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Abstract. Direct Energy Deposition is a metal additive manufacturing tech-
nique that has raised great interest in industry thanks to its potential to realize
complex parts or repairing damaged ones, but the complexity of this process still
requires much effort from practitioners to achieve functionally sound parts. One
of the recurring flaws of such parts is the phenomenon of over-deposition, which
may occur due to unpredicted local increases of energy density.
The deposition of uniform metal tracks is critical in many practical cases,

when parts are composed by a significant number of layers and/or when com-
plex tool paths induce heat build-up, for example in thin structures. Therefore,
detecting anomalies such as over-growth in real-time and dynamically correct-
ing them is of paramount importance for achieving repeatable, first-time-right
parts.
This work studies the use of a closed-loop control system for Direct Energy

Deposition, proposing to adjust on-line the power of the laser beam according to
the feedback provided by the analysis of melt pool images. The images are
acquired by a camera, mounted coaxially into the optical chain of the deposition
head, which records images at 100 fps while the process is running. The pro-
posed approach is explored experimentally by comparing the over-deposition
measured on sample test geometries obtained with a traditional feed-forward
approach with the over-deposition obtained through the developed closed-loop
control laser deposition system.

Keywords: Metal additive manufacturing � Vision systems � Process
monitoring � Process control � Predictive model

1 Introduction

In the Additive Manufacturing (AM) process known as Direct Energy Deposition
(DED), a mixture of carrier gas and metal powder particles is blown out from a set of
nozzles [1]. The particles are projected toward the target deposition spot, where a laser
beam fuses them along with the underlying substrate, forming a melt pool, i.e. a drop of
molten metal. As the deposition head moves, the melt pool cools down, evolving into a
solid metal track of the desired geometry (Fig. 1).
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Despite the increasing diffusion of this technology and the multitude of foreseen
benefits, improvements in process monitoring and control still have to be done for the
stable adoption of DED in industry [2]. Compared to other metal AM techniques, like
Powder Bed Fusion (PBF) and Electron Beam Melting (EBM), DED is less mature,
and metal parts formed by this technique may present various defects: significant
deviations from the reference geometry, low mechanical performances, presence of
pores and residual stresses [3]. These poor qualities may arise when producing new,
untested geometries and materials, because of the high complexity of this AM process.
For these reasons, many researchers have been actively developing modelling and
control of DED in recent years, trying to get the most out of such a promising
technology.

In this work we propose a monitoring and control setup for DED, with the aim of
improving the geometrical accuracy of deposited tracks when producing complex
features. We propose a monitoring configuration based on beam-coaxial imaging, and
show the results of controlling laser power during the deposition of reference
geometries, called V-tracks, which are known to exhibit over-deposition phenomena.

The paper is structured as follows. Section 2 presents the state of the art of DED
process monitoring and control. Section 3 presents the chosen setup and the experi-
mental framework. Section 4 shows the results of the first tests of the proposed solu-
tion. Section 5 presents some concluding remarks about the presented control solution
and future developments of on-line process control for DED processes.

Fig. 1. Scheme of the DED functioning principle.
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2 State of the Art

This section describes the process monitoring methods proposed up to the present day
in DED literature along with the control approaches, including the choices of command
signals, feedback signals and control algorithms.

2.1 Process Monitoring

As far as process monitoring is concerned, various approaches have been examined in
literature. In DED the occlusion caused to radiation-based sensors by the deposition
head represents an additional difficulty to be overcome in the design of a monitoring
system, with respect to PBF where there is normally a lot of empty space above the
sample in production.

When monitoring is performed “recurrently”, i.e. layer-wise, the deposition head
can be moved away from the deposition plate, leaving space for inspection equipment
to acquire information about the deposition status. In [4, 5] the use of fringe projection
scanning during process interruptions is proposed, to acquire the actual geometry of the
partially manufactured part and to evaluate its deviations from the reference geometry.
In [6], this task is performed using a profilometer.

