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Abstract: Selective laser melting (SLM), a metal powder fusion additive manufacturing process, has
the potential to manufacture complex components for aerospace and biomedical implants. Large-
scale adaptation of these technologies is hampered due to the presence of defects such as porosity
and part distortion. Nonuniform melt pool size is a major cause of these defects. The melt pool size
changes due to heat from the previous powder bed tracks. In this work, the effect of heat sourced
from neighbouring tracks was modelled and feedback control was designed. The objective of control
is to regulate the melt pool cross-sectional area rejecting the effect of heat from neighbouring tracks
within a layer of the powder bed. The SLM process’s thermal model was developed using the energy
balance of lumped melt pool volume. The disturbing heat from neighbouring tracks was modelled
as the initial temperature of the melt pool. Combining the thermal model with disturbance model
resulted in a nonlinear model describing melt pool evolution. The PID, a classical feedback control
approach, was used to minimize the effect of intertrack disturbance on the melt pool area. The
controller was tuned for the desired melt pool area in a known environment. Simulation results
revealed that the proposed controller regulated the desired melt pool area during the scan of multiple
tracks of a powder layer within 16 milliseconds and within a length of 0.04 mm reducing laser power
by 10% approximately in five tracks. This reduced the chance of pore formation. Hence, it enhances
the quality of components manufactured using the SLM process, reducing defects.

Keywords: additive manufacturing; selective laser melting; feedback control; manufacturing process;
melt pool area

1. Introduction

Additive manufacturing (AM) of metal parts has the potential of producing complex
and integrated designs with ease and the supplementary advantage of cost and weight
reduction. There are many metal-based AM processes, but laser powder bed fusion (LPBF)
imparts better density, strength, and geometric tolerance. Parts produced by the LPBF
process are used in aerospace [1,2] and medical implants [3,4]. In LPBE, parts can be built
using one of two techniques: selective laser melting (SLM) and electron beam melting
(EBM) [5]. This work focused on the SLM process in which a metal powder is melted by
a high power laser [6]. The SLM process starts by slicing a CAD design into thousands
of layers according to the layer thickness. The powder is spread on the build plate and
the layer is laser scanned according to a predefined laser scanning strategy in each layer.
This sequence is repeated until all the layers are scanned [7]. A final part is welded to
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build a plate that is separated by conventional machining techniques. After the sintering of
one layer is finished, a new thin layer of powder is spread on top, and then another cycle
begins. However, there is no guarantee that parts manufactured by LPBF technologies will
fulfill the structural requirement of a specific application.

Currently, the inability to guarantee specific material properties is holding back their
adoption [8]. Defects in parts produced by SLM can be categorized as geometric or
dimensional, mechanical, and physical [9]. All these defects are due to perturbation of
the melt pool from nominal size; an undersized melt pool results in lack of fusion and
related defects, such as delamination, and an oversized melt pool results in keyhole related
defects such as porosity [10]. Continuously varying melt pool geometry also results in
degraded micro structural properties such as grain size and morphology, and consequently
mechanical properties such as yield strength and fatigue strength are weakened [11]. It
has been realized that the use of control techniques to control the melt pool geometry is
inevitable [12].

Various melt pool parameters such as length, width, depth, surface area, and cross-
sectional area of the melt pool have been used for the control of melt pool geometry [13].
Earlier literature on AM control focused on the control of process parameters for direct
energy deposition (DED), but recent researchers have been working on the process con-
trol of SLM process due to enhanced applications. The literature of the DED process
presents the use of PID control, feedback control for clad height [14], predictive control
for clad height and temperature [15], multivariable melt pool geometry and temperature
control [16], feedforward control for clad height [17], model-based PI control to regulate
temperature [18], and model-based feedforward control for part height [19]. In the DED,
the powder deposition occurs via the deposition of a controlled amount of powder in the
melt pool.

