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1 Introduction and Motivation 

Selective Laser Melting (SLM) is an additive manufacturing (AM) technique that can be used 

to produce complex 3D parts from powder. Before starting the process, the 3D CAD model of 

the part first needs to be prepared, i.e. the model is sliced into two-dimensional layers, each 

a few micrometres thick, and a scanning path will be created. The manufacturing itself can 

roughly be divided into two repeating steps. In the first step, a thin layer of powder gets 

evenly distribute in a powder bed. In the second step, a laser melts the powder according to 

the pre-defined scanning path. After the scanning of the whole layer is finished, the part is 

lowered, and the cycle of powder deposition and laser scanning starts again.  

Nearly every complex geometrical structure can be built with SLM and there is no need of die 

design or tooling. Because of this enormous flexibility, SLM is often used to produce 

prototypes and small batch series. A downside of SLM is the higher production time of the 

actual part normally leading to higher costs. Despite this, various industries start to 

implement parts produced by SLM as for example in aerospace and car industry, or 

mechanical engineering. Nowadays, mostly used materials for SLM are metal alloys and the 

parts produced can have nearly the same mechanical properties as the ones produced with 

a machining process, e.g. turning. Also, most SLM processes use constant parameters, i.e. 

scan speed and laser power are kept constant through the whole process. Boundary 

conditions might alter and result in a change of the process itself, which then can lead to 

inconsistent quality results. Although mechanical properties are ideally nearly identical, the 

quality of the SLM part can easily be influenced by process parameters, as for example laser 

power or scanning speed. To fulfil high-quality demands of the industry the SLM technology 

needs to address quality control [1]. Issues during the process may result in porosities or 

other defects in the material which mostly are later not visible from the outside [2]. For the 

industry, quality controls at the end of the process would be complex and expensive. 

Therefore, using data monitored during the process to make a statement about the quality of 

the finished part is a convenient way to ensure quality. Hence monitoring and adapting 

production parameters during the process could be a possibility to increase the quality during 

the production of the part.  

Most problems in quality appear, if the melt pool temperature gets too high and therefore an 

overheating of the material occurs. Defects inside the material as for examples pores are 

related to the behaviour of the melt pool during the process, moreover, melt pool temperature 

or melt pool area, length or width are commonly used as indicators for process stability. 

Selective laser melted metal and plastic parts are already part of industrial routine, despite 

their lack in efficient quality control. But ceramics have not seen an industrial use yet, this is 

owed to some properties of ceramics, making it even harder to achieve consistent results. 

Obviously, metals and ceramics are very different materials but when it comes to SLM the 

absorptivity might be the most important property to understand the difference in their 

behaviour during the process. The absorptivity of a metal alloy for a specific laser wavelength 

is mostly considered as constant at varying temperature, but the absorptivity of ceramics, 

especially of metal oxide ceramics, is strongly dependent on the temperature of the material 

as well as on the laser wavelength used, which is very well shown from Z. Zhang et al. [3] 

(Figure 1). Another big challenge in ceramic SLM is the crack formation which is due to low 

tensile strength and brittleness, combined with high thermal stress because of the high 

melting temperature of the material. This review focuses on the influence of temperature 

dependent absorptivity.  

The purpose of this review is to investigate monitoring and control techniques which have 

been developed and studied SLM or other AM processes, and evaluate if such procedure 
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could also be a possibility to improve ceramic SLM processes. Most of the articles refer to 

processes using metals. 

First, this review investigates the most common used devices for SLM monitoring, followed 

by control theory and finally discusses various scientific studies with conducted monitoring 

and process control. A focus will be on real-time feedback control, since this promises to be 

a good point to start compensating the temperature dependent absorptivity of ceramics and 

improve its production quality. At the end there will be a conclusion about which techniques 

could be used to improve the ceramic SLM process and possible obstacles for such an 

approach.  