Various publications, as this paper, propose a configuration that includes sensors
into the optical chain of the deposition head such as pyrometers, visible-light cameras,
thermal or hyperspectral cameras and triangulation lasers [7]. These solutions allow
acquiring information coming from the melt pool region following coaxially the laser
path. The main advantage is a preferential top view of the region where the part is
building up, even if signals might be heavily weakened by the passage through lenses
or mirrors included into the optical chain of the deposition head. A hybrid solution has
been proposed in [8] and is implemented on machines by DM3D Technology LLC: a
set of three cameras and one pyrometer that are mounted onto the deposition head but
outside the optical chain, and point towards the laser spot from an angled view. With
this configuration great attention needs to be payed while the process is running to
avoid collisions between sensors and machine or workpiece.

Among the aforementioned radiation-based monitoring technologies different
trade-offs between signal quality, richness and frequency can be identified, as discussed
in the following.

• Dual-color pyrometers can use Planck’s radiation law evaluated in two different
frequencies to measure temperature while eliminating the effect of material
reflexivity. The traced temperature is an average over the measurement spot, and
this single value can usually be streamed to the monitoring platform at very high
frequencies (e.g. 100 kHz). This requires a calibration procedure to be performed in
the exact optical configuration considering the used frequencies, as the optical path
modifies the intensity of the signal, potentially in a different way at different fre-
quencies. Also spurious information, like the temperature of the melt pool vapor
plume, can affect the measured signal, although in a lighter way with respect to
visible-light imaging, since the molten metal is normally the strongest source of
radiation that is targeted by the measurement spot. The order of magnitude of the
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signal standard deviation at constant temperature while monitoring in-axis a DED
deposition process by pyrometry is about 50–100 K, so although the signal fre-
quency is very high, it must be filtered in a proper time window to be used reliably
for temperature measurement. This variability is due to both the complexity of the
phenomenon and to disturbance and attenuations introduced by the optical chain, in
the case of in-axis pyrometers. Interestingly, [9] proposed an in-axis pyrometer as
an indirect height measurement device, stating that when the laser spot is out of
focus, the energy density on the target is lower, and the pyrometer reads a lower
temperature.

• Visible-light cameras, on the contrary, can be heavily affected by phenomena that
emit strong light, although they are possibly colder than the melt pool, e.g. sparks or
vapor. Narrow band or NIR filters are often used, to exclude this spurious infor-
mation and to avoid aberrations like ghosting and flares. For example, [10] shows
how using an 850 nm filter improves the signal-to-noise ratio in the detection of
intensity spikes due to over-deposition in track corners.
The melt pool intensity is not directly interpretable as a temperature, but some
authors performed ad hoc calibrations to try to interpret color or greyscale values as
such [11]. The obvious advantage of using a camera is that the collected infor-
mation is 2D and it may have a quite high resolution, e.g. 10 lm, at the expense of
framerate. High-speed cameras used in literature can in some cases run at up to
1000 Hz, although the resolution can be limited and image processing can hardly
run so fast, depending on its complexity, so usually sampling frequencies in the
order of hundreds of fps are used.
An interesting alternative is proposed by [12], which describes a system for Wire-
DED that illuminates the welding area by a laser at 640 nm and collects only light at
this frequency by a camera equipped with a proper narrow band filter. This solution
could be effective for capturing more accurately the track geometry, although in this
case the thermal information is completely lost.

• Thermal cameras are theoretically the best trade-off between pyrometers and
visible-light cameras, but practically they are too limited in acquisition speed, and
often in resolution, to be effective as matrix cameras, and on the other side they
don’t use dual-frequency, so their temperature measurements are valid only after a
very specific calibration for very specific process conditions. Nonetheless, for low
speed requirements and controlled experimental conditions, they can provide
accurate and distributed information about the temperature map of the DED sample.
Hyperspectral imaging has the potential to solve some of the limitations of thermal
imaging, by using multiple frequencies to fit temperature on a pixel matrix. [13]
worked on this approach on PBF, proposing also a method to evaluate and possibly
account for the disturbance generated by the light radiation of the vapor plume.

All these methods offer, to some degree, information about cooling rates and/or
thermal gradient, which are correlated to the resulting mechanical properties of the part
[14]. Matrix sensors can provide information also about the geometry of the track in
progress, from a 2D perspective.