To maintain the melt pool geometry in DED, powder flow rate, laser power, and laser
speed are the controlled inputs. Whereas SLM is a powder bed fusion process, and the
most common manipulated parameter is laser power for maintaining melt pool geometry.
In this regard, however, very few studies are seen in the literature. Such studies for SLM
process control include repetitive control [20], iterative learning control [21], model-based
feedforward control [22], and passivity-based iterative learning control [23]. In earlier
work, Creagh et al., [24] used system identification to obtain a second order model for melt
pool dynamics and the PI controller was used for melt pool regulation.

Ranken et al. [25], used sensor-based adaptive self-learning control for melt pool
modulation for the SLM process. The same authors used model-based feedforward control
using a finite element heat simulation in combination with feedback by the thermal sensor
for temperature control of SLM [26]. In another work, the feedforward control strategy was
used for temperature regulation of the SLM process [27]. These control systems can build
parts with improved geometrical accuracy compared to an open loop process. However,
they are unable to remove the effect of heat from previously scanned tracks in a layer and
heat from layers scanned earlier. This work presents the melt pool model-based feedback
control of SLM process which captured the melt pool dynamics by considering the effect of
heat coming from previous tracks of a layer.

The SLM process was modelled in this study using a lumped parameter approach.
The model incorporated the effect of heat in the form of energy from previous tracks. This
approach was originally developed by Doumanidis and Kwak [28] for modelling of direct
energy deposition (DED), and Wang et al. [22] modified the feed model forward control
of SLM. The lumped parameter model in SLM is based on the conservation of energy
principle whereas, in DED, Doumanidis and Kwak [28] used the conservation of mass
and energy principle. In both models, the temperature of the first track is taken as the
initial temperature of the chamber. This initial temperature increases during the laser
scanning due to energy coming from previously scanned tracks and increases the lumped
temperature of the melt pool. High melt pool temperature varies the melt pool dimensions
and reduces part quality.
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The effect of energy coming from previous tracks was modelled as a transient moving
heat source solution [29]. This solution neglected the heat loss from the substrate surface
due to convection, conduction, and radiation. In this paper, simulation results of the
feedback control of a melt pool cross-sectional area of SLM based on linearization of
lumped parameter model of melt pool are presented. The initial temperature of later tracks
was modelled by considering the moving heat source solution on the plate surface. The
remainder of this paper is structured as follows. In Section 2, the lumped model of the SLM
system is given that describes melt pool geometry, the energy balance of melt pool volume,
and the periodic variation of initial temperature in a layer. In Section 3, the feedback control
scheme is synthesized. In Section 4, the results of simulations are presented and discussed.
Conclusions are given in Section 5.

2. Modelling

In this section, a model for the thermal melt pool dynamics is presented based on
the heat conduction equation in the build part. The model was subsequently linearized
at steady-state melt pool conditions. The model was based on the lumped parameter
approach and energy balance of the melt pool. To increase the fidelity of the model, a
disturbance model was added to process dynamics to account for the neglected thermal
interactions. The model gives an understanding of exactly how the structured disturbances
impact the dynamic system. In the following subsections, the geometrical model of the
melt pool and the disturbance model are developed.

2.1. Analytical Lumped Parameter Model for Melt Pool Geometry

There are many models for melt pool developed in the literature [14,18,30-32], and
these models describe the melt pool details for laser cladding or the material deposition
additive manufacturing process. Analytical control-oriented models of the selective laser
melting process are rare in the literature. In this work, a mathematical model based on the
lumped parameter approach reported by Wang et al. [22] has been implemented but the
effect of heat coming from previous tracks has been modelled by a transient moving heat
source solution [29] instead of a steady-state moving heat source solution. This analytical
model was used to describe the laser and metal powder interaction and was subsequently
used for model-based feedback control and heat disturbance rejection in the SLM process.

The model provides a dynamic description of the molten puddle, expressed in terms
of laser power, melt pool cross-sectional area, and laser heat source motion. The laser scans
different tracks in any layer according to the hatch scheme as shown in Figure 1, which
also depicts important process parameters such as hatch spacing, layer thickness, and melt
pool parameters such as width and depth. There is a solid substrate below the current
layer, melted and unmelted powder. The conservation of energy principle was applied
to a melt pool puddle of ellipsoidal shape. The rate of internal energy accumulation in
the puddle is equal to the difference of the power inflow by input laser and outflow due
to the solidification of material and the external heat transfer rate from the surface of the
control volume.

