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Abstract
Additive manufacturing processes are gaining more importance in the industrial production of metal components, as they 
enable complex geometries to be produced with less effort. The process parameters used to manufacture a wide variety of 
components are currently kept constant and closed-loop controls are missing. However, due to the part geometry that causes 
varying heat flow to neighbouring powder and solidified sections or due to deviations in the atmosphere caused by fumes 
within the work area, there are changes in the melt pool temperature. These deviations are not considered by system control, 
so far. It is, therefore, advisable to measure the melt temperature with sensors and to regulate the process. This work presents 
an approach that enables fast process control of the melt pool temperature and combines a closed-loop control strategy with 
a feedforward approach. The control strategies are tested by proof-of-concept experiments on a bridge geometry and partly 
powder-filled steel plates. Furthermore, results of a finite element simulation are used to validate the experimental results. 
Combining closed-loop and feedforward control reduces the temperature deviation by up to 90%. This helps to prevent 
construction errors and increases the part quality.
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1 Introduction

During the last years, additive manufacturing (AM) tech-
nologies have become more and more important for several 
industries, such as aviation, medical or automotive indus-
tries [19]. The reason is the flexibility of the process to cre-
ate complex three-dimensional geometries combined with 
superior mechanical properties (e.g. high strength) of the 
metallic parts. Furthermore, between the idea of a new prod-
uct and its realisation, short time-to-market constraints are 
possible. There are layer-based processes such as laser-based 
powder bed fusion (LPBF) or electron beam melting (EBM) 
and free-form processes with powder or wire feed systems, 
known as directed energy deposition (DED). LPBF, also 
known as selective laser melting exhibits the highest cooling 
rates after melting the metal powder leading to finest grain 

size, while DED offers the lowest cooling rate [6]. Within 
these processes with solidification rates between 100 mm/s 
and 5000 mm/s, suitable alloys with adequate melting and 
solidification dynamics (e.g. ALSi10 Mg, TiAl6V4, CoCr 
or Inconel 718) are needed [3, 13].

Current control approaches work with constant param-
eters for scan speed and laser power in an open loop. The 
simulation of the process offers possibilities to optimise 
open-loop control strategies [17] or in combination with 
machine-learning approaches [2]. Due to the high runtime 
of finite element model (FEM) simulation, efficient models 
are needed to be applied within closed-loop control [22]. 
Here, a pragmatic approach based on enthalpy equations and 
the influence on evaporation phenomena is shown. Process 
parameter settings for laser power and scan speed are usu-
ally found by trial-and-error strategies that lead to extensive 
costs and increased consumption of raw material and energy 
input [12]. Sensors are used for monitoring to guarantee the 
process traceability and to affect process parameters for the 
next production period within post-process analysis [21]. 
Thus, usage of low coherence scanning interferometry sen-
sors to adapt the scanning parameters has been shown [5] or 
optical imaging systems are used [7, 10, 11].
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Closed-loop quality control strategies have been used in 
various technology fields (e.g. laser chemical machining 
[23]); however, the use of sensors for closed-loop control is 
still in research phase for metal AM technology. Feedback 
control has been implemented in a real-time control loop 
using a photodiode and stabilising the sensor signal at cubes 
and overhangs [4]. A simple control algorithm, based on 
pyrometer measurement and switching off the laser when 
exceeding a threshold temperature, leads not only to better 
hardness but also to increased production times [16]. For 
EBM, a successful manipulation of the grain size based on 
an infrared camera has been implemented by automated 
control steps [14]. Closed-loop control based on measuring 
the melt pool depth by low coherence interferometry and 
adapting the laser power has been shown for laser weld-
ing [9]. For laser cladding, the melting temperature could 
be stabilised by a control approach with pyrometer adjust-
ing the laser power online in combination with a predictive 
controller [20]. However, the laser cladding has slower time 
constants compared to LPBF and control times in the order 
of milliseconds are sufficient. For LPBF, the scan speeds are 
above 1000 mm/s and lead to challenging time constraints. 
The melt pool can be characterised by its diameter of about 
100 µm [5, 7, 11] and a reasonable control reaction within a 
fraction of the melt pool diameter is needed. A control reac-
tion within a quarter diameter of 25 µm would require a con-
trol cycle time of about 25 µs (for scan speed 1000 mm/s). 
A high-speed melt pool and laser power monitoring was 
realised by a pyrometer approach, which reaches measure-
ment times of 10 µs and aims to a closed-loop control time 
of 60 µs [1]. So far, closed-loop control has not become part 
of market-related LPBF machines. It is still an open question 
if it is possible to react within sufficient short time frames 
through the whole control loop. Furthermore, the stabilisa-
tion effect on the melt pool temperature by feedback com-
bined with feedforward methods needs to be investigated.

