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In situ monitoring during the selective laser melting (SLM) process is a promising
solution to mitigate defects and improve the quality of as-built parts. However, the
existing monitoring platform lacks collaborative control of the process monitoring
components, and as a result, it cannot realize a real-time and accurate signal
acquisition at a close distance and multiple angles during the whole printing
process. In this paper, driven by multiple motors, an off-axis monitoring platform is
constructed that enables movement in conjunction with the scraper and laser
beam. A fuzzy control-based velocity optimization is proposed to avoid the shock
effect on the imaging quality of the CMOS camera and the collision of the scraper
and laser. The error between the current location and target location of the molten
pool is utilized as the input of the fuzzy controller. Then, the parameters of the PI
controller of the stepping motor are dynamically adjusted. ADAMS and SIMULINK
co-simulation are conducted to verify the feasibility of the fuzzy algorithm. Finally,
the experiment of collaborative motion and the responses of each module are
conducted. The results show that with the proposed collaborative platform, the
response speed of the system is improved by about 49.6%, and the initial speed of
the motor is decreased by about 12.6%, thus avoiding excessive acceleration of the
motor. The response time of each motor is ahead of schedule by about 31.8%,
which meets the requirements of motion response for SLM process monitoring.

KEYWORDS

SLM monitoring technology, collaborative control, fuzzy PID control, ADAMS and
SIMULINK co-simulation, additive manucatruing

1 Introduction

Selective laser melting technology is a kind of metal additive manufacturing technology
that is widely used in industrial fields, biomedicine, aerospace, and other manufacturing
fields. However, the development of the SLM process has been hindered due to defects such
as spheroidization, warping deformation, and fracture in the printing process (Higashi and
Ozald, 20215 Jia et al., 2021; Wang et al., 2022), which are not only caused by the mechanical
properties and geometry of powder particles but also by the process parameters, such as the
laser power of the SLM device, the thickness of the powder layer, the laser scanning speed,
and others (Grasso et al., 2018; Caiazzo et al., 2019; Okten and Biyikoglu, 2021). The powder
exhibits different states during the process of heating, melting, and solidification, which tend
to release complex acoustic, optical, and thermal signals. Therefore, it is of great significance
to monitor the complex signals of different powder states and realize the online adjustment
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FIGURE 1
Framework of the whole control system.

of the parameters in the printing process for improving the quality of
the printing parts (Aminzadeh and Kurfess, 2019; Peng et al., 2022).

However, achieving the acquisition of the signal in the SLM
process is still a challenge. The optical signal in the SLM process
mainly comes from the molten pool, spatters, and other phenomena
produced in the process of powder melting. The acquiring and
processing of optical information in the molten pool via optical
devices is a common method for monitoring laser printing (Lin
etal, 2022a). Lin et al. (Lin et al., 2022b) used a high-speed camera
to record the molten processing and analyzed the dynamic
characteristics of the molten pool. The monitoring methods,
according to the installation position of the high-speed camera,
can be divided into off-axis and coaxial monitoring. The off-axis
method is generally achieved by mounting the camera lens at a
constant angle and without affecting the printing equipment’s
path to the
(Gunenthiram et al., 2018) set the high-speed camera lens at a 0°

optical forming area. Gunenthiram et al.
and 60° angle off the forming area to monitor the ejecting powders
and spatters. Montazeri et al. (Montazeri and Rao, 2018) mounted a
high-speed camera parallel to the observation window and off the
forming plane at 43° to capture the thermal form of the molten pool
at a distance of 162 mm. However, due to the effort of the
observation window, the long shooting distance of the camera,
and the small size of the molten pool, it is difficult for the
sensors to focus on the target. Moreover, the camera cannot
successfully identify the molten pool due to the filter window
(Matilainen et al., 2015). Coaxial monitoring is a method of
collecting reflection signals in the molten pool simultaneously on
the laser optical path (Lane and Yeung, 2020). The light path of the
high-speed camera is set parallel to the laser light path, which
ensures that the high-speed camera can accurately capture the
light spot of the molten pool (Li et al, 2022). Alkahari et al.
(Alkahari et al, 2014) photographed the molten pool on an
experimental SLM device with a high-speed camera and telescope
lens perpendicular to the forming area.