2.2. Energy Balance of Melt Pool Volume

The model is based on the first law of thermodynamics applied to the ellipsoidal
control volume of the melt pool. The rate of change of energy of ellipsoidal volume is
equal to the power added by a laser source and power loss due to material solidification,
convection conduction, and radiation as described by Equation (1).

LoV (te(t)) = —pA(t)v (1)epnQ(t) — Astts (T(t) — Tinir)— 1)
Acgag (T(t) = T,) — Ageo (TA(t) — T3)
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Figure 1. SLM process parameters: laser power, scanning speed, hatch spacing, and layer thickness.

The term on the right hand is the rate of change of energy of contents of the melt
pool. The left hand side represents how this change is brought about. In Equation (1),
e(t) represents the specific internal energy of the melt pool. Product of powder density
p and melt pool volume V(t) is the mass of powder in the ellipsoidal melt pool. The
specific internal energy e(f) is measured with respect to ambient temperature, T, as shown
in Equation (2). T}, is melting temperature and c; and c; are the specific heat capacity of
solid and liquid states, while hg; is the latent heat of fusion.

e(t) =cs (T — Tp) + hsp +¢;(T(t) — T) )

The first term on the right hand side of Equation (1) is the power lost during solidifica-
tion or material leaving the melt pool. The product of p, A(t) and v (¢) denotes the rate of
mass solidified and e, is the specific energy of the solidified material, given as Equation (3).

€p = Cs (Tm - Tinit) 3)

The other three terms on the right hand side of Equation (1) represent the total thermal
power exchange at the melt pool boundaries. Q is the input laser power acting at the
top surface of the melt pool and the other terms are loss of power by conduction to the
substrate, loss by convection, and radiation from the free surface, respectively. A(t),
denotes the maximum cross-sectional area of the melt pool, Ag represents the area of
the melt pool interface with the substrate and Ag is the melt pool interface with the free
surface. 0 = 5.67 x 1078 W/(m?.K*) is the Stefan-Boltzmann constant. as , is the convective
heat transfer coefficient, and a is the conductive heat transfer coefficient modelled as
convection. Tj,; in Equations (1) and (3) represents the initial (or prescan) temperature, of
the track just before the laser strikes a particular point in a track. Tj,;; is equal to T, for the
first track, but for the second track and onwards this temperature is changed due to the
power coming from previously scanned tracks.

2.3. Model Reduction

The melt pool model described by Equations (1)—(3) was reduced using the following
assumptions. This model simplification is to distil the essential model structure and to
increase understanding of the model.

a.  The melt pool shape is assumed to be a half 3D ellipsoid as shown in Figure 2.
If I, w, and d are the length, width, and depth of half ellipsoid, then the volume
and cross-sectional area of the melt pool are given by V() = (Z)w(t)d(t)I(t) and

T

A(t) = (F)w(t)d(t), respectively. The area of the melt pool interface with the sub-
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strate is given by Ag = 4= wdl)z/ ° and the area of the melt pool top surface is given

£
b.  These volumes and areas are further simplified by considering the constant width to
length ratio of the melt pool defined as § = !/w and the constant width to depth ratio
of the melt pool defined as = w/a.
Melt pool volume V (t) interfaces with the area of top free surface Ag, and interfaces
with the substrate Ag are further expressed in terms of r and g as:

V(t) = AAY2(t) where A = 4(r/7)"*B, and
As(t) = AsA(t) where Ag = 2338/, and
Ag(t) = NgA(t) where Ag = 1.
c.  Melt pool temperature T(t) changes much faster than melt pool volume, so it is

assumed that temperature T(t) reaches steady-state temperature Ts; and can be
modelled with a constant percentage y times the melting temperature T, as given in

Equation (4).
Tos — T = ,uTm (4)
— A
— AS
\ ________ Ac
l PIEBI

Figure 2. Melt pool (Lateral view) describing the layout of dimensional parameters and areas.