Also some 3D measurement devices have been proposed by researchers. The two
most notable may be the 3-cameras setup by [8], about which we have no information
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on performances, and the triangulation laser for track height proposed in [15]. This can
be a promising tool to maintain the stand-off distance uniform during the whole
deposition, even in presence of anomalies.

Other, less used monitoring methods have been proposed, mainly based on acoustic
emissions. In [16], for example, a setup with two acoustic sensors placed at the sides of
a deposition substrate has been proposed, with the aim of detecting cracks forming into
the deposited part.

Remarkably, monitoring the part in production is not the only way to improve
process quality. For example, [17] focuses on monitoring the powders flow, whose
stability is undoubtedly important for the predictability of deposited features. The
authors use a piezo-electric transducer to monitor acoustic emissions sampled in the
powder transport tube, to estimate the actual flow of powders.

Considering also cost and ease of integration, beam-coaxial imaging with a visible-
light camera remains a convenient and cost-effective solution, as many deposition
heads for DED is equipped with a port for including a monitoring camera into the
optical chain. For this reason, in this work we focus on a vision setup that is capable of
detecting anomalies in the energy content of the melt pool, thus allowing the prediction
and correction of potential deviations from the desired deposition result.

2.2 Process Control

The literature about on-line process control for DED is still limited, nonetheless some
of the solutions proposed in the last years started providing promising results for the
development of these techniques. Most researchers focus their attention on laser power
modulation, based on the signals by one or more pyrometers and cameras, because it is
a convenient solution for various reasons: first of all, it influences the deposition rate in
an approximately linear way [18]; moreover, the system response time is quite low,
compared to changing the powder feeding rate and waiting for the updated powder flow
to reach the nozzles; finally, it does not affect motion dynamics, which may have
unexpected consequences when modulating deposition speed.

Due to the difficulty of monitoring and interpreting feedback signals in real time,
many authors focus on a feed-forward approach, possibly enriched with information
updated recurrently by inspecting the partially deposited part during a process pause.

A basic approach to the estimation of the feed-forward component of the process
control scheme is presented in [19], where a regression study that uses power, velocity,
powder flow and layer number as regressors and melt pool width as response yields the
optimal nominal parameters to obtain thin walls with uniform thickness. This approach
can provide good results only in the same conditions used during the experimental
campaign, i.e. with thin walls in this case, but it is a good starting point for determining
the process parameters before closing the control loop.

[4, 5] propose a recurrent scheme where a 3D scan of the partially manufactured
part is analyzed and an updated deposition strategy is generated for the remainder of the
process. This kind of global approaches can be used complementarily to real-time
control, which can act rapidly and locally but could hardly include dynamic tool path
regeneration.
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In [20] the process recipe is adapted after the deposition of each layer, based on the
geometry acquired with a profilometer. The authors consider the layer-by-layer
structure of a 2.5D deposition as a discrete time process, and after each layer scan they
adapt the velocity profiles over the whole following layer to tune the resulting mass
deposition rate. The result is a visible improvement on the regularity of thin-wall
longitudinal profiles.

[6] proposes a hybrid approach in the middle of real-time and layer-wise, i.e. a
“track-wise” approach. Basing on a profilometer, if the temperature near the end of the
last deposited track is too high, they choose to start the next track from the opposite
side, instead of continuing with the planned zig-zag path. According to their results,
this approach yields more uniform microstructure, due to the reduced thermal gradients,
and a slightly higher hardness.

[21] proposes an alternative approach to the regulation of deposition rate, by
developing a system to modulate the powder flow. The modulation is performed in a
feed-forward manner, basing on previous experiments on right-angled tracks, and
shows improvements in the uniformity of track size. On the other side, this result could
potentially be obtained also by modulating power and/or speed, in the same feed-
forward way, with faster response times.

Since there are no available monitoring methods that can provide the full track
geometry in real time, researchers who decided to pursue real-time control focused on
stabilizing the available feedback signal on a reference value, establishing in advance
the one yielding a “good quality” deposition. The control is performed with a variety of
methods, ranging from proportional-integral-derivative (PID) controllers to generalized
process control (GPC).