The aim of this work is to show the controllability of 
the LPBF process in principle by measuring temperature 
effects with a pyrometer and controlling the laser power in 
a closed-loop by fast field programmable gate array (FPGA) 
hardware. To this end, control strategies for a discrete analy-
sis after building a vector, a layer or a whole part as well as 
for the in-process control will be developed and shown in 
Sect. 2. An FPGA offers the possibility to parallelise the 
calculation tasks and achieves shorter cycle times compared 
to conventional CPU technology with serial processing [15]. 
The high time constraints of 25 µs for the complete con-
trol cycle are challenging. For a simple calculation, a single 
processor solution could meet these time constraints, but if 
an increased control complexity is required, the parallel-
ized structure is an unbeatable advantage and reason for its 
choice. Furthermore, the measuring element that receives 
irradiation intensities from the process has a central role 

for a successful in-process control and will be examined. 
The experimental setup for the following test scenarios is 
introduced in Sect. 3. Another question is which control 
accuracy can be achieved by applying different feedforward 
and feedback control strategies. For the in-process control 
approach, simulation studies and experiments are designed 
to show the timing constraints as well as the stabilisation 
effects. Experimental results and simulation work are shown 
in Sect. 4. In conclusion, the results are discussed in Sect. 5.

2  Control concept

Different control strategies for LPBF are possible depending 
on the available sensors and their time constants. Cascaded 
control strategies enable reacting within sensor-related time 
constants and in a discrete or continuous behaviour [18]. 
Both, in-process and discrete control setups are possible and 
can be integrated in a cascaded control structure as shown in 
Fig. 1. Different sensors are planned to be used within this 
approach. For fast values of radiation intensities a pyrom-
eter and for estimation of the melt pool depth a topographic 
sensor based on low coherence interferometry will be used. 
For the slower investigation, aggregated values of these two 
sensors will used in combination with camera information 
in visible as well as in infrared range. The outer cascades 
are discrete and get as input a data set with set points from 
the pre-processing unit or the next higher cascade. As high-
est cascade, the powder layer cascade is layer-discrete or 
section-discrete and is introduced to adapt the set point for 
the inner next cascade, which sets the values for one vector. 
A section is defined as one limited hatch area of one layer 
after division of the layer in the pre-processing. Between 
two layers, the temperature distribution or topographic sen-
sor information is used to adapt the set points and control 
parameter for the next layer exposure. In the vector cascade, 
the procedure is identical with respect to one layer and its 
exposure. The set points for one vector will be compared 
with an analysed time series of measured radiation intensi-
ties and recalculated for the next vector. The set points for 
each time step will be transferred to the inner melt pool 
cascade. There, the intensity values will be used in-process 
to realise a closed-loop control of the melt pool temperature. 
Besides the intensity, it is also possible to measure the melt 
pool depth and use it for control. In this paper, an intensity 
measurement is used and the control is focused on the melt 
pool cascade.

The realisation of the melt pool cascade is shown in 
Fig. 2. The core of the controller consists of an FPGA with 
an analog to digital converter (ADC) interface and a digital 
to analog converter (DAC). The measurement input m is read 
via the ADC and compared to the predefined set point SP of 
that value resulting in a control error:
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The P-controller with the proportional constant kp calculates 
a laser power output:

from the control error e by adding either a constant basis 
value or a model-based feedforward value Laser

in
 . For the 

model-based approach, the constant feedforward value is 
changed stepwise in dependence of the expected thermal 
flow of the vector path.