2 Monitoring Devices 

In order to observe and to analyse a process, post-process or even in real-time, monitoring 

devices are needed. The sensor data can be used to monitor effects which occur too fast for 

human detection or cannot even be detected e.g. infrared light. Therefore, monitoring 

devices are used to study the behaviour of a process. They can also be used in order to 

close a feedback control loop (more details see chapter 3). In this chapter the most common 

used sensor types for SLM processes are introduced.  

2.1 Photodiode 

Photodiodes are sensors measuring radiation in a specific spectrum. Solar cells are based 

on the same physical phenomenon. Photodiodes are made of silicon layers, the simplest 

ones with just two layers, which are differently doped. If now radiation is impacting the 

photodiode, an electric charge moves from one layer to another creating a current. This 

current normally gets transformed and amplified into a corresponding output voltage, as 

Figure 1 Absorptance vs. temperature of alumina at 
1.06 μm [3] 

Figure 2 Overview monitoring devices 
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voltages are easier to work with. The biggest advantage and disadvantage at the same time 

is the ability to integrate all the light detected by the sensor to just one signal, making the 

signal fast responding and easy to work with, but is harder to interpret in the case of the SLM 

process. Photodiodes are very fast and can have a rise time down to 0.1 µs.  

2.2 Pyrometers 

A pyrometer is a device which measures the temperature of just a single point of a surface. 

Due to movement of molecules every surface which has a temperature above 0 Kelvin is 

emitting radiation. After the optic lens focussing the radiation to the sensor, this emitted 

radiation is measured and amplified by a photodiode or a photocell sensor inside the 

pyrometer which outputs a corresponding electronic voltage or current. If the absorptance of 

the measured surface is known (here mostly assumptions are made), this signal can then be 

transformed into the surface temperature. The biggest difference to the photodiode is, that 

here only a specific point is considered. As this measurement is quite simple, and the used 

sensors are very fast, pyrometers can achieve response times down to around 6 µs.  

2.3 CMOS and CCD Camera 

Complementary Metal-Oxide-Semiconductor (CMOS) and Charge-Coupled Device (CCD) 

cameras are both based on photodiodes. The big difference to a single photodiode is that 

those cameras have thousands or millions of photodiodes, called pixels, arranged in large 2D 

arrays. Every pixel gives a value which then is assembled to an image. The difference 

between CMOS and CCD lies in the different handling of the signals of the photodiodes, the 

therefore varying structure and how they are produced. Simply explained, CMOS have 

multiple units processing the signals from the pixels, whereas the CCD has just one single 

unit doing all the work. This generally leads to a faster Frames Per Second (FPS) rate for the 

CMOS camera. On the other hand, the quality of the CCD pictures is much better due to their 

structure. The output of both camera types is a digital stream of images. The FPS rate of the 

cameras are strongly dependent on the resolution of the camera and therefore a general 

statement regarding the highest possible FPS rate is not possible. A camera from the MIT 

can do an unbelievable fast trillion FPS [4]. Commonly used cameras for real-time monitoring 

capture between 50 and 10’000 FPS. Although a high FPS rate and high-quality pictures are 

appreciated for post-process analysis, those two factors highly influence the amount of data 

and are kept as low as possible for real-time use, since the data needs to be processed 

ideally at least as fast as the frame rate of the camera. 

To use a camera for real-time control the images have to be processed as e.g. Tobias Kolb 

et al. [5] did (Figure 3). The processing includes 1) filtering, 2) thresholding and binarization, 

3) measuring of the melt pool dimension, i.e. the area. How the information can be used to 

close the feedback loop is explained later in chapter 3.  