Whether coaxial or off-axis monitoring, the common
disadvantage is that they cannot track the target from different
angles, which would provide more valuable information. Due to the

poor collaboration between the SLM device and monitoring device,
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it is difficult to realize real-time and efficient signal acquisition in the
whole printing process. In addition, if the monitoring platform is
installed in the forming chamber, it is necessary to consider the
interference from the closed chamber space, scraper, dust, laser, and
spatters caused by the interaction between the laser and the powder.
Therefore, the location of the monitoring platform at each time beat
is accurate and timely to avoid collisions. The space in the original
forming chamber is redivided (in Figure 1) to realize the
collaborative control of the monitoring device and SLM device
driven by multiple motors in the forming chamber. The specific
implementation method is shown in the following chapter. In the
collaborative control system, the motors’ sensors drive the
horizontal X and Y motion, pitch motion, and rotation motion.
In this paper, the stepper motor is selected to drive the horizontal
movement according to the comprehensive consideration of the
control accuracy, application scene, and operation cost.

During the laser acting on the powder, the size of the target
molten pool is small, with a diameter 0.1 mm, and the laser scanning
speed can reach 3,000 mm/s. Hence, the stepper motor for driving
the motion of the monitoring platform is required to achieve a high-
accuracy positioning smoothly and rapidly to photograph the small
molten pool. Due to the cantilever structure of the monitoring
platform, the unstable speed response could easily lead to dislocation
and shaking of the sensors. The stepper motor’s operating torque
decreases with the increase of speed, and the strength of the current
is related to the frequency of the control signals sent by its controller
(Kukla et al. (Kukla et al., 2016)). Tarkowski et al. (Tarkowski et al.,
2016) studied the frequency of the stepper motor in the starting
process, and their results showed that selecting a proper starting
frequency for the stepper motor could effectively reduce the
problems of overshoot or out of step. The acceleration and
deceleration curves of the stepper motor are very important for
the stable operation of the system. Zhang et al. (Zhang et al., 2017)
designed a new type of S-shaped velocity running curve, which had
less vibration and was more stable than the traditional trapezoidal
curve.

To ensure the motion’s stability and improve the accuracy of the
monitoring device in the collaborative control system, an intelligent
algorithm to optimize the parameters of the control process is an
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ADAMS simulation model.

attractive research topic (Hu, 2022). The fuzzy control algorithm has
been verified to adjust the parameters of the control object by
establishing fuzzy rules in line with different running states
(Jirasuwankul and Manop, 2017). Wang et al. (Wang and Cao,
2020) optimized the sliding mode observer in the closed-loop
control system of stepper motor by using a fuzzy algorithm and
realized the optimal control by adaptively adjusting the observer
gain, and the results showed a good tracking effect on its speed and
displacement through experiments. Ghanooni et al. (Ghanooni
et al, 2020) proposed an adaptive fuzzy control algorithm to
improve the robustness of speed tracking for a stepper motor,
which could
different working conditions and have advantages in a non-linear

eliminate the resonance and vibration under

system and in improving speed response accuracy.
of the
close-range

In conclusion, the collaborative control method

monitoring platform realizes the multi-angle
acquisition of molten pool signals by avoiding SLM scraper
movement. Therefore, it is meaningful to optimize the
X-direction driving device of the monitoring platform. The
optimization of the movement of the monitoring device to evade
the scraper is to ensure the monitoring process is safer and more
reliable. Other motions are required, such as rotation for adjusting
the poses of the camera, but they have no limit of rigorous time. The

main work of this paper is as follows.

(1) The dynamical model of the co-simulation platform is
established through the ADAMS virtual prototype. The
timing logic of the collaborative control and the stepper
motor drive system are constructed based on the SIMULINK
model.