Here, the constant Laser
in

 value is defined by conven-
tional machine parameters for laser power of normal produc-
tion settings. The set point SP was calculated from prelimi-
nary experiments analysing the pyrometer signal for proven 
process parameters. The proportional factor kp was chosen 
to limit the laser power range to 25% of the maximal range. 
The process reacts on the physical laser power input as 

(1)e = SP − m

(2)Laser
out

= Laser
in
+ kp ⋅ e

manipulation parameter and sends out a temperature-based 
radiation back to the optical path of the machine. The tem-
perature is used as control parameter. The pyrometer meas-
ures the radiation and forwards it as measurement parameter 
to the FPGA interface.

The control cycle time incorporates not only the applica-
tion time of the controller itself, but also measuring time, 
signal-transmitting times, steering time and process delay 
time in the control loop (see Fig. 3).

In a preliminary reaction experiment, the response time 
of the whole control cycle is measured using three differ-
ent signals. First, the Laser

on
 signal is transferred from the 

machine control system to the FPGA control board, second, 
the Laser

out
 signal of the FPGA board to the laser system 

and, finally, the pyrometer signal before transferring it as 
input signal to the FPGA. With these three signals, the con-
trol loop can be divided into two sub-loops. The first consists 
of the response time of the laser, the time constant of the 
process itself and the measurement time of the pyrometer. 
The second sub-loop consists of the signal conversion time 

Fig. 1  Cascaded control structure with discrete and continuous behaviour

Fig. 2  Control structure of the melt pool cascade with respect to the 
used hardware

Fig. 3  Control time and its components in the control loop
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of the pyrometer signal or Laser
on

 signal to the FPGA board 
via ADC, the execution time of the FPGA and the signal 
conversion via DAC. The control time of the whole loop is 
the sum of both sub-loops. The times of the sub-loops are 
measured by inputting a step signal either by switching on 
the laser or by changing the laser on signal.

In Fig. 4a, the step response plots of the process (pyrom-
eter output signal) and in Fig. 4b, of the controller (laser 
output signal) are given. For the process sub-loop, a reaction 
time of 32 µs is obtained. The used laser from type SPI red-
POWER QUBE offers a rise time of 5 µs and has a general 
modulation frequency of 20 kHz. The sensor offers a time 
constant of less than 10 µs. For the controller reaction times 
of the FPGA board, the main part of the gathered time of 
13–14 µs will be used for the signal conversion from analog 
to digital and vice versa. The FPGA controller itself works 
with a clock signal of 50 MHz and calculates the controller 
output by a simple P control algorithm within one cycle. 
Therefore, the execution time is below 1 µs. But, for the 
ADC, several clock signals are used. Thus, for ADC and 
DAC, a time constant of 5 µs each can be estimated.

The total control time is given by the sum of both the sub-
loop constants of 32 µs + 14 µs = 46 µs and does not meet the 
preferable required control cycle time of 25 µs, but a reaction 
within half of the melt pool is achieved. Following on that, 
the chosen hardware is able to control the deviations of the 
temperature in the closed-loop for scan speeds ≤ 1000 mm/s 
and process stabilisation is realisable.

3  Experimental setup and test scenarios

To show the feasibility of controlling the melt pool tempera-
ture in-process, a number of proof-of-concept experiments 
have been designed to be conducted on an AconityMIDI 
LPBF machine (Aconity GmbH, Germany). The machine 
features a circular build platform with a diameter of 170 mm 
and employs a fibre laser combined with a 3D scanner 
system; see Fig. 5a. The build platform was open and the 
experiments have been carried in an air atmosphere. The 
laser is continuously steerable up to a laser power of 500 W 
with a production wavelength of λp = 1070 nm. A high-speed 
pyrometer has been mounted on-axis into the optical path 
of the laser to observe the radiation intensities at operating 
point, see Fig. 5b.