The value of this constant factor y depends on the type of powder used for the SLM
process. By substituting Equations (2) and (3) in Equation (1) along with the geometric
variable definition described above, Equation (5) is obtained.

3ApeA(1) “G = —pA(D)Y ()epQ(t) — Astts (T(H) = Tinir) ~ )
AG‘XG (T(t) = Ta) — Ageo (TH(t) — T7)

Equation (5) is expressed in functional form, as given in Equation (6), to reiterate the
fact that the rate of change of melt pool area is the function of Tj,;.

d/}TEt) = f(A(t), Tini) + g(A(t)).Q(1) ©)

where f(A(t), Tiy;) and g(A(t)) are further elaborated in Equations (7) and (8).

f(A mzt (%/\Pe) 1{PV Cs(Tm mzt) + As“s[(l + V)Tm - Tinit]+

Aczxc[( )T — Tal + A | (1+ ) T — T4 | A2 )

-1
s(4) = (3r0c) ®
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Equations (6)—(8) represent the reduced model of the melt pool area of SLM where
Tyt is described if needed.

2.4. Disturbance Model

SLM parts with an overhanging feature are challenging to build. In the overhanging
section of the part, heat is accumulated due to the poor thermal conductivity of the under-
lying powder. As a result, melt pool size, cooling, and solidification rates increase [33,34],
which ultimately affects the microstructure of the part. Due to the higher energy density
of laser and slow cooling rates residual stress is generated and results in defects such as
warping [35] and loss of corner [10].

From the experiments in the literature, it is observed that the geometry of the melt pool
is increased due to heat accumulated from previously scanned layers and tracks, which
will cause the current track to be scanned preheated by the heat accumulated in the existing
part. For a multitrack build illustrated in Figure 3, the initial (prescan) Temperature Tj,;; at
a point of interest, for example in track 6, is shown in Figure 3 with coordinates (x, y, z)
equal to the ambient temperature plus the summation of temperature contributions from
all past tracks. The computation of Tj,;; is briefly summarized as follows.

- - -

-
— o~ on (Ta) (Vo) =
> > e > o> >
[ [=] [} [=] [=] [=}
I o P c o I
— L — — — —
— — — — — —

Figure 3. A description of the intralayer disturbance model due to the previous track’s heat. The heat
coming from previous tracks increases the initial temperature of the current track being scanned.

Tinit is changed due to the energy coming from previous tracks and is modelled,
given as Equation (9), using the transient moving point heat source solution developed by
Carslaw and Jaeger [29] with the assumptions of no radiant loss, no melting, and constant
thermal properties over the temperature range concerned. The heat loss from the substrate
surface due to convection, conduction, and radiation is, however, already included in the
energy balance equation. In Equation (9), ‘' is the current time, f is previous time, and x, y,
and z are the corresponding distances from the laser source.

(x=V (t=1))*+—vo)*+(z=20)°
Py t e"”{ ax(t-7) ,
Tinit = To+ 3 / —3 dt )
20Cp (k)2 /0 (t—1)?

The temperature solution can be further derived by integrating f from 0 to t as given
in Equation (10).

P Vx\ [® VZR?\ 1,
Tinit = To+1136xp<2> / < ExP {—‘32 - (16“)}6&: (10)
ZRkt(ﬂf)z K 622\/717 k=G
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where R = \/ (x— x0)* + (y — yo)2 + (z — 20)?, tis the current time,  is previous time,
X, y, and z are the corresponding distances from the laser source, and ¢ is an integration
variable that leads to the concise expression.

3. Controller Design

This section presents the state feedback PID controller designed using the linearized
analytical model of the thermal melt pool dynamics, presented in the previous section.

3.1. Problem Formulation

The goal was to design a feedback-controlled close loop system that regulates the melt
pool area by adjusting the laser power. The control problem was formulated as follows.
Assume that the laser power Q in sintering is the only control variable, with other process
parameters fixed. The control objective was to regulate Q(t) in each track such that a melt
pool cross-sectional area is kept constant.