[22] use a PI controller with a pre-determined feed-forward component to stabilize
the estimated melt pool width on a reference value, showing improvements in the
uniformity of thin-wall cylinders.

[9] proposed the use of an off-axis pyrometer as feedback signal for a GPC that relies
on a 4th order state space model. The controller aims at a temperature target that is
considered normal at the right stand-off distance, and tunes laser power when the
temperature appears lower due to lack of deposition, i.e. stand-off higher than expected.
The experimentally induced lack of deposition (a 3 mm step) was compensated in a few
layers. This approach has been extended in [8], where the system was coupled with a
height controller based on three cameras mounted on the deposition head, pointing from
the outside towards the melt pool. The solution is a proprietary system by DM3D, and
uses a similar GPC approach with two feedbacks to improve the flatness of a part top.

[23] proposes a control loop involving both the laser power and spot movement
speed, highlight the potential of using both command variables to improve the depo-
sition quality. Also [24] proposes an optimal controller that involves both power and
velocity for controlling track height and shape, although such an approach has been
tested only on simulations based on real process data. This work also proposes a
general methodology for aligning acquired melt pool images to deposition geometry
data, which is the basis for building systematically the datasets required for estimating a
process model.
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In this work, we chose to start from a simple PI controller, to validate the potential
of using on-line image features to assess the status of the on-going deposition. Par-
ticularly, the image intensity will be used as a feedback to modulate laser power.

3 Experimental Setup and Proposed Control Methodology

This work assesses the potential of a feedback-based approach, which could dynamically
adjust process fluctuations to achieve specific deposition quality targets, without needing
to refer to a previously tested geometry/material/strategy and deposition history.

The proposed approach exploits on-line vision data, available in most DED
machines, thus offering a simple and cost-effective monitoring solution. In this study,
the objective has been focused on controlling track geometries: local variations of
energy density and heat drift influence track size, and these phenomena may be
revealed by the processing of melt pool images, thus allowing geometry control by
power-based closed-loop control.

The proposed prototype of monitoring and control solution has been implemented
in the framework of a proportional-integral process control: the considered monitoring
signal is compared to a desired value, which can be considered a proxy of track height,
and the residual is used to generate a new control action for laser power.

3.1 Machine and Materials

The DED machine used for the experiments is a 3-axis Laserdyne 430 laser cutting
machine, retrofitted to DED by the integration of an Optomec 4-nozzle deposition head
(Fig. 2). The Convergent CF1000 fiber laser source has 1 kW maximum power, and a
spot diameter of 1 mm. The deposition head includes a slot for connecting a c-mount
camera for a beam-coaxial view of the melt pool, thanks to a dichroic mirror that
reflects the emitted radiation [2].

The reference material used in the experiments is a high carbon content steel (C
0.85%), with grain size range 40–100 µm. This material presents good hardness,
therefore it is an interesting material for the tooling and mold & die sectors, where DED
is a strategic technology, thanks to its capability of performing repairs on any kind of

Fig. 2. Laserdyne machine (a) and deposition head (b).
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geometry. The base plates used have the same chemical composition of the deposited
material and a thickness of 12 mm.

3.2 Reference Experiment: V-Tracks

The baseline geometric features taken into account in this work are single tracks with
corners, V-tracks in the following (Fig. 3a), as a test bench for the vision-based process
control solution. Such features represent one of the main building blocks of almost any
complex deposition, i.e. performing trajectories with changes of direction or curvature.
Even simple rectangular geometries may present important deviations from the desired
geometry, in regions where the heat concentration is higher (Fig. 3b–c).

V-tracks represent an interesting type of basic features, since they present the
typical presence of over-deposition, i.e. anomalous height and/or width of the track
section, in the corner location, where both the high curvature and the acceleration
ramps of the machine axis motion induce a local increment of energy density and a
higher incident powder flow per surface unit. Moreover, the linear segments before and
after the corner allow establishing a reference for track height.