Figure 3 Processing of an already filtered camera image, c) filtered, d) 
thresholding and binarization, e) area measurement [4] 
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3 Control Systems 

3.1 Theory 

A control system is a system using an input to control the output of the system. Figure 4 a) 

shows a block diagram for such a system. There are two common types of control structures 

for control systems, feedforward (Figure 4 b)) and feedback control (Figure 4 c)). The 

feedforward, or open-loop control structure, steers a system independently from real-time 

behaviour of the system. Feedforward control is the easiest and most often used kind of 

control structure. A common example would be a heater without a thermostat; the intensity of 

the heat can be set, but not to a certain temperature. A feedback or closed-loop control 

structure on the other hand also takes the behaviour into consideration to regulate the 

system, often an output of the system. Generally, a sensor device is used to measure the 

output of the system and to close the control loop. Commonly used sensors in AM processes 

have been already described in chapter 2. Feedback control is mostly used if a certain 

setpoint is required to be achieved, a good example is a heater with a thermostat, where the 

goal is to have a certain temperature, and the heater just heats if the measured temperature 

of the thermostat is below the desired temperature. The direct input of a feedback controller 

is not the input to the control system, but rather the difference of the control systems input 

and output, called error. Note that the control system normally consists of a controller unit (C) 

and the plant (P) itself. The plant is a term from control theory and stands for the process and 

the actuator. In the case of the SLM Machine this is the melting process and the laser is the 

actuator.  

3.2 Processing Hardware 

The controller unit of a control system is the unit on which the calculation for the control is 

executed. This controller unit can be a microprocessor normally embedded to a board to 

connect it to the in- and outputs of the system, a personal computer with an interface for the 

in- and outputs, or a Field Programmable Gate Array (FPGA), a very powerful and fast 

minicomputer which can be programmed by the user. In terms of computational power and 

speed, a personal computer is in general the slowest but easiest one to use of the above 

presented options followed by the microprocessor and the FPGA. Usually in- and outputs to 

the controller unit are analog signals which need to be converted by either an analog-digital 

converter for the inputs or a digital-analog converter for the outputs, as per example in Figure 

Figure 4 Control structures [14] 
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5. The signal conversion and computation on the controller cause a time delay, but also a 

physical plant needs time to adjust to a change in the input and this is called the rise or 

reaction time. Both together, the reaction time of the plant and the delay time of the 

controller, result in the delay time of the entire control system. For feedback control this is 

also the fastest possible cycle time. 

3.3 Controller 

The actual controller is a computer code which is responsible for regulating the control 

system executed by the controller unit. A feedforward controller normally just scales the 

input, but a feedback controller can be much more complex. A widely used controller for 

feedback control in industry is the Proportional-Integral-Derivate (PID) controller, since the 

controller copes well with most cases encountered in practise. The controller is also called 

three-term controller, because of the proportional, integral and derivate part. For each of 

those parts there is a parameter which can be used to tune the controller and fit the 

requirements of the plant. Often controllers are implemented with one or two of these parts 

e.g. a PI controller. A big advantage of the controller is it’s simple and robust implementation 

and that it can be applied without using a plant model. Only some parameters of the system 

need to be determined, usually experimentally. A PID can also cope well with disturbances. 

4 Discussion 

The here presented studies done by various scientists are, if not stated otherwise, always 

SLM processes and conducted with metal powder. An overview of the articles can be found 

in Table 1 on the end of the chapter. 

In 2003 Dongming Hu et al. [6] did an early attempt in AM to implement feedback control. 

They implemented a PID controller with a coaxially mounted infrared camera for a Laser 

Cladding process, tested their control structure on a single-bead wall and showed significant 

improvements in quality of the sample. Worth mentioning here is Laser Cladding is a much 

rougher technique of AM compared to SLM and the cladding experiments were done with 

2 mm/s scan speed. 

