r:nrlnoo d=2mm
Profile Parameter function Shape
in- X =t X =-t+2, NN
Sin-wave || p ) L tefod]: R(h)= Y te[u] XD
Z =sin(2xt) Z =sin(2xt) NN /

For any profile with spline interpolation description, for instance, the 8-figured profile depicted by
cubic spline interpolation, input parameters are shown in table 5. Table 6 shows simulation results for
the 8-figured profile. Fig. 9 depicts the displacement of linear actuators over time for an 8-figured
profile, while Fig. 10 compares the obtained 8-figured profile and the profile defined by the parameter
function. They almost coincide. Displacement of control figure: 0.05 mm/4 mm (1.25%). Fig. 10 shows
the obtained profiles with different values of sampling number N.

——— 8-figured profile by param function
8-figured profile by control method

displacement of AA1 actuator 3

of BB1 actuator

0.08 I

~

displacement
(in mm)
=]
=]
N
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(in mm)
i

0 0.2 0.4 0.6 0.8 4 = 2 A 0 1 2
time X coordinate
(in ms) (in mm)

Figure 10. 8-figured Figure 11. 8-figured profiles

profiles by proposed with N = 10, 50, 100, 200.
method and by
parameter function.

Figure 9. The length of
linear actuators over real-
time for 8-figured profile.
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Simulation results show that by applying the proposed method, we derive control profiles that are
almost close to the desired figures and reach the desired scanning period. This shows the rightness of
the theoretical results in the paper. There is a displacement between these two profiles. By decreasing
time sampling, we can minimize this shifting, but it will increase the volume of calculations.

Table 5. Parameters for an 8-figured profile.

Parameter | Tscan=1ms | N=100 | dtrewr = 0.01 ms | s=100 mm d=2mm
Profile Parameter function (Cubic spline interpolation) Shape
Breaks: [0 1.6818 2.8710 4.0602 5.7420 6.9312 8.1204]; pieces: 6,
order: 4, dim: 2; coefs: [12x4 double]:
-0.5946 1.5000 0.3483 -1.0000 -0.5946 1.5000 0.3483 -1.0000
8-figured -0.0248 0.0624 -1.2242 1.0000 0.0248 -0.0624 1.2242 -1.0000
0.4204 -1.5000 0.3483 1.0000 0.4204 -1.5000 0.3483 1.0000
0.3236 -0.0624 -1.2242 -1.0000 -0.3236 0.0624 1.2242 1.0000
0.4204 -0.0000 -1.4355 0 0.4204 -0.0000 -1.4355 0
-0.3236 1.0919 0.0000 -2.0000 0.3236 -1.0919 0 2.0000
Table 6. Simulation results for the 8-figured profile.
treal ¢ Va Vs Displacement|Displacement| Controlled profile
(ms) (mm/ms) | (mm/ms) |of AA: (mm) |of BB: (mm) | X (mm)| Y (mm)
0 0 -0.0636 | 0.2324 0 0 -1.0000 | 1.0000
0.01 0.0956 -0.1076 | 0.2159 -0.0006 0.0023 -0.9667 | 0.8830
0.02 0.1850 -0.1367 | 0.1991 -0.0017 0.0045 -0.9115 | 0.7746
0.03 0.2678 -0.1557 | 0.1850 -0.0031 0.0065 -0.8418 | 0.6750
0.98 7.9231 0.0405 | 0.2370 -0.0003 -0.0047 |-0.9885| 1.2402
0.99 8.0223 -0.0105 | 0.2404 0.0001 -0.0024 |-1.0078 | 1.1201
1 8.1214 -0.0641 | 0.2323 0.0000 0.0000 -1.0012 | 0.9987

4. CONCLUSIONS

To conclude, the paper successfully introduces a practicable methodology to build advanced
2D profile generation systems in laser welding technology, enabling the enhancement of the
quality, precision, and adaptability of welding techniques. The research has been carefully
simulated through Matlab with circular, sin-wave, and 8-figured profiles and has obtained laser
profiles closely approximating the desired figures with displacements of 0.03 mm (1.5%), 0.05
mm (2.5%), and 0.05 mm (1.25%), respectively. These simulation results provide strong evidence
of the feasibility of implementing the proposed model to build a real-profile generation system for
laser applications. In further research, the paper can focus on enhancing and fine-tuning the control
algorithm and optimizing the structure of the system to minimize divergence between the obtained
and desired profiles.
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TOM TAT

Nghién ciru thiét ké h¢ thong tao bién dang 2D ap dung trong cong nghé han laser
str dung bd truyén dong ap dién tuyén tinh

Ngay nay, cong nghé laser dwoc nghién ciru va dp dung trong nhiéu linh viee, trong dé c6
ky thudt han. Bai bdo trinh bay nghién ciru thiét ké hé thong tao ra bién dang 2D sir dung
trong céng nghé han laser. Hé thong cé thé tao ra bién dang bat ky, phii hop voi dac tinh va
vt ligu cia phoi han, tie do, lam tang chdt lwong, do chinh xdc, tinh tham my ciia moi han,
ciing nhw ndng cao hiéu sudt han laser. Trong bai bdo, nhém tdc gia dé xudt mo hinh h¢ thong
tao ra bién dang 2D sir dung mot guong phan xa va hai b truyén dong tuyén tinh ap di¢n.
Cdc phwong trinh dong hoc thudn va nghich dwgc nhom tac gia dwa ra va gidi quyét triét de,
dong thoi nhém ciing trinh bay thudt todn d@é diéu khién chuyén déng ciia cdc b truyén dong
tuyen tinh. Mo hinh dwoc mo6 phong trén Matlab voi bién dang hinh tron, hinh sin va hinh so
8. Két qua thu dwoc cho thdy bién dang thu dwoc gan nhw giong véi bién dang mong muon
(ca hinh dang va chu ky quét). C6 su dich chuyén giita cdc bién dang. Vi cdc théng sé mé
phéng di cho, d¢ dich chuyén cia cdc bién dang noi trén lan lwot 1a 0, 03 mm (1,5%), 0,05
mm (2 5%) va 0,05 mm (1,25%). Su dich chuyen nay c6 thé dwoc giam xuong bang cdch ting
$6 lan ldy mau. Cdc két qua mé phong cung cap bang chirng manh mé vé tinh kha thi ciia viéc
trién khai hé th(fng tao bién dang laser 2D thyc té dya trén mé hinh dé xudt.

Tir khoa: Bién dang laser; Han laser; Han khong tiép xuc; B6 truyén dong ap dién tuyén tinh.
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