3.2. Control Scheme

The proposed control scheme comprises a proportional-integral-derivative (PID)
controller to maintain the melt pool area at a specified set point by adjusting the laser
power. The PID controller was selected as this was the simplest classical feedback, yet
a powerful controller used in industrial applications. The controller was designed such
that it maintained the melt pool cross-sectional area overcoming the disturbing heat with
minimum settling time and overshoot. The PID controller was designed and implemented
in a MATLAB® environment for the system such that it controlled the laser power to
achieve the desired area minimizing error in that area. PID control was implemented using
a feedback system that formed a closed loop. The control law is synthesized as given in
Equation (11).

" de
w= K,,e+1<i/ e+ Kty (11)

where e is given as Equation (12) having A,.¢ (Desired melt pool area) and Agc+ (Actual
melt pool area) at a time instant.
e = Aref — Aact (12)

The actual melt pool area is computed, given in Equation (13), as the sum of the area
generated by the disturbing temperature from the previous tracks (A;) and the melt pool
area developed by the laser itself at the current instant (A).

At = A+ Ay (13)

The controller was implemented tuning the gains: Proportional gain K, Integral gain
K;, and Derivative gain K;. All three control modes (Proportional-Integral-Derivative),
when combined enable the controller to produce no steady-state error. This also enabled
the system to be oscillation-free. The proportional parameter corrected the response rate
to error minimization. It reduced the rise time while the steady-state error was reduced
but not eliminated. The integral parameter corrected the sum of errors over time, hence
reducing steady-state error. The derivative parameter controlled the rate of change of error.

The control architecture as a block diagram is shown in Figure 4. For a case study,
the steady-state reference area was set as 1.1 x 1078 m?. The controller corrected the
laser power proportionally to the error of the minimum area relative to the set point.
The disturbance block calculated the change in melt pool area due to heat coming from
previously scanned tracks. This area was added to the area calculated from the SLM model.
Since the laser power bandwidth is very fast compared to the thermal response time of the
process, the proportional gain parameter plays in the tuning of the controller response.
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Figure 4. Schematics of the laser power controller architecture.

4. Results and Discussion

In this section, the simulation results are presented. In open loop simulations, the
effects of heat coming from previous tracks were simulated and are discussed. In close
loop simulations, PID control was implemented for two different cases of the disturbance
model. The main idea of PID control is that it regulates the laser power to keep the melt
pool size constant. The performance of the PID controller (overshoot, rise time, and settling
time) was tested with and without disturbance of temperature from previously scanned
neighbouring tracks. The disturbance was implemented as an artificially increasing initial
temperature at the current laser position. The initial temperature was modelled by an
analytical moving heat source solution at the end of each track.

4.1. Open Loop Simulations Results

Open loop simulations were carried out to see the effect of the disturbing heat from
previous tracks on temperature and the melt pool area using the developed model. The
model predicted temperature as an initial temperature that causes this disturbing heat.
Inconel 625 was chosen as a working material and its thermal properties are given in Table 1.
The values of parameters “r” and “” were taken from the literature [36]. The model was
simulated for the laser scan of five tracks with a content laser power of Q =250 W. The
length of each track was 10 mm and the hatch spacing was 0.1 mm. The scan strategy
was the same as shown in Figure 3. The scan speed was 800 mm/s and the skywriting
time (the time to move from one track to another track) was not considered in the initial
simulation. One of the limitations of the model was that thermal parameters such as
thermal conductivity, density, and latent heat, which are in general temperature dependent
are considered as constant. The effect of heat from previous tracks was modelled by the
transient moving point heat source solution of Carslaw and Jaeger [29].