In 2007 Jean-Pierre Kruth et al. [7] used a photodiode and a CMOS camera, both coaxially 

mounted, to observe and then control the melt pool area of the SLM process. The goal was 

to avoid overheating during the process and finally to improve the quality of the finished 

samples. In order to implement an appropriate feedback PID controller, a suited analytical 

model was used, for which they estimated the melt pool behaviour as a first order system 

with the laser power as input and the melt pool area as output. Both sensors were then used 

separately to test the feedback control on two types of samples, a bridge and an overhanging 

tower structure, in which normally overheating occurs leading to bad quality. Both those 

structures were tested with both perpendicular and parallel scanning. Most of the tested 

samples showed positive improvements with both sensors used for feedback. For the tower 

structure the perpendicular scanning involves much faster variations in the melt pool area 

Figure 5 Discrete time controller [15] 
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and therefore leads to worse results compared to the parallel scanning. However, for the 

bridge structure the same problem occurs but here the control is mostly fast enough to react 

and adjust the laser power accordingly. The results can be seen in the Figure 6, Figure 7 and 

Figure 8.  

 

 

Figure 6 Overview of parallel scanning and perpendicular scanning square overhanging geometries with 
photodiode (titanium powder, in vacuum) and CMOS camera based (stainless steel, atmospheric pressure) 
feedback control loop [7] 
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But in Figure 6, the snapshot (see red rectangle) shows that with feedback control still the 

first layers of the overhanging bridge structure were not completely build, therefore 

improvements of the feedback control are still necessary. Improved results for such a bridge 

structure can be achieved using a feedforward control, as the melt pool temperature 

behaviour in such a case is well known. 

Unfortunately, it is not possible to compare the two types of sensor devices in terms of 

improved control performance since the published measurements were not conducted with 

the same SLM process, one with titanium powder and the other one with stainless steel 

powder. However, it can clearly be seen that the two feedback control loops were able to 

control the measured signal as long the changes in geometry and scan speed was not too 

extreme. Due to the control some improvements in quality were also shown.  

In 2010 Tom Craeghs et al. [8] used a similar setup as J.-P. Kruth (both from the K.U. 

Leuven) did back in 2007, a photodiode and a CMOS camera both coaxially mounted and 

sensitive to the spectral range of 400 – 900 nm. With this setup they measured the melt pool 

area, length and width with the camera and compared it with the signal of the photodiode. 

Figure 9 shows the photodiode’s signal good correlation to the melt pool area measured by 

the camera. The observed discrepancies were reasoned due to their different working 

principles. Furthermore, the photodiode signal was used to implement a PI controller in order 

to avoid overheating during the process and then tested the controller in two scenarios. In 

Figure 9 Typical output of the process sensors: melt pool area, length and width and the 
photodiode signal [8]  

Figure 7 Comparison of tower with overhanging 
structure (left) without and (right) with feedback CMOS 

camera based, atmospheric pressure [7] 

Figure 8 Comparison of tower with overhanging 
structure (left) without and (right) with feedback 
Photodiode based, vacuum [7] 
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the first scenario a cube structure with small scan spacing was used, as the small scan 

spacing leads to overheating in the structure and therefore to rough or even wavy surfaces 

Samples were made with different scan velocities, with and without feedback control (Figure 

10). Comparison showed significant improvement of the surface with the feedback control at 

any tested scan speed. In the second scenario, they used a round overhanging structure in 

which overheating does occur without control leading to dross formation and high surface 

roughness. Here the controller also leads to a substantial improvement regarding surface 

roughness and dross formation. Overall, the study showed that the photodiode signal can be 

reliably used to do feedback control and therefore improve the surface quality. 

Another feedback control approach was conducted/taken 2018 by Volker Renken et al. [9] by 

using a coaxially mounted pyrometer during the SLM process as the feedback signal. Before 

implementing the actual feedback control, they started doing temperature measurements 

with the pyrometer on a bridge structure, which was used as sample for the whole study, and 

it was shown that temperatures are significantly rising in the overhanging region of the 

bridge, due to the limited heat flow conduction through the powder in this section, resulting in 

overheating of the melt pool. For investigation also a FEM analysis in Ansys was done for the 

overhanging region which also showed an increase of the temperature during the scanning. 

Additionally, to those investigations also a MATLAB-Simulink simulation was done to show 

possible improvements regarding temperature deviation during scanning with a feedback 

control as well as with a FEM model-based feedforward control and their combination. 

