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a b s t r a c t

Laser Metal-wire Deposition is an additive manufacturing technique for solid freeform fabrication of

fully dense metal structures. The technique is based on robotized laser welding and wire filler material,

and the structures are built up layer by layer. The deposition process is, however, sensitive to

disturbances and thus requires continuous monitoring and adjustments. In this work a 3D scanning

system is developed and integrated with the robot control system for automatic in-process control of

the deposition. The goal is to ensure stable deposition, by means of choosing a correct offset of the robot

in the vertical direction, and obtaining a flat surface, for each deposited layer. The deviations in the

layer height are compensated by controlling the wire feed rate on next deposition layer, based on the

3D scanned data, by means of iterative learning control. The system is tested through deposition of

bosses, which is expected to be a typical application for this technique in the manufacture of jet engine

components. The results show that iterative learning control including 3D scanning is a suitable

method for automatic deposition of such structures. This paper presents the equipment, the control

strategy and demonstrates the proposed approach with practical experiments.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Production of complex metal structures, by means of tradi-
tional manufacturing, often requires expensive precision castings
or oversized forgings that need extensive machining. For large
and complex structures that are manufactured in small quantities
using high-cost materials, e.g. jet engine components, traditional
methods lead to significant production costs, due to high scrap
rates and long lead-times. Rapid manufacturing techniques based
on additive layer manufacturing have therefore gained an
increased attention due to their ability to fabricate fully dense
metal shapes without the need of dies or extensive machining. If
rapid manufacturing can be included as a supporting technique to
traditional manufacturing methods, the production costs and
lead-times can be decreased. The flexibility of rapid manufactur-
ing can also allow for late design changes or repair of worn out
parts. Moreover, the technique enables the use of other materials
and new designs, utilizing, e.g. sheet metals, which can help to
reduce the total weight of the final component.
ll rights reserved.
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Since their first introduction three decades ago, additive
manufacturing techniques for metal have been developed and
commercialized in the industry under names such as Direct Metal
Deposition [1], Laser Engineered Net Shaping [2], Shaped Metal
Deposition (SMD) [3], Selective Laser Melting [4], and Electron
Beam Melting [5]. Apart from the SMD system, which utilizes
metal wire, the parts are built from powderized feedstock either
in a powder-feed process [1,2] or a powder-bed process [4,5]. The
heat source used for melting the additive material is usually a
high power laser, an electron beam or a tungsten inert gas (TIG)
welding source. Traditionally, the powder based processes have
been developed towards the manufacture of small and complex
geometries with less focus on the deposition speed. For large
structures with moderate complexity, such as flanges or bosses, it
is more rewarding to use wire based techniques since these will
give a better surface finish, could lead to better material quality,
and also higher deposition rates [6,7]. The use of wire will also
give better process efficiency and cleaner working environment
since all wire that is fed into the melt pool is utilized, in
comparison to a substantial amount of scattered powders that
are not melted when currently available powder based techni-
ques are used.

Basic process characteristics of wire-based additive manufac-
turing and material properties of deposited beads and 3D parts
have been studied by many authors [3,8–20]. Combination of wire
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and powder feeding has also been reported [21–23]. A conclusion
can be drawn that a wire-based deposition process is sensitive to
wire position and orientation relative to the melt pool and the
deposition direction. Careful tuning of the wire feed rate, the heat
input, and the travel speed are also important in order to obtain
defect-free beads. Moreover, in [24] it is further argued that in
order to achieve good process stability for multi layered deposi-
tion, continuous process monitoring and control of, e.g. the wire
feed rate, is also necessary. In [25] a camera-based monitoring
system is developed for closed loop control of straight-bead deposi-
tion and in [18] a temperature monitoring system is investigated for a
laser metal-wire deposition process. However, apart from the men-
tioned references this subject has not yet been investigated to any
great extent in the literature. By contrast, there are several publica-
tions on this subject for powder-based systems, e.g. monitoring and
process control using cameras [26–28], closed-loop height control
using photo diodes [29–32], powder flow control based on motion
system speed profile [33], temperature measurements using pyrom-
eters [34–36]. However, transferring these results to wire-based
deposition systems is not a straightforward task since the two
processes are dissimilar in many ways.