(2) The performance of the proposed fuzzy algorithm is compared
with the classical algorithm through a co-simulation and
experiment to verify its feasibility. The cooperation between
the SLM device and monitoring platform is then tested to
validate the collaborative control system.

2 Methods
2.1 Modules

The collaborative control system comprises an execution
module, a communication module, and a timing sequence
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module (in Figure 1). The functions and implementation

methods of each module are introduced as follows.

(1) Executive module. The executive module includes a
monitoring device and a printing device. The monitoring
device mainly consists of a mechanical platform and four
motors. The CMOS camera and other sensors perform XY
translation motion, rotation motion, and pitching motion in
the forming chamber, and the corresponding motors are
defined as X, Y, Z, and F motors (in Figure 2). The X
motor and Z motor are mainly used in conjunction with
the motion of the scraper to achieve collaborative control.
The F motor is mainly used to adjust the pitch angle of the
CMOS camera, so as to capture the morphologies of the
molten pool at different angles, while the Y motor is mainly
used to adjust the horizontal position of the sensors to find the
location of the target molten pool.

(2) Communication module. The STM32 microcontroller works as
the control unit for the monitoring platform. On the one hand,
it receives signals of the scraper movement (end of powder
spreading) and laser signal (end of printing) through Ethernet
from the SLM device. On the other hand, it sends control signals
to the motors. A host computer is used to adjust the running
parameters of the motors and displays the running state of the
monitoring platform.

(3) Timingsequence module. This module realizes the collaborative
control between the SLM device and the monitoring platform by
analyzing the communication signals from the SLM device.
According to the operation of SLM, it defines the motion timing
of the monitoring platform. The purpose of the timing logic is to
efficiently reorder and match the printing process and ensure
that the sensors and the scraper do not collide during the
powder feeding, laser working, and the monitoring platform
moving.

2.2 Modeling and simulation of collaborative
control system

The ADAMS and SIMULINK co-simulation is used to simulate
the collaborative control process of the SLM device and monitoring,
so as to effectively test whether the motion of sensors interferes with
the normal operation of the SLM device and whether the designed
motion logic is reasonable. SIMULINK can also analyze and
simulate the composition principle of the stepper motor control.

(1) Establishment of ADAMS model. The mechanical models of the
SLM device and monitoring platform are imported into the
ADAMS software. The motion pairs and the drivers are added
in the corresponding position. The cooperative control proposed in
this paper is mainly to realize the monitoring device to avoid the
scraper safely and reliably, which is mainly realized by the motion
of the X motor and Z motor in the monitoring platform.
Meanwhile, the Y motor and F motor only serve as driving
sensors for local motion adjustment, whose motion is neglected.

The drivers configurations of the scraper and Z motor are
simplified, where the prismatic pair and revolute pair are
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FIGURE 3
The block diagram of stepper motor control system.

established, respectively, and their displacements are indexed as
driving variables. The X-direction driving device of the monitoring
platform is established, which is mainly composed of the stepper
motor, bearing support, ball screw, and guide rail. The revolute pair,
spiral pair, and prismatic pair are added in the corresponding
positions, and the torque of the stepper motor is taken as the
driving variable of the motor (in Figure 2).

(2) Theoretical basis of simulation. The movement of the CMOS
camera and other sensors in the horizontal X direction is driven
by a two-phase hybrid stepper motor, whose mathematical
model consists of a mechanical and voltage equation as follows:

dw
TAB :IE‘FBW (1)

where the w indexes the speed of a stepper motor and T4 for the
friction factor. The electromagnetic torque works for motor rotation
and friction loss. In this paper, the magnetic motive force generated by
the stator winding is ignored. The permanent magnet torque
generated by the rotor permanent magnet is established, and its
unidirectional torque of the A-phase (Stuebig and Ponick, 2012;
Lu et al, 2016) is expressed as