The initial temperature was considered as the ambient temperature of 292 K. The first
track simulation results showed that the melt pool cross-section area reached a steady-state
value of 1.1 x 1078 m?. In the second and subsequent layers, the initial temperature
gradually increased as shown in Figure 5. Due to this increased temperature, the melt pool
cross-section area shows an increasing trend that gradually increased as shown in Figure 6.
Thus, the presented model predicted the effect of the heat from previous tracks.
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Table 1. Material properties of Inconel 625.
Parameter Value
Density: p 8840 kg/m?>
Thermal Conductivity: k 9.8 W/m-K
Thermal Diffusivity: a 30,914 mm? /s
Melting Temperature: Tm 1568 K
Specific Heat of Solid Inconel: Cp 550]/kg-K
Specific Heat of Molten Inconel: Cp 680]/kg-K
Solidus Temperature: Ts 1290 K
liquidus Temperature: Ts 1350 K
Latent Heat: Hf 22,700 ]/kg
Absorption: 1 40%
Convection Coefficient: as 2 x 10° W/m2.K
Heat Transfer Coefficient: oG 20 W/m?2-K
Temperature Ratio: p 0.2
Melt Pool Width to Depth Ratio: r 1.75
Melt Pool Length to Width Ratio: 3 10
T T T T T T
1000 [~ _
< 800 1
@
]
o
g 600 B
5
H
400 -~
Track 1 -
> Track 4 Track 5
-~ Track 2 Track 3
200 I | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 5. Melt pool model’s initial temperature variation along each track.

8
1.45 10

14 n

1.35

1.25

Increase in melt pool
crosssectional area (m2)

115
Track 1 Track 2 Track 3 Track 4 Track 5

1.1

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 6. Melt pool area variation along each track due to heat coming from previously
scanned tracks.
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4.2. Closed Loop Simulations Results

The dynamic model of the melt pool cross-section area was nonlinear. The model was
linearized at steady-state conditions. The linearized model was of the first order. Two cases
were simulated and the PID control law was adopted for regulating the melt pool size by
modulating the laser power.

4.2.1. Case 1: Disturbance due to Environment Temperature, T;,,; = 290 K

In first case, the model was linearized by fixing the initial temperature at 290 K. This
was the initial temperature of the first layer in the model. The linearized model transfer
function was first order given by Equation (14).

A(t)  3935x1078
P(t)  1+1101

(14)

Simulation results given in Figure 7 show that the laser power at 250 W maintained
the steady-state melt pool area. The PID gains were tuned for a rise time of 3 ps. It also
showed that the laser power remained constant once settled. This is because the input
disturbance remains constant after a step change in it.

T T T T T T
250 —(\ =
g
= 200 f i
v
3
o
A~
bl
<3
& 150 7
=
1 00 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
Figure 7. Laser input power for all tracks for case 1. i = 290 is considered as a disturbance.

4.2.2. Case 2: Disturbance Due to Previous Tracks

In the second case, the initial temperature was varied using a transient moving heat
source solution to model the effect of heat coming from previous tracks. The model was
linearized at a steady-state value of the melt pool area and the corresponding first order
transfer function is given by Equation (15).

A(t)  3935x10°8
P(t)  1+13.23

(15)

In the control problem, the initial temperature was varied due to heat from previous
tracks. This initial temperature was considered a disturbance and was used to calculate
the change in melt pool area due to perturbed initial temperature. This disturbed area was
added to the output area of the linearized model. The PID controller was used to minimize
the effect of temperature disturbance. Results in Figure 8 show that the melt pool area
was regulated to the reference value. During the laser scan of the first layer melt pool area,
it reached a steady-state value of 1.1 x 1078 m? within 16 milliseconds. When the laser
started the scanning of the second layer, the melt pool area was disturbed by energy from
the previous track. This disturbance was rejected by the well tuned PID controller. In the
third track laser scanning, the disturbance model incorporated the effect of energy from
the first and second tracks. Thus, the disturbance effect increased but it was well regulated
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by the PID controller. The disturbance rejection in the second, third, fourth, and fifth tracks
is shown in Figure 9.

-9
12 X10 T T T T T T
NA 10 [ T
£ x10%
© 1
= o E
S %‘ o5
o <
2 6 * a
[}
= 0 : 3 : y : :
0 0.002 0.004 0.006 0.008 0.01 0.012
Time (s)
4 - -
| | | | I |
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 8. Melt pool area regulated by PID control for case 1, Tj,; = 290 is considered as a disturbance.
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Figure 9. Melt pool cross-section area is regulated by PID control scheme for the five tracks considered

in the simulation.