Compared to the uncontrolled simulated process, the simulation showed a reduction in 

temperature deviation of 52 % with model-based feedforward control, 44 % for feedback and 

74 % for the combined control. After these preparations they started the experimental work 

and implemented a proportional P feedback controller on a FPGA based controller unit. 

Through the whole study the reaction time for the cycle was aimed to be below a threshold of 

50 μs in order to react to temperature changes within a quarter of the melt pool size (=50 μm) 

and a scanning speed of 1000 mm/s. The measured delay time for steering, process reaction 

and measurement were about 31 μs and 14 μs for the signal conversion and control 

application, resulting in 45 μs for the cycle, which is below the aimed at 50 μs. This reaction 

time was possible due to a very fast processing unit, the FPGA, which is much faster 

compared to normal microprocessors since in the FPGA the calculations are parallelized. For 

the experiments (Figure 11) a scanning speed of 10 mm/s was used, and feedback control 

was applied, enabling to achieve a reduction of temperature deviation up to 73 % with their 

best implemented controller. Note, the study was focusing on implementing a feedback 

control loop which proved to be very effective in stabilizing the measured pyrometer signal, 

but apart from a general statement – that a stable signal leads to a quality improvement of 

the parts – no specific investigations were made in order to show improved quality with 

feedback control.  

Figure 10 Processing of cubes without (top) and 
with control (bottom) feedback control with scan 
speed 100, 300 and 700 mm/s (left to right) [8] 
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The colleague from T. Craeghs, S. Clijsters [10] (also from the K.U. Leuven) did use nearly 

the same setup for monitoring a SLM process. Again, a CMOS camera and a photodiode 

were mounted coaxially to the laser and used to observe the spectral range from 400 – 1000 

nm, but this time the goal was to detect defects, as e.g. pores, during the process and map 

them to a corresponding XY-plane, they called it in situ quality control. A main point of their 

work was to interpret the sensor values for detection of defects of a unique SLM part. In 

order to do so, they classified scanning vectors in different classes by looking at their heat 

flow values and defined a confidence interval for each class. Together with the sensor values 

the confidence interval were then used to detect errors. To validate the reliability of the in-situ 

quality control, the experiment results of the control were compared to X-ray computed 

tomography (CT) images. The results showed excellent conformance between the actual 

defects (revealed by the CT) and those of the in situ quality control of the parts. Smaller 

pores (<100 µm) could not be reliably detected – a more sophisticated algorithm would be 

necessary. However, the setup used was chosen with future feedback control in mind. That’s 

why both sensors sampling rates are higher than 10 kHz and are connected to a FPGA for 

(image) processing.  

A similar approach for quality improvement of an AM process during manufacturing, but 

without real-time feedback control, was implemented by Abdallar R. Nassar et al. [11] for a 

Laser Cladding system. The method was to measure the temperature with a pyrometer 

before every hatch1 gets scanned by the laser in order to avoid a subsequent overheating 

during the process. If the measured temperature of the following hatch starting point was 

above a predefined threshold, the hatch was left out and the next closed hatch was checked. 

Figure 12 shows the controller logic for the intra-layer feedback control and an example of a 

rearranged scanning path. Through the built of a ‘dogbone’ sample geometry the hatch order 

of every layer was monitored and from the data the scientists recognized that after 

approximately the seventh layer a steady-state was reached, where an average of two 

hatches were skipped on each pass. Besides, this led to a production time increase of about 

33 %, although this could still be improved by adjusting the control logic with the found 

knowledge. The improvement of this approach was measured by looking at the grain 

structure and comparing the microhardness with and without the intra-layer feedback control. 

Overall, it showed, that the grain structure with applied control structure got more 

homogenous over the whole sample and therefore also the variations in the microhardness 

were much smaller. 

                                                
1 Hatches are the paths filling the contour of the work piece, normally when the laser changes direction 
a new hatch begins. Hatches and contour together provide the complete scanning path of a layer. 