3.3 Monitoring Setup

As anticipated, the monitoring camera is mounted on the deposition head, as repre-
sented in Fig. 2b. The dichroic mirror that reflects melt pool radiation toward the
camera filters out the high-power laser frequencies, i.e. a narrow band around 1080 nm.
Moreover, an 850 nm band-pass filter is added, to eliminate artifacts and improve the
signal robustness. The used camera is equipped with a 2.3 Mpix CMOS SonyIMX174
sensor and connected via GigaEthernet to a dedicated PC that receives and stores the
images acquired during the deposition process.

The post deposition quality inspection (track geometry) is executed by means of a
Keyence VHX-6000 digital microscope with zoom lenses up to 2000X for a spatial
resolution of 0.11 µm/pixel.

In this work, we focused our attention on a very simple image feature, the mean
intensity I (in the following simply intensity) of images converted to greyscale. This
value integrates all the light content of the image, so it should be highly correlated with
the overall energy content of the melt pool. This insight is confirmed by plots like the
one presented in Fig. 4a, which shows the intensity along two V-tracks. In this plot, the

Fig. 3. Example of V-track (a) and of over-deposition phenomena in tool path corners (b-c).
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intensity has been normalized so that the mean and standard deviation within the first
linear segment of the V-track were transformed respectively to 0 and 1. The clearly
visible peak can be found in correspondence of the corner of the V-track, where the
energy density increases and over-deposition occurs. Image intensity is also very fast to
compute, so it is a good mean to validate the potential of retrieving information
regarding deposition outcomes from melt pool images.

The correlation between image intensity and melt pool total energy implies indi-
rectly correlation between intensity and profile height, as confirmed by the microscope
measurements reported in Fig. 4b: the track presents a bulk in correspondence of the
track inversion corner.

3.4 Closed Loop PI Process Control

Focusing on track geometry, depositing a track of reasonably uniform height, inde-
pendently from the performed trajectory, is an important target to achieve process
stability and repeatability. This objective has been pursued by designing a control
scheme through the following pipeline:

1. estimation of the feed-forward components, i.e. the process recipe and the relation
between the latent, desired outcome (track height) and the observable feedback
(image intensity);

2. choice of a control plant;
3. identification of the dynamic system generated by the process;
4. use of the identified system to tune controller gains in a virtual environment.
1. First of all, a feed-forward component has been estimated, based on a preliminary

experimental campaign run on single tracks. The experimentation allowed deter-
mining the relations:
h ¼ f P;Vð Þ; I ¼ g P;V ;Mð Þ;
where h represents track height, P and V represent laser power and cruise TCP
velocity, I represents the image intensity and M represents an array of monitoring

Fig. 4. (a) Normalized mean image intensity traced during the deposition of two different V-
tracks. The peak height is, in both cases, well above the threshold of 2 standard deviations from
the average value on the first linear segment. (b) V-track height profile.
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parameters (e.g. exposure time, gain and white balancing). Notice that h ¼ f P;Vð Þ
represents the process recipe, which is used also when the monitoring system is
deactivated. When the optimal M is established as a function of P and V , we can
obtain indirectly a relation I ¼ I hð Þ between image intensity and deposition height.
The correlation between track height and image intensity allows adopting the fol-
lowing approach:

• Use the process map h ¼ f P;Vð Þ to decide the nominal power Pnom and the
cruise speed Vnom to be used during the whole deposition to obtain the desired
track height h. This yields also I ¼ I h

� �
.

• Stabilize I in time around the target value I Since I is a proxy of h, its regularity
allows the achievement of a uniform track height.

2. The stabilization of image intensity is realized through the implementation of a PI
(proportional-integral) controller (Fig. 5). A derivative component has not been
included, as it yielded no significant benefits to the reduction of signal settling
oscillations in the experiments considered for this work. In the future, a wider
experimental campaign will reconsider the effects of the derivative component
directly on the desired process outcome, i.e. track height.

3. The tuning of the PI controller is performed first of all by commanding a random
power signal to the dynamic system (the DED process) and acquiring the sensor
feedback, i.e. image intensity. The unknown dynamic system is then identified as a
state-space model, using the subspace method. The estimation yielded a stable
fourth degree state-space model, coherently with the similar model identification
approach used in (Song2011).

4. Figure 6 shows the comparison between a validation signal, generated with a new
input, and its simulation by the identified model, which provides a good prediction
of the model output.