A robotized laser metal-wire deposition system has been
developed at University West, Sweden, in close cooperation with
Swedish industry. For this process a camera-based monitoring
system and closed loop control of bead width and height has been
developed and demonstrated for straight bead deposition [25].
The work presented in this paper is a continuation of that work.
The main contribution is a generalized height controller based on
iterative learning [37] that can cope with arbitrary deposition
patterns. It uses height information from preceding layers,
obtained by means of 3D scanning, and prevents the deterministic
disturbances (which the controller learns during the deposition),
and compensates for non-deterministic temporary disturbances.
The result is a stable deposition process with small errors and low
control activity. The material considered in this paper is Ti–6Al–
4V deposited on plates of same material.
2. System hardware

The deposition system is a modified laser welding system
consisting of a high power laser, a deposition tool, an industrial
robot arm, an inert gas tent, a data acquisition system, an
operator interface, and a control system.

The laser heat source is an IPG Photonics fiber laser with a
maximum power of 6 kW. The use of a laser as a heat source is
grateful since it gives low heat input into the substrate (com-
pared, e.g. to a TIG heat source) leading to less residual stress and
less deformation. The robot, which generates the movement of
the tool relative to the substrate, is an ABB 4400 industrial robot
arm with six degrees of freedom. The use of a robot enables high
Fig. 1. Deposition tool with the laser scanner. Left, deposition mode;
flexibility in terms of feasible geometries and objects that can be
modified or repaired.
2.1. Deposition tool

The deposition tool consists of an optical system, which focuses
the laser beam, a wire feeder, a laser scanner, and a camera. The
optical system consists of a collimator and a focusing lens, which
together generate a 1.5 mm wide spot in focus. However, since the
chosen wire diameter is 1.2 mm the laser beam is defocused into a
larger spot (roughly 3.6 mm on the deposition surface) in order to
allow for a more flexible interaction between the wire tip and the
melt pool. The focus point is placed below the surface in order to
avoid plasma generation. Here, the choice of wire diameter is a
matter of convenience. Other wire diameters are equally possible
with proper choice of laser spot diameter. The wire feeder is a self-
regulated push/pull feeding system from Fronius. A push mechanism
is mounted at the wire spool and a smaller pull mechanism is
mounted at the nozzle. This setup has a fast response and ensures
good compliance with the desired wire feed rate at the nozzle. The
tool is illustrated in Fig. 1.
2.1.1. Laser scanner

A laser scanner is utilized for the purpose of obtaining a 3D
height profile of the manufactured part after each deposited layer.
In this work a laser scanner from Micro-Epsilon (scanControl
2810-25) is used that operates according to the principle of
optical triangulation. That is, a laser line is projected onto the
target surface and the reflected light is captured by a two
dimensional sensor from which a single-line height profile is
calculated. Resolution of the scanner in the z-axis is specified to
10 mm. A 3D height profile is obtained by a relative movement
between the scanner and the part in the x-direction (for coordi-
nates see Fig. 1), generated by the robot, during which the scanner
is triggered by an in-house developed software to perform
measurements. The part is scanned with a speed of 5 mm/s, and
each 50 ms a new profile is extracted. This results in 250 mm
spatial resolution along the x-axis. At the currently chosen
measurement distance (between the scanner and the part) the
length of the laser line is around 35 mm. The maximum number
of measurement points per scanned line is 1024, however, in
order to limit the amount of information generated for each
scanning, 256 points/line are used. A 35 mm wide laser line gives
a spatial resolution of 140 mm along the y-axis.

During deposition it is important to protect the scanner from
the high power laser reflections and the heat radiation from the
built part. For this purpose, a linear drive unit, on which the
scanner is mounted, is utilized such that it lifts the scanner away
from the melt pool during the actual deposition, and lowers it
middle, scanning mode; right, coordinate axes during scanning.
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Fig. 2. Left, close-up image of the deposition process as seen by the process camera. Right, the deposition cell with the ABB robot and the protective inert gas tent.
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down at the time of scanning, see Fig. 1. The repeatability of the
linear drive unit in the z-direction is measured to r30 mm.

2.1.2. Process camera

A CMOS camera is mounted on the deposition tool in order for
an operator to monitor the interaction between the wire tip and
the melt pool during the deposition process. The visual feedback
is meant to help the operator to evaluate the controller and to
spot any disturbances that are not taken care of by the controller.
The field of view is concentrated on a small area surrounding the
melt pool. The high power laser is blocked by a filter placed in
front of the camera’s lens. Furthermore, due to the high bright-
ness of the process, a small aperture and a short shutter time are
chosen. This gives a good contrast of the details in the melt pool,
but it also means that the surrounding is underexposed and thus
black, see the left part of Fig. 2. Hence, for better results
illumination is required, preferably by using well defined light
sources such as xenon light sources or lasers, although not yet
implemented in this work.