T, = —Kqiy sin0, (2)

where the K; defines the torque coefficient, which is related to the
geometric size of the motor and the magnetic motive force of the
permanent magnet in the rotor. The 6, indicates the misalignment
angle between the stator tooth axis of the A-phase and the rotor
tooth axis. The A-phase voltage balance equation of a two-phase
hybrid stepper motor is as follows:

Va :‘%‘HR:’A—UA 3)
where V,, defines the A-phase voltage. According to the Faraday’s
law of electromagnetic induction, the opposite electromotive force of
the A-phase is Uy:

U, = K,wsin(N,0) 4)

where the N, defines the number of the rotor’s teeth. In this paper,
the mathematical model of the stepper motor is established by
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setting the angle between two phases A and B as 90°. Similarly, the
formula of the B-phase can be obtained by replacing 6 variable in
Eqgs. 2-4 with 0-7/2 variable.

A co-simulation platform including SIMULINK and ADAMS
(in Figure 3) is established to simulate the motion control system
with stepper motors and the collaborative control with timing
sequences.

For the classical stepper motor PI control, as shown in (5),
its output is the pulse frequency of the controller. The e(t)
defines the error between the controller target displacement
(speed), and the displacement (speed) is measured by the
encoder. In classic control, the proportional coefficient Kp
mainly affects the response speed of the motor, and the
integral coefficient Ki mainly aims at eliminating steady-state
errors of the system.

u(t) = K_pe(t) + K_iJ;e(t)dt (5)

(3) The stepper motor model. Based on the nominal parameters
(a Leadshine’s 57CME13D stepper motor), the resistance of a
hybrid stepper motor is set as 0.42 Q. The inductance is set as
1.6 Mh, and the rotor inertia as 0.3 kg cm?. The friction
coefficient of the motor is set to le-3N-m-s. The
SIMULINK model of the stepper motor is established
based on the mathematical model of a two-phase hybrid
stepper motor.

To simulate the subdivision drive system of the stepper motor,
the current loop is constructed with the PI controller, Park
transforms, and inverse transform (Lyshevski, 2014), as shown in
Figure 3. For a closed-loop control with stepper motors, the speed
loop is generally defined as the inner loop and the displacement loop
as the outer loop in the cascade PI control.

As to establish the stepper motor model, multiple groups of PI
parameters are selected for its displacement loop and speed loop. For
the model debugging, according to the basic principle of “the inner
loop first, then the outer loop”, the displacement loop controller
outsider is added until the speed loop insider reaches a fast, stable,
and accurate control level. When adjusting the PI parameters, the
proportional coefficient Kp is first debugged until it reaches a critical
stable state. When the system has steady-state error, then we adjust
the integral coefficient Ki. The Kp and the Ki in the displacement
loop are set to 23 and 12. In the speed loop, the Kp value is set to 0.16,
and the Ki value is set to 12.

(4) Timing sequence module. According to the motion sequence of
scraper and the monitoring platform in Figure 1, the
corresponding displacement vs. time is set in the SIGNAL
BUILDER module in SIMULINK. It is required that the X
motor and the Z motor trigger the motion command at the same
time when the scraper returns or when the SLM device finishes
printing a layer.

(5) Importing an ADAMS mechanical model. The interface to
communicate with the SIMULINK software (as shown in
adams_sub in Figure 4) is established in ADAMS. The co-
simulation platform built in this paper is shown in Figure 4
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The displacement response curves of X motor, Z motor, and
scraper in collaborative control are obtained by SIMULINK and ADAMS
co-simulation.

A displacement vs. time curve of motors and scraper after
running the simulation is shown in Figure 5. The SLM device
sends signals to the monitoring platform at the end of powder
feeding (time t0) and end of printing (time t2). At the time t0, the
X motor and the Z motor execute the return. The laser works
from tl to t2. The monitoring platform executes the evasion
command at the time t2, and the scraper begins to spread the
powder.