Figure 11 Measurements of multiple scans over the overhanging region of the bridge structure,  left: open-loop 
control, right: closed-loop control (kp=25) [9] 
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Ali Gökhan Demir et al. [12] were also working on remelting strategies with a pulsed laser 

(pulse duration around 80 µs) showing improvement in the density of SLM parts. The used 

remelting strategies were static and not influenced by the monitoring. The other goal of the 

study was to find out more about the monitoring of the melt pool behaviour, so they used a 

photodiode, measuring just the back reflected light of the laser (1064±10 nm), and two 

cameras of which the first observed the visible range of the light (400 – 700 nm) and the 

other one the near infrared range (700 – 1000 nm). By investigating the photodiode signal 

they found that the reflected light from the laser, and therefore the reflectivity of the material, 

changes significantly between different layers. Though a stable behaviour was observed 

once the effective layer thickness stabilised. The visible range depicted the stability of the 

melt pool; melt pool separations and plume generations could be very well recognized and 

the overall intensity could be linked to the porosity. These measurements were used to look 

at the differences between the various remelting strategies. The signal from the near infrared 

range was found to be useful to distinguish the overall temperature of the build since the 

temperature affects the near infrared range the most. Overall, the remelting improved the 

density of the samples but on the other hand led to a significant increase in production time 

as well.  

T. Kolb et al. [5] also tried to improve the surface quality by monitoring the SLM process 

coaxially with a CMOS camera and a photodiode, but instead of using a real-time feedback 

control, as T. Craeghs did, they conducted an inline-evaluation and used remelting strategies 

to improve the waviness of each layer. More exactly, after the laser has completed the 

scanning path of a layer, they used a camera-based image processing algorithm for surface 

evaluation. Based on those results remelting strategies were applied. Although sometimes 

decreases in waviness were achieved in simple experiments, in the end no consistence 

improvement could be presented, because the algorithm applied did not deliver appropriate 

correlation to the actual waviness of the surface. 

So far, different approaches for monitoring and some attempts to do real-time control for 

metal SLM or AM processes in general have been shown. For ceramic processes only a few 

studies exist up to date matching the researched information of this review in terms of 

monitoring and controlling. One of the studies by Bin Qian et al. [13] did research about 

monitoring temperature profiles and the morphologies of ceramics during SLM with various 

sensors, all off-axially mounted. An active illumination imaging system, using a CCD camera 

Figure 12 Left: Hatching controller logic, right: rearranged scanning path by the control, without control the 
order would start at the left side and chronologically increase to the right [11] 
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to just capture the spectrum of the illumination light was used to have an undisturbed image 

of the process surface point, in order to observe the properties of the melt pool and due to 

the filtering also possible formation of defects. Other sensors used were two pyrometers in 

different spectral ranges (400 – 1200 nm and 1400 – 1700 nm) and a spectrometer 

measuring the emission and intensity for each specific wavelength in the interval of 200 – 

600 nm. All these monitoring devices were used to observe the ceramic SLM in real-time and 

revealed that temperature variation is the most crucial one for controlling. Also, all of them 

have shown a great potential for on-line quality control or even for possible feedback control 

for ceramic SLM. 
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Category Main author Year of pub. Purpose Sensors Used laser scan speed Reaction TimeControl Unit

M S. Clijsters  [10] 2014 In situ quality control CMOS, P - - FPGA

M B. Qian [13] 2014 Monitoring Ceramics PM, CCD, CMOS, S 50 - 150 mm/s - -

INC A. Nassar [11] 2015 Intra-layer closed-loop control PM 10.58 mm/s - PC

INC A. Demir [12] 2018 Correction Strategies P, CMOS, CCD - - PC

INC T. Kolb [5] 2018 Remelting Strategies P, CMOS 550 - 1100 mm/s - FPGA

RTC D. Hu [6] 2003 Real-time Feedback control (PID)CCD 5 mm/s - PC

RTC J.-P. Kruth [7] 2007 Real-time Feedback control (PID)P, CMOS 300 mm/s -

RTC T. Craeghs [8] 2010 Real-time Feedback control (PI)P, (CMOS) 100, 300 and 700 mm/s - -