The pyrometer Optris SN 8029001 measures intensities in 
the sensing wavelength range from λs = 850 nm  …  1000 nm. 
It is important to block the laser wavelength within the opti-
cal path of the pyrometer to avoid fault measurements. Only 
the temperature-induced intensities can give a deduction on 
the temperature. Therefore, an additional filter in the laser 
wavelength of 1070 nm is used. The time constant of the 
pyrometer is below 10 µs. For the experiments in the next 
section, a gain factor is used with a characteristic output 
signal between 0 and 5 V corresponding to temperatures 
between 750 and 1300 °C. For sensor adjustment, a pilot 
laser in visible wavelength range is integrated into the sensor 
system and the overlap between spot sizes of working laser 
and sensor is maximised. The sensor fibre has a diameter of 
100 µm and is connected via collimator to the optical path 
in rectilinear direction to the beam splitter.

With the described setup, three different experiments 
(bridge experiment, vector length experiment and powder 

(a)                                           (b)                                           

Fig. 4  Reaction times of a the process after Laser
on

 signal and b the 
controller after Laser

in
 signal or after rising pyrometer signal. Note 

that the Laser
on

 signal is a digital signal that indicates the absolute 

working time of the laser, while the Laser
in

 signal is an analog input 
from the machine that is measureable also before the working time of 
the laser
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experiment) are conducted with varying test specimens 
or controller configurations. With the bridge experiment, 
a closed-loop and feedforward configuration is tested on 
geometry with changing heat flux and slow scan speed to 
test the controller strategies in principle. The vector length 
experiment has the aim to create a control task with chang-
ing heat levels and a realistic scan speed for open-loop and 
closed-loop configuration. The powder experiment realises 
the melting of powder at similar high scan speeds compared 
to the vector length experiment to evaluate the controller 
configuration for a powder-based control tasks. Table 1 pre-
sents a summary of the configuration setup for all experi-
ments; see Sect. 4 for a detailed description. For all three 
experiments, the same control strategy, as shown in Sect. 2, 
was applied.

4  Experimental results and process 
modelling

4.1  Bridge experiment

The bridge experiment is conducted with a low scan speed 
and high energy input to generate large temperature gradi-
ents within the material and to enable secure power change 
points for the start of the bridge in model-based open-loop 
control mode. The control task is to stabilise the tempera-
ture of the melt pool that is detectable through the pyrom-
eter signal. Four varying control strategies (“constant feed-
forward control”, “model-based feedforward control in two 
steps”, “closed-loop control” and “combined closed-loop 
and model-based feedforward control”) are applied. The 
strategy “model-based feedforward control in two steps” 
is a variation of the commonly used “constant feedforward 
control”. The only difference is that the signal to the laser 
is reduced, when higher temperatures appear in the simula-
tion. Thus, in the bridge section, the laser power is reduced 

Fig. 5  The experimental setup with a the laboratory LPBF machine AconityMIDI from Aconity GmbH and b the optical path schematic

Table 1  Overview of the experiments

Experiment Specimen Vector length, vector alignment Controller configuration

Bridge experiment Steel bridge with basis section 
(thickness = 8 mm) and bridge sec-
tion (thickness = 0.5 mm)

10 mm per section, 6 adjacent paral-
lel vectors with distance of 0.2 mm

Constant control, model-based control, 
closed-loop control and closed-loop 
combined with feedforward model-
based control

Vector length experiment Steel plate (thickness = 4 mm) Filling quadratic areas with varying 
lengths of 2.5, 5 and 10 mm

Constant control and closed-loop 
control

Powder experiment Steel plate (thickness = 8 mm) with 
solid section, followed by one-layer 
powder section and solid section

10 mm per section, 6 adjacent paral-
lel vectors with distance of 0.2 mm

Constant control, model-based control, 
closed-loop control and closed-loop 
combined with feedforward model-
based control
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from 140 to 125 W. In the strategy “combined closed-loop 
and model-based feedforward control”, the same is done 
while closing the loop. Therefore, a feedback signal and 
a model-based varying feedforward signal are combined. 
The sum is then transferred to the laser hardware.