In Figure 6, the velocity and velocity target response curves of X
motor in collaborative control are obtained by the SIMULINK and
ADAMS co-simulation. As can be seen, the response of the control
system has the problem of faster acceleration and slower
deceleration. Through analyzing the change trend of the target
speed curve, the target speed increases too fast in the early stage
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The velocity and velocity target response curve of X motor under
50 mm target displacement is obtained by co-simulation.

and decreases slowly in the later stage. For a stepper motor, fast
acceleration makes it easy to lead to the motor overshoot and lose
steps. Meanwhile slow deceleration can easily cause the motor to
have a low-frequency vibration, which leads to the CMOS cameras
collecting blurred images. These are the reasons for optimizing the
control system.

2.3 Design of a fuzzy algorithm

For the PI controller, the integral coefficient Ki eliminates the
steady-state error of the system. If its value is too small, the steady-
state error of the system is difficult to eliminate. If its value is too
large, the integral saturation phenomenon will occur at the initial
stage of the response. Therefore, it is difficult to balance the
parameter Ki in the control process. The proportional coefficient
Kp mainly affects the response speed of the controller in the PI
controller. Its control effect is more obvious. Therefore, the fuzzy
controller is proposed to determine the proportional coefficient Kp
and achieve smooth motion safely and reliably.

During the movement of the sensors, the error between its
position and that of the molten pool reflects the phase of its
movement (acceleration, uniform speed, or deceleration). The
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fuzzy control algorithm needs to optimize the acceleration and
deceleration process of the stepper motor. Therefore, this error is
selected as the input of the fuzzy controller. In order to meet the
sensor’s different displacement requirements, the output domain is
adjusted by using telescopic coefficients. The fuzzy control system is
shown in Figure 7, where e indicates the displacement loop error and
Kpl and Kp2 are the proportional coefficients of the displacement
loop and speed loop PI controllers, respectively.

(1) Fuzzification of input and output. The error between the right
limit of the monitoring device and the molten pool is 50 mm, so
the input domain of the fuzzy controller is set as [0, 50]. The
physical domains of outputs Kpl and Kp2 are obtained through
repeatedly debugging, and the final domains of the outputs are
set to [10, 60] and [0.1, 0.4], respectively. Then, the physical
domain is normalized as e, Kpl, Kp2 ={ -3, -2, -1,0, 1, 2, 3},
and the corresponding fuzzy subset is e, Kp1, Kp2 = {NB, NM,
NS, ZE, PS, PM, PB}. The {NB, NM, NS, ZE, PS, PM, PB} is
obtained by mapping the final domains of the outputs following
a triangular membership function, as shown in Figure 8, into the
interval of e, KpI, Kp2.

(2) Fuzzy rules based on speed optimization. The speed change

~

trend of the stepper motor in the X direction, combined with the
proportional coefficients Kpl and Kp2 in the PI controller,
mainly affects the speed response of the system. Based on
this, the fuzzy rules are established.
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TABLE 1 Fuzzy rule table.

Error between inputs and outputs (e) Kp1 Kp2
NB PB PB
NM PM PM
NS Ps PS
ZE ZE ZE
PS NS NS
PM NM NM
PB NB NB

In the starting process of the motor, the value of e is large. To
avoid overshoot damaging the motor and serious shock as a result of
the imaging quality of the CMOS camera, the Kpl in the
displacement loop is adjusted to a small value so that the target
value of the speed reduces slowly. Moreover, the response speed in
the speed loop decreases as the value of Kp2 is adjusted to small,
aiming to form a relatively smooth speed curve.

When the monitoring device is reaching the target position, that
is, the value of e is small, in order to avoid a low-frequency vibration
of the stepper motor, the proportional coefficient of the speed loop
and the displacement loop are set to a large value so that the system
can respond quickly.

In the whole one-way movement of the monitoring device, KpI
and Kp2 gradually increase with the value of e decreasing, which is
conducive to the stable operation of the system. The fuzzy rule
statements are shown in Table 1.