2.2. Oxygen sensor

During deposition of Ti alloys it is crucial to maintain the oxygen
content below a certain threshold to minimize the oxidation of the
built part. The deposition is therefore performed in a protective tent
filled with inert gas. In order to monitor the oxygen content a thin
tube is inserted inside the tent from which a small quantity of air is
continuously pumped into an oxygen sensor for measurement. In this
work argon is used as the inert gas.

2.3. User interface

The user interface is designed to provide an operator with all the
necessary information needed to run the process remotely from
outside the laser room. This is an important feature due to the
potential risks associated with the use of high power lasers in general,
and mounted on robots in particular. If necessary, the interface allows
the user to make on-line changes of the laser power, the deposition
speed, the wire feed rate, and the robot’s height.

Two additional cameras are installed in order to give an
overview of the process and the laser room. The scanned surface
is also clearly displayed as well as the details of the height
deviations for the last deposited layer.

2.4. Data acquisition

All data that is presented to the operator is also stored in a MySQL
database with a timestamp. This enables easy access to the stored
data and hence it allows for easy analysis of the experiments. Several
flags are used, such as layer number, laser on/off, etc. which further
simplifies the extraction of the data of interest for post analysis. The
sampling frequency in this work is 33 Hz.
3. Deposition procedure

The on-line controller is evaluated through deposition of
bosses, i.e. knob-like parts with a size in the range of some cm
in all directions. The target part is a 25 mm high circular cylinder
with 30 mm diameter. The part is produced in the following way:
The robot moves the deposition tool according to a pattern while
the high power laser beam generates a melt pool on the substrate
into which the wire is fed continuously. The wire is melted
partially by the laser beam and partially by the heat from the
melt pool, and upon solidification a bead is created. The beads are
deposited side by side, according to the pattern, forming a layer
with a desired contour. The deposition is then repeated for a
sufficient number of layers until the desired height is obtained.
Here, the part is generated by depositing 35 layers. The deposition
pattern is an arithmetic spiral, i.e. the successive turnings of the
spiral have a constant separation distance, see Fig. 3. This distance
is chosen so that adjacent beads are overlapping in a way that the
intermediate area gets as flat as possible.

In the open-loop case, for each new layer, the robot’s tool
center point (TCP) is offset by an estimated layer height in the
z-direction, according to (1), where T z

jþ1 is the tool’s position on
the z-axis at layer jþ1, and ĥl is the estimated layer height. The
estimate ĥl is based on practical experience and here chosen as
constant over layers:

T z
jþ1 ¼ T z

j þ ĥl ð1Þ

In this work Ti–6Al–4V wire is deposited onto 3 mm plates of
same material. The plates are mounted on a clamping fixture
placed inside an inert gas tent. The oxygen level inside the tent is
maintained below 100 ppm (parts per million) at all times during
deposition. Between each layer the top surface of the part is
scanned with the laser scanner described in Section 2.1.1. Since
the chosen scanner is not intended for hot surfaces a pause of one
minute is made after each deposited layer in order to minimize
the scanning errors caused by the hot top surface of the part.
4. Control methodology

Multi-bead multi-layered deposition is a complex process that
depends on several parameters such as the shape of the part, the
choice of the deposition pattern, the heat input, the deposition
speed, and the wire position- and orientation relative to the melt
pool. These parameters affect the stability of the deposition
process, the geometry of the final part, and its metallurgical
properties. In this work the aim is to develop a controller that



Fig. 3. Clarification of time index k and layer (iteration) index j. Note that the time is reset for each new layer.

Fig. 4. ILC architecture as implemented in this work. The delay is in the iteration

domain and vw is the nominal wire feed rate.
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ensures a smooth surface on each layer, given a set of predefined
deposition parameters, and thereby guaranteeing a stable deposi-
tion. Potential metallurgical requirements are here assumed to be
fulfilled given the set of nominal deposition parameters.