While scanning over a bridge structure with constant 
laser power, the temperature rises in the bridge section 
because of the limited heat flux to underlying regions of 
the specimen. Figure 6a shows the resulting pyrometer 
signals of the four controller configurations. It can be seen 
that for constant power of 140 W in combination with 
a slow scan speed of 10 mm/s, the part exhibits rising 
temperatures in the six bridge sections. For the last scan, 
the signal saturates at 3.7 V. In the closed-loop experi-
ment with a P-controller, the deviation from the basic 
level is reduced and all six scans exhibit a similar step 
height. In the open-loop control mode, where the part is 
exposed with a laser power of 140 W in the basis sec-
tion and of 125 W in the bridge section, the first two vec-
tors show small deviation from the basic level. However, 
later scans show an increasing deviation. In the combined 
mode with closed-loop controller supported by the model-
based feedforward control, the deviations are similar to 

the closed-loop approach, but the average value of basis 
section is lower than in closed-loop mode.

In Fig. 6b, the heat effects on the specimen are presented. 
The high power input influences the neighbouring regions in 
the bridge section, but a visible difference between the con-
trol strategies cannot be detected. These differences can only 
be seen in the pyrometer signals. Table 2 shows the mean 
value and the standard deviation of the pyrometer signal for 
all four controller configurations. As a result, it can be seen 
that closed-loop control and combined closed-loop control 
with feedforward control achieve the best results, reducing 
the standard deviation by up to 90%. This demonstrates the 
benefit of using the pyrometer signal and a combination of 
closed-loop control and model-based feedforward control.

To validate the experiments, a finite element simulation 
is conducted on the bridge geometry from the experiments. 
To analyse the temperature development, there are five 
adjacent vectors with a length of 30 mm positioned over 
the bridge structure (see Fig. 7). Therefore, a 3D thermo-
mechanical model was developed for the used geometry. 
The mesh grid is divided into two regions, to limit the 
simulation time. In the outer region with a distance around 
the defined vectors, where the energy input takes place, 

(a) (b)                                           

Fig. 6  Bridge experiment with a pyrometer output signal and b the specimen after the laser exposure at “Laser in” with power P = 140 W scan 
speed v = 10 mm/s

Table 2  Comparison between 
control strategies for bridge 
experiment

Experiment Control Parameters Mean pyrometer 
signal in V

Standard 
deviation 
in V

Constant feedforward control P = 140 W 1.90 0.66
Model-based feedforward control P = 140 W/125 W 1.55 0.23
Closed-loop control kp = 50 1.78 0.07
Combining closed-loop control with 

feedforward control
P = 140 W/125 W kp = 50 1.35 0.06
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a coarse net is used. In the region of the vectors, a mesh 
size with distances of 100 µm between the nodes is used. 
In total, the simulation results in a number of 18,168 finite 
elements and 30,825 nodes. The time steps were chosen by 
the mesh size and the scan speed in a way, that one time 
step is simulated for each node while scanning the vectors. 
That leads to a frequency of 100 Hz for a scan speed of 
10 mm/s. Within the simulation, an ambient temperature 
of 22 °C was defined and the part is thermally isolated to 
the surrounding volume. As part material, stainless steel 
with a density of 7750 kg/m3, a heat transfer coefficient 
of 15.1 W/m K and a specific thermal capacity of 480 J/
kg K was chosen.

The results of the simulation can be evaluated in dif-
ferent ways. The main result of the simulation is the max-
imum temperature over time which can be used as the 
basis for different analysis. Figure 8a shows an exemplary 
temperature distribution while scanning over the bridge 
structure and the results of the maximum temperature 
development, it is notable that the temperature rises within 
the five scans and that the maximum of each scan is at the 
bridge (see Fig. 8b).

To analyse the influence of the scan speed and the laser 
power on the maximum temperature, different parameter 

combinations (10, 20, 50, 100, and 1000 mm/s and 80, 
160, 240, and 320 W) were applied, and the resulting 
maximum temperatures were compared.