The fuzzy rules establish the relationship between the input and
output of the fuzzy variables. Then, fuzzy reasoning and
defuzzification are given. The fuzzy reasoning method used in
this paper is MAMDANI (Melin and Castillo, 2005; Zhang et al.,
2018), which is realized by the Fuzzy Logic Designer plug-in in
SIMULINK.

Defuzzification is to obtain the actual control amount by
calculating the fuzzy vectors based on the fuzzy reasoning
method. This paper uses the center of gravity method, and its
operation formula is as follows:

Ii,:I C* (Dpe (i)
Z{:IFO‘ (i)

where the fis the output control amount of the fuzzy controller, C* is

f= (6)

the element in the output fuzzy set, and pc«(i) is the membership
degree of the corresponding element.

(3) Adjustment strategy in the output domain. For the proportional
control, the outputs of the speed loop and displacement loop are
determined according to the proportional coefficient Kp and the
error e. When different target displacements are selected in the
monitoring platform, the same fuzzy output domain may lead to
too large or too small a speed of the stepper motor. Therefore,
the output domain under different target displacements is
adjusted as follows by telescopic coefficient a:
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u(k) = aK,e(k) 7)

where the u(k) is the output of the proportional controller. The
telescopic coefficient a in the output domain is determined
according to the target displacement of the camera, and
the target displacement (50 mm) is taken as the benchmark.
When the target displacement value is greater than 50 mm, the
value a is selected as less than 1, or if the target displacement is
less than 50 mm, the value of a is chosen to be greater than 1.
The specific parameter settings of a are mentioned in
Section 3.2.

3 Experiments and analysis
3.1 Co-simulation for a fuzzy controller

To verify the implementation effect of the collaborative control
system under the optimization of the fuzzy control algorithm, the
velocity of the monitoring device and the moment frequency
characteristics of the stepper motor are contrastively analyzed.
On the co-simulation platform, as shown in Figure 9, Fuzzy
Logic Controller in SIMULINK is used to realize the physical
domain of the fuzzy control object, fuzzy rules, and MAMDANI
fuzzy reasoning method.

In Figure 10, the output velocity and torques are compared with
the classical PI algorithm, and the displacement of the monitoring
device is set as 50 mm.

When the stepper motor drives, the monitoring device moves
in the X direction, and the stepper motor’s output torque and
input pulse frequency meet the following requirements (Ji et al.,
2012):

Tzi (8)

\1+ (k)

where T) is the time constant for the starting torque of the stepper
motor. Its torque decreases with the increase of the pulse frequency.
A high starting torque will make the rotor unable to synchronously
rotate with the stator magnetic field, thus causing the motor to lose
step or stop rotating (Ji et al., 2012). In Figure 10A and Table 2,
compared with the classical PI algorithm, the fuzzy PI algorithm
reduces the proportional coefficients KpI and Kp2 at the start of the
motor and reduces the response speed of the system. Thus, the fuzzy
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FIGURE 10

The response curve of X motor to 50 mm target displacement is
obtained from co-simulation: (A) the motor torque compared with the
classical Pl algorithm and the fuzzy control algorithm and (B) the
corresponding velocity comparison.

TABLE 2 Simulation comparison between classical control and fuzzy control.

Fuzzy control
method

Classic

control
method

Acceleration time (s) 0.014 0.025
Maximum speed (mm/s) 720 590
Deceleration time (s) 0.22 0.18
Average velocity (mm/s) 200 250
Maximum torque (N.m) 0.72 0.15

PI algorithm has a smaller starting torque, which decreases slowly
with the speed increasing, and improves the utilization rate of the
torque.

When the monitoring device is reaching the target position, as
shown in Figure 10B, at time t = 0.1 s-0.15 s, the velocity value of the
motor under fuzzy control decreases more sharply than that under
classical PI control, which still has low speed movement and an
unstable torque at t = 0.2 s-0.25s.