5. The identified model has been then used to evaluate the step response and conse-
quently to tune the KP and KI parameters. The results of the tuning are displayed in
Table 1.

Fig. 5. PI control loop.
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4 Approach Validation and Experimental Results

The preliminary experimental campaign, aimed at determining the feed-forward control
component, has been performed by acquiring single tracks at nominal power levels
Pnom from 100 to 1000 W with step 100 W, and by measuring track heights at the
positions where images were taken, as described in [24]. The cruise velocity has been
fixed to V ¼ 100 mm/min, to simplify the experimentation and its further analysis.
A linear regression analysis on collected data allowed to estimate the relation h ¼ f pð Þ,
which can provide a comprehensive set of process recipes to obtain the desired ref-
erence heights. The preliminary deposition runs have been exploited to capture the
image intensities at 100 fps, while keeping V and the vision settings M fixed (in
particular the exposure time of 10 ms). This provided the required function g that gives
image intensities in relation to P;V ;M.

The effectiveness of the proposed control scheme has been tested by depositing
multiple times V-tracks at P = 300 W, V = 100 mm/min and a powder flow rate of
30 mg/s. Five reference V-tracks have been deposited without melt pool control, while
five samples with the same process parameters have been deposited with the melt pool
control loop enabled, using the parameter values reported in Table 1.

Table 1. PI tuning results.

KP 2.5
KI 0.1
Rise time 80 ms
Sample time 10 ms

Fig. 6. Validation of identified dynamic model: acquired (dashed line) vs. simulated response
(solid green) to random power input.
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For each track, the peak height in the corner region was measured, while track
height in linear segments (before and after the corner) has been determined by aver-
aging measurements taken in 80 equally-spaced positions along the track centerline (40
on the corner-entering branch and 40 on the corner-exiting branch). The resulting track
heights in linear regions presented mean values in the range 562–779 µm and standard
deviations in the range 42–63 µm. Compared to peak heights in the corners (931–
1142 µm) the track heights resulted significantly different, as confirmed by one-sided
Wilcoxon tests (p-values < 1e-3 in all cases).

The over-deposition ratios, i.e. the ratios between peak height and linear section
height of each track, have been averaged across the repetitions with and without power
control enabled. The results, resumed in Table 2, show that in tracks deposited with
melt pool control enabled the over-deposition in the corner region (see Fig. 7) is
reduced (*17% of the track height in linear regions). A Wilcoxon test confirms this
difference, yielding a p-value lower than 5% for a one-sided two-samples test.

Fig. 7. V-track deposited with melt pool control enabled.

Table 2. Deposition tests summary

Open loop Closed loop

mean st. dev. mean st. dev.
Over-deposition ratio (averaged on 5 tracks) 1.66 0.08 1.49 0.07
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5 Conclusion and Future Works

The article presents a closed loop PI control approach for reducing the over-deposition
rate in parts presenting sharp angles printed by DED, such an AM process has not yet
been studied in literature with a similar closed-loop approach. The proposed control
system runs on a 3 axes machine and modulates the laser power in relation to the melt
pool image intensity captured with an in-axis camera sensor. The implemented PI
process control model shows the potential of this approach in treating height over-
shootings, which have been reduced by 17% in the performed tests. Such improvement
is to be appreciated especially in the tool path corners, where the risk of over-
deposition is quite high as a result of increased local energy.

The proposed control model will be enriched by implementing the computation of
different and more complex image features, and analyzing their correlation with process
outcomes by more advanced regression methods, such as convolutional neural net-
works. Moreover, microstructural outcomes, like porosity, will be measured on track
cuts and introduced into the control scheme. The approach will be tested on various
reference geometries, starting from thin walls, where the heat build-up is faster, small
3D bulks, which require several and frequent motion inversions, and tensile samples,
which will allow relating melt pool features, geometric and metallurgic quality also to
the static mechanical behavior of a DED sample. Finally, the preliminary tests will
scale up to more refined control approaches, such as GPC based on the identified
dynamical model of the process, and to the integration of additional feedback and look-
ahead signals, like the instantaneous laser spot velocity.
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