In Fig. 9a, an almost linear increase of the maximum tem-
perature for an increasing laser power is shown. The relation 
between the scan speed and the temperature shows a strongly 
increased temperature for slow scan speeds (see Fig. 9b).

To compare the influence of the parameters on the relative 
height of the steps, the quotient between the temperature on 
the bridge section and the temperature at the basis of the 
bridge is computed. Increasing the laser power has almost no 
influence on relative step height (see Fig. 10a). The relation 
between scan speed and relative step height shows a similar 
course as the maximum temperature (Fig. 10b). Thus, the 
most interesting influence on the maximum temperature and 
the temperature rise at the bridge is the scan speed.

Variating the process parameters in the experiments leads 
to indifferent results: in principle, the behaviour is similar, 
but due to the limited number of executed experiments with 
the given simulation circumstances, the shown effects can-
not be completely confirmed. The exponential decreasing 
dependence of the temperature from the scan speed as shown 
in Fig. 9b is also recognizable in the experimental results 
after applying Planck’s law for the calculation of the tem-
perature from the pyrometer voltage. The same can be stated 
for the dependence shown in Fig. 10b, but the reduction of 
the bridge effect is greater. For example, the experimental 
coefficient for a scan speed of 50 mm/s is at a level of 1.02 
compared to 1.12 in the simulation, while the quotient fac-
tor for a scan speed of 10 mm/s is similar to the simulation. 
That means in principle the simulation results confirm the 
experimental results, but further adaption of the models is 
required in future simulation development.

4.2  Vector length experiment

In this experiment, quadratic hatch areas with three different 
vector lengths (2.5, 5, and 10 mm) are exposed. By scanning 

Fig. 7  Dimensions of considered bridge geometry

(a)                                           (b)                                           

Fig. 8  Simulation results as a temperature distribution while scanning over the bridge and b maximum temperature over time
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shorter vectors at constant scan speed of 800 mm/s, the cool-
ing time between adjacent vectors is reduced and a higher 
temperature in this area is expected. An equalisation effect 
by applying the closed-loop controller will be investigated.

In Fig. 11a, the specimen after exposure is shown and 
Fig. 11b illustrates the pyrometer time series for vector 
lengths of 2.5 mm and 5 mm. The heat increase is clearly 
visible, especially for the short vector length region where 
the pyrometer signal exhibits a higher level than for longer 
vectors. Figure 11c shows mean pyrometer signals for the 
open-loop control with constant laser power of 190 W 
during laser exposure (cf. Laser

on
 signal in Fig. 11b). It 

can be seen that all vectors start with an overshoot in the 
beginning and also a rising signal in the end. In the middle 
region, a constant mean value is achieved. A typical vector 

with 2 mm length has a higher middle level than the longer 
vectors, as expected. In Fig. 11d, the corresponding curves 
of the closed-loop control strategy are shown. The total 
level of the signal is higher in the closed-loop approach. 
That is why the set point was chosen at 0.6 V a little bit 
higher than the signals in constant laser power approach. 
The controller limits the height of the overshoots at the 
beginning and the end of the vector. Furthermore, the dif-
ference in the middle section between the single vectors 
is decreased from 0.093 V between 2.5 mm vector length 
and 10 mm vector length in open-loop case to 0.042 V in 
closed-loop case. Hence, the effect of process control is 
apparent, as the gap between the temperatures of differ-
ent vector lengths can be reduced by over 50% between 

(a) (b)

Fig. 9  Simulation results for the maximum melt pool temperature by design of experiments, varying scan speed and laser power depending a on 
the laser power and b on the scan speed

(a) (b)

Fig. 10  Investigation of influences on the quotient factor between bridge temperature and basis temperature from the process parameters a laser 
power and b scan speed
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open-loop and closed-loop strategy. Therefore, the control 
benefit is also given for higher scan speeds.