The fuzzy PI algorithm
coefficients Kpl and Kp2 gradually in the process of moving,

increases the proportional
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TABLE 3 Fuzzy controller parameter setting.

e (mm) Kp1 Kp2
45-50 0.006 0.01
40-45 0.008 0.01
35-40 0.01 0.01
30-35 0.012 0.01
25-30 0.014 0.01
20-25 0.016 0.015
15-20 0.018 0.02
10-15 0.02 0.025
5-10 0.024 0.03

0-5 0.026 0.035

which speeds up the response speed of the system when the
motor is about to stop. This avoids speed delay and torque
instability, and so it ensures the safe and stable operation of the
monitoring device.

3.2 Experiment for a fuzzy controller

To verify the fuzzy control algorithm for sensors’ motion in the
X direction, Leadshine’s 57CME13D stepper motor with an
encoder and Embedfire’s EBF-MSD4805 stepper motor driver is
used. The STM32 microcontroller is used as the controller.
According to the fuzzy controller obtained by co-simulation, as
above mentioned, the fuzzy PI controller of the stepper motor is
designed.

Through debugging, the physical domain of the input of the
fuzzy controller e is divided into several intervals, and the
corresponding Kpl and Kp2 are set for different intervals in
Table 3. An incremental encoder, microcontroller, and host
computer are utilized to get, process, and output the velocity
and displacement information of the stepper motor. The PI
sampling frequency is set to 20 ms. The displacement loop Kp
is set to 0.011. In the speed loop, the Kp is set to 0.01, and the Ki is
set to 0.093.

The results of the experimental test are shown in Figure 11 and
Table 4. Since the Kp value determines the speed response of the PI
controller—as demonstrated in Figure 11A—as the monitoring
device approaches the target position, the strategy of increasing
Kp1 is adopted to obtain the accelerating velocity response of the
displacement loop controller in the whole process. Moreover, its
response speed is slower than that of the classical PI controller at the
early stage (0-2 s in Figure 11B) and faster than that of the classical
PI controller at the later stage (3-4 s in Figure 11B). Thus, the fuzzy
algorithm optimization of the displacement loop is helpful to get an
optimal speed. The purpose of the fuzzy optimization of Kp2 in the
speed loop is to achieve an optimal control, that is, to change the
output change of the controller from slow to fast in the whole control
process. The optimized results of velocity and displacement are
shown in Figures 11B, 11 (C).
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FIGURE 11

The response curves of X motor under 50 mm target

displacement are tested experimentally. (A) Shows the comparison
curve of the speed target value. (B, C) are the corresponding velocity
and displacement curves.

TABLE 4 Experiment comparison between classical and fuzzy control.

Classic control

Fuzzy control

method method
Acceleration time (s) 0.9 1.53
Maximum speed (rpm) 450 385
Deceleration time (s) 6.4 24
Average velocity 7.14 11.11
(mm/s)
Total movement 7.0 4.5
time (s)

Compared with Figures 10, 11, the optimal results are similar
between the simulation and the experiment. According to the results
of the simulation or experiment in Table 2 and Table 4, it is clearly
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control
Fuzzy 12.00 426 5.0 2.8
control

50 1 Classic 7.14 450 7.0 6.4 625 55.6 14.4
control
Fuzzy 1111 385 45 24
control
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control
Fuzzy 9.52 370 42 22
control

30 1.4 Classic 6.25 360 48 43 58.1 411 1.1
control
Fuzzy 8.82 320 34 1.8
control

20 1.6 Classic 5.00 270 4.0 35 54.2 38.0 9.6
control
Fuzzy 6.90 244 29 1.6
control
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FIGURE 12

The velocity response curves of X motor to different target
displacements (A) without variable domain and (B) with variable
domain are tested through experiments.

found that the acceleration process of the stepper motor of the fuzzy
control is slower than that of the classical control method. The
deceleration time is faster, and the utilization rate of the torque is
improved under the premise of improving the average velocity,
which indicates the fuzzy control method could achieve a smooth
and rapid control.