The melt pool area was regulated by modulating the laser power. Figure 10 shows the
variations of laser power beyond the first tracks to compensate for the area change due to
extra heat from previous tracks. The laser power was decreased at the beginning of the
second track and then gradually increased by the controller to account for the energy input
from previous tracks. During the first track, the laser power remained constant at 250 W
but varied along the second and further tracks. The results showed that the laser power
was reduced by 10% in the fifth track but produced the same melt pool area as desired. The
PID coefficients used for simulation of the disturbance rejection during regulation of the
melt pool area are shown in Table 2.
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Figure 10. Laser input power variation across each track. Laser power decreased at the start of each
scan to keep the melt pool area constant.

Table 2. PID parameters.

Case Settling Time (s) Rise Time (s) Kp Ki Kd
Tini =0 3.62 x 1074 292 x 1073 1.13 x 1010 9.23 x 1013 531 x 10°
Tini =290 296 x 1073 257 x 1073 1.99 x 10U 791 x 1013 463 x 10°
T;,: by Disturbance Model 5.05 x 107 9.65 x 107 9.99 x 1011 9.99 x 101! 991 x 108

The settling time of the melt pool area to the desired area, after disturbance, was fast
as given in Table 2. The melt pool returned to a steady-state value before the laser had
travelled 0.04 mm distance along the track of 10 mm. As a result, no key hole was made
and gases were not trapped in the melt pool to cause porosity. Therefore, the PID controller
performed well in maintaining the cross-sectional area and reduced the laser power as
the laser moved ahead on tracks of a layer. This controller used the disturbing heat as
source power and reduced the proportional amount of actual laser power. Hence, it kept
the power within a critical value and reduced energy consumption too. This precluded key
hole formation in the vicinity of the beam axis, which ultimately evaded the pore formation
that was the main cause of the metal additive manufactured part failure. However, as
expected, the performance of the PID controller was not robust since the controller is
widely known to be not robust and quite vulnerable in adverse operating conditions. This
is also due to the fact that PID controller gains are normally designed to be fixed for all
conditions and thus are not optimized or adapted for different settings, environments, and
conditions. Moreover, the mechanical properties of the SLM part are important and are
related to uniform melt pool. If the melt pool is not uniform, it could result in defects
such as pore formation and cracks. The presence of these defects reduces the strength and
fatigue life of the part. Using a control strategy the defects were reduced and ultimately
mechanical properties were improved. This may be proved by characterization of parts
produced without feedback control and with feedback control in future.

5. Conclusions

In this work, a model-based regulation of melt pool geometry is presented. The model
was based on the energy balance of a half ellipsoidal melt pool and disturbance energy
from adjacent tracks of a layer of fusion bed of the SLM process. The model had a nonlinear
dynamic and was linearized for the design of a control scheme. This model described
the dynamics of the melt pool area as a function of initial temperature. The model was
applied in two different scenarios. In the first case, the disturbance as an initial temperature
was kept fixed as ambient temperature, and in the second case, the disturbance as initial
temperature was considered changing over the tracks as the laser scanned the track. A
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disturbance model based on melt pool area variation due to heat from previous tracks was
used to accommodate the energy coming from previous tracks. The PID-based closed loop
feedback control system was designed to ensure uniform melt pool cross-sectional area
in the presence of disturbance in selective laser melting by controlling the laser power.
Simulation results have demonstrated the importance of PID control to regulate the melt
pool area successfully. The results showed that the proposed PID controller stabilized the
melt pool cross-sectional area during each track scan minimizing the error. This study
indicates that feedback control is a good option in variable disturbance rejection. The
proposed approach can be validated by in situ melt pool measurement or by comparing a
single layer built with or without melt pool area regulation by altering laser power. The
future work will be to enhance the model considering an enriched analytical solution as
well as to design an advanced controller for disturbance rejection applying a nonlinear
melt pool model and a further reduction in instability of the melt pool area.
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Nomenclature

Symbol  Description

V(t) Volume of half ellipsoidal melt pool

Ag Melt pool interface with the substrate
Ag Melt pool interface with top free surface
r Constant melt pool width to depth ratio
B Constant melt pool length to width ratio
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