RTC V. Renken [9] 2018 Real-time Feedback control (P)PM 10 mm/s 44 µs FPGA

M = Monitoring, INC = In-Line Control, RTC = Real-time Control

PM = Pyrometer, P = Photodiode, CMOS = CMOS camera, CCD = CCD Camera, S = Spectrometer, 

Review Articles about Monitoring and Control

 

Table 1 Overview about reviewed monitoring and control articles  
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5 Conclusion 

The reviewed studies presented different approaches to improve the SLM or AM process. 

Inline quality evaluation, intra-layer closed loop control, in situ quality control, feedback 

control and real-time feedback control have all been proven to be possibilities either for just 

controlling the quality on-line or controlling the process in real-time. Bin Qian et al. showed 

that the presented monitoring techniques, which are commonly used in scientific metal AM 

studies, can also be used for ceramics and have a great potential for quality and feedback 

control in the ceramic SLM process. Based on the same study no general prioritisation for 

the usability of monitoring devices can be made. However, the studies showed that sensors 

with a low data rate, e.g. photodiodes and pyrometers, are easier to use for real-time control, 

since the signal processing is less complex compared to cameras. 

Highspeed cameras as CMOS or CCD’s are still possible choices for real-time control, but 

restrictions to the capture area and maybe to the resolution are mostly done to lower the 

amount of data and consequently increase the real-time control capability. Also, a fast 

processing unit, e.g. a FPGA, is needed in order to achieve highest possible reaction time. 

Just one of the reviewed studies about feedback control measured and published information 

about the speed of their hardware, process reaction time and the reaction time of the system. 

Volker Renken et al. measured and showed that the data processing and controlling part (14 

μs) took less time than the actual process time (31 μs), credited to the FPGA. The overall 

reached reaction time of 44 μs would then be able to control the process within a quarter of 

the melt pool diameter at a scan speed of 1000 mm/s. Forward-thinking, S. Clijsters et al. put 

their monitoring together and used sensors with sampling rates above 10kHz and a FPGA for 

further studies on real-time control.  

Due to the facts presented, for a ceramic SLM process a feedback control should be able to 

stabilize the melt pool temperature during the process. And due to control, improvement in 

the quality of the parts would also be possible. For implementing such a control loop, it is 

highly recommended to use the fastest possible hardware to achieve a fast reaction time of 

the control and consequently being able to scan at highest speed possible. If one would use 

an implementation as already discussed in the last paragraph (V. Renken et al.), that would 

result in a fast controlling and therefore give the possibility to process at a high scan speed. 

In their study they stated that the reaction time would lead to act within a quarter of the melt 

pool diameter (=50μm) by using a scanning speed of 1000 mm/s. But their used melt pool 

diameter (200 μm) was quite big. Therefore, assuming a melt pool diameter of about 100 μm 

and still aiming to react within a quarter of the same, this would still lead to a possible scan 

speed of about 500 mm/s, which is still fast compared to nowadays used scanning speeds of 

ceramic SLM processes.  

Challenges by setting up such a feedback control might be that in-process higher 

temperature deviations might occur due to the temperature dependent absorptance and 

therefore make it more difficult to implement a robust controller and to calibrate the sensors.  

In the reviewed articles on feedback control, the controllers were PID controller, since they 

are easy to work with, even without knowing in detail the dynamics of the process 

beforehand. Therefore, it is recommended to use a PID in the beginning.  

More sophisticated controllers e.g. an LQR or recursive estimation might be also possible 

choices for future investigation. An LQR e.g. takes all the different states of the plant into 

account, therefore requiring a highly accurate plant model, resulting in a more precise control 

of the process.   
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