To verify the optimization of the variable domain fuzzy controller
to achieve different target displacements, the telescopic coefficient is
set in Table 5, and the fuzzy control with and without variable theory
domain controller are compared (as shown in Figure 12). According
to the curves, the variable domain controller can significantly prevent
too large or too small a velocity of the monitoring device (x = 60 and
x = 20 in Figure 12A), resulting in reducing the out of step or
overshoot of the stepper motor to a certain extent.

In Table 5, by averaging the optimal ratios of the different target
displacements, the fuzzy variable domain controller obtains the
average response speed of the stepper motor, which increases by
49.6%, while the maximum speed decreases by 12.6% compared with
the classical PI algorithm.

3.3 Implementation and test analysis of
collaborative control

To verify the practical performance in the collaborative control
system, the collaborative and stability of the timing between the SLM
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Experimental test platform.

device and the monitoring platform are tested (as shown in
Figure 13). The STM32F407 microcontroller is used as a server
to receive the printing states from the SLM device client through
TCP communication. The single chip microcomputer connects to
the SLM through the network port, and the printed information of
the SLM device is sent to the host computer through the serial port
for display.

The monitoring device controls its four motors to realize the
change of the direction and position of the camera lens in order
to collect information about the molten pool status from
multiple angles. In addition, since the monitoring platform is
independently designed by the laboratory, other sensors can also
be installed in corresponding positions according to the
experimental need.

During the experimental test, the different motion states of
the monitoring device and the position of a scraper at different
times are recorded (in Figure 14), and the displacement of the
monitoring device in the X direction and of the scraper during
the printing process of each layer are acquired and analyzed
(Figure 15). The STM32 controller communicates with the SLM
device through Netconn’s interface under the Lwip protocol
stack, and then it confirms the device’s online states through
heartbeat packets and receives the printed status information in
real time.

The movement velocity of the scraper is set to 50 mm/s, and
the displacement of the scraper in the X direction is set to
332 mm. The process of powder feeding and return both take
6.6 s. The rotation angle of the Z motor is 30°, which takes about
3.8 s. It takes 4.5 s for the monitoring platform to move 50 mm in
the X direction. According to the vacant time between the
movement of the scraper and platform, the monitoring device
completes the evasive action ahead of schedule by about 31.8%.
Therefore, the collaborative control system can meet the
requirements of the stable motion of the monitoring device,
responsively evading the scraper and without affecting the
normal printing process.
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FIGURE 15

Displacement response curves of scraper and monitoring device during collaborative motion.

4 Conclusion

Since the existing SLM online monitoring is limited by the
enclosed space and by multiple sensors and multiple platforms with
poor collaborative motions, this paper proposes an off-axis
monitoring platform and a control system in the closed forming
chamber of an SLM device. The following conclusions are reached.

improving the overall response speed (increased by about 49.6%),
the speed of the motor in the starting process is decreased by
about 12.6%, which avoids excessive acceleration of the stepper
motor causing out of step or overshoot. Secondly, it reduces the
movement time of the motor by about 60% in the deceleration
process, which results in avoiding the influence of low-frequency
vibration of the motor so that the stability and reliability of the
monitoring platform are improved.

(1) The co-simulation based on ADAMS and SIMULINK can correctly ~ (3) The stepper motor’s speed meets the response requirements of
simulate the timing logic and dynamic characteristics of the motion. the SLM device (the response time of the monitoring device is
(2) The speed curve of the monitoring device in the X direction is shortened by about 31.8%), which verifies the feasibility of the
optimized through a fuzzy algorithm, and the response curves of collaborative control method in SLM monitoring.
the monitoring device for different displacements are optimized ~ (4) The molten pool monitoring described in this paper is designed
by using the variable domain controller. Firstly, on the premise of in the focus area of the CMOS camera, which focuses along the
Frontiers in Mechanical Engineering 11 frontiersin.org
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Y-axis, while the images of the molten pool when large parts are
printed cannot be real-time photographed before adjusting the
angles of the camera.

In future work, the next step of SLM molten pool monitoring
should be carried out to realize the synchronous triggering of
sensor data acquisition and the collaborative control system and
the processing and analysis of molten pool image information.
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