Here, the parameters are set to approach more realis-
tic process settings. A powder layer is used in the middle 
section of the scans (see Fig. 12b), and the scan speed is 
increased to 600 mm/s. It can be seen that for constant power 
input, there is an effect similar to the bridge effect in the first 
experiment: the signal rises in the middle section of each 
scan vector (see Fig. 12a). Furthermore, the signal reaches 
its maximum during exposure of the first vector.

Calculating the standard deviation reveals that the sin-
gle closed-loop approach achieves the best results reducing 
the standard deviation by nearly 70% compared to constant 
feedforward control (see Table 3). With the feedforward con-
trol approach, there are larger deviations, especially in the 
middle section. In general, the powder experiments exhibit 
larger standard deviations compared to the previous experi-
ments without powder. This might be caused by the dynamic 
behaviour of the melting process of powder grains, due to 

the complexity of the fundamental physics and dynamics of 
the LPBF process [8].

5  Conclusion

Due to deviations of environmental conditions, such as weld 
fumes or varying heat flux, constant open-loop parameters 
lead to limited quality of the built parts. Measuring the radi-
ation intensities and deriving the temperature offers potential 
to solve this issue. In the reaction experiment, the suitability 
of the selected hardware and interfaces is shown. A whole-
loop control time of 46 µs is achieved in the preliminary 
experiment. The conducted proof-of-concept experiments 
prove the feasibility of in-process measurement and closed-
loop control in less than half or the melt pool diameter. 
The model-based feedforward control optimises the results 
within the experiments.

(a) (b)

(c) (d)

Fig. 11  Vector length experiment a specimen and b pyrometer signal time series from two of the three vector lengths. The mean signals of all 
vectors with a specific length are shown for c the open-loop case and for d the closed-loop case. Powder experiment
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In the bridge experiments, a decrease of the pyrometer 
signal’s standard deviation by up to 90% can be achieved 
in comparison to an open-loop strategy with constant laser 
power application. Model-based open-loop control also 
reduces the deviations compared to the constant power 
approach. Combining model-based feedforward and feed-
back strategy leads to the lowest standard deviation of the 
pyrometer signal. In the vector length experiment, the 
effect of parameter variation in hatch areas is shown. An 
increase of the vector length leads to lower temperature 
in the vectors, due to the fact that the heat has more time 
to be dissipated to other regions of the sample part. The 
distance between the balanced temperature levels of the 
three vector lengths can be reduced by applying a closed-
loop control. Furthermore, overshoot signals at the start 
and the end of each vector can be reduced by 50%. Within 
the powder experiments, the control ability is indicated 
for fast scan speeds of 600 mm/s and for the powder-melt-
ing process. The powder leads to higher standard devia-
tions within the pyrometer measurement signal. Here, 
the model-based approach and the combined approach 
achieve a decrease of pyrometer signal standard deviation 

in comparison to the constant feedforward control. How-
ever, in contrast to the bridge experiment, the simple 
closed-loop strategy leads to the best results, reducing the 
pyrometer standard deviation by about 70%.

In conclusion, closed-loop control of LPBF processes is 
a promising approach. The control ability is given by the 
used pyrometric and FPGA-based implementation, in prin-
ciple. The feedback and model-based feedforward control 
strategies reduce the deviation of process temperature in the 
shown experiments which leads to more stable conditions in 
the melt pool. Next steps include incorporating the control 
strategy in realistic build processes in a closed build cham-
ber with inert atmosphere. The models used in model-based 
feedforward control have to be optimised and generalised to 
arbitrary geometries to be applied in production jobs and 
control strategies in higher control cascades.
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Fig. 12  Powder experiment with a four controller configurations and b a picture of the exposed vectors

Table 3  Comparison between 
control strategies for powder 
experiment

Experiment Control parameters Mean pyrometer 
signal in V

Standard 
deviation 
in V

Constant feedforward control P = 140 W 0.98 0.61
Model-based feedforward control P = 140 W/125 W 0.69 0.315
Closed-loop control kp = 50 0.63 0.19
Combining closed-loop control with 

feedforward control
P = 140 W/125 W kp = 50 0.76 0.308
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