The control system is a combination of an iterative learning
controller (ILC) for height deviations and a step-height compen-
sator. The ILC is intended to smoothen out height deviations by
controlling the wire feed rate while the step-height compensator
should adjust the robot’s TCP, in the z-direction, in order to
compensate for incorrectly estimated layer height.
4.1. Iterative learning controller

During deposition the height variations within a layer are
generated as a consequence of the chosen process parameters, e.g.
the shape of the deposition pattern, and due to potential
disturbances, e.g. in the wire feed rate. The dominating factor
for causing height variations has shown to be the choice of
process parameters. The resulting variations in height are deter-
ministic, but the dependency is complex and hard to predict. For
each new setting of process parameters the a priori knowledge of
the resulting system’s dynamics is therefore limited. Hence, the
height controller should adapt to local process variations on-line.
Since the deposition process is repeated, layer after layer, it can be
seen as an iterative process with deposition layers as the iteration
domain. It is therefore natural to choose the ILC structure for
height control.

Iterative learning control was mathematically formalized three
decades ago, see, e.g. the seminal works in [38,39] or a recent
survey paper [37]. Traditionally, the ILC approach has been
implemented for improving reference following in repetitive
tasks, most often involving industrial robots, see, e.g. [40].

Before defining the ILC algorithm, a performance measure
needs to be defined. Assume that the ILC algorithm operates on
a set of N discrete points k (sampled with the sampling time Ts),
which are uniformly distributed along the deposition path (see
Fig. 3). Define Hj(k) as the total height of the deposited part in a
single point, i.e. at time index k, after layer j has been deposited,
and T z

j as the robot’s height at layer j. Define then the mean layer
height as

hj ¼
1

N

XN

‘ ¼ 1

ðHjð‘Þ�T z
j Þ ð2Þ

where Hj(k) is obtained using the 3D scanner described in Section
2.1.1. Using (2), define the performance measure, at each discrete
point k, as the error

ejðkÞ ¼ hjþT z
j�HjðkÞ ¼

1

N

XN

‘ ¼ 1

Hjð‘Þ�HjðkÞ ð3Þ

The error ej(k) thus measures the deposited part’s height
variations from a mean value, at each discrete point k, which
should be minimized. By defining the error as the deviation of
(HjðkÞ�T z

j ) from its mean value hj, rather than from the estimated
layer height ĥl, the ILC is limited to focus on height variations
only, i.e. to achieve a flat surface. This will minimize the control
action and thereby also the process induced disturbances, see
Section 4.2 for further discussion.

Using (3) the ILC algorithm can now be defined. Here, a second
order ILC is chosen such that it incorporates the error measure-
ments from the previous two iterations, i.e. ejðkÞ and ej�1ðkÞ:

ujþ1ðkÞ ¼ Q ðqkÞ½ujðkÞþqd
kðg1ejðkÞþg2ej�1ðkÞÞ� ð4Þ

where uj is the control input that controls the wire feed rate on
layer j, gi are the so called learning gains, and Q ðqkÞ, defined as the
Q-filter, is a zero phase low pass filter based on a 2nd order
Butterworth filter [41], in the time shift operator qk

(q�1
k ujðkÞ ¼ ujðk�1Þ). Furthermore, a time shift operator, qk

d, acts
on the two error signals, ejðkÞ and ej�1ðkÞ, where d denotes the
number of samples the corresponding signal is shifted in time.
Note that (4) is noncausal for d40. However, this gives no
problems since the time shift is applied on error measurements
from past iterations only, i.e. iterations for which a complete error
signal is available. Note further that, for each new iteration, the
time is reset as illustrated in Fig. 3. Fig. 4 shows the ILC
architecture as implemented in this work.

The higher order ILC is needed since each new layer is
deposited on top of its preceding layer, and not on a new flat
substrate. Hence, the error is inherited, and thus accumulated,
from previous iterations. Due to this feature, the ILC controlled
deposition system becomes unstable if a first order ILC is used.



Fig. 5. Illustration on how the path of the wire traveling through the laser beam is increased when the distance between the nozzle and the substrate is increased.
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4.2. Step-height compensator for increased stability

In order to ensure stable deposition during wire based metal
deposition, it is crucial that the wire nozzle position and angle
relative to the top surface of the melt pool is maintained as
constant as possible. If there is a deviation from the nominal
position, between the nozzle and the melt pool, e.g. due to large
height deviations within a layer, errors such as globular transfer
of the molten wire or insufficient melting of the wire are likely to
occur [24]. The position and angle of the nozzle determine the
distance, i.e. the time, between where the wire tip enters the laser
beam and where it later enters the melt pool, see Fig. 5. Assuming
constant laser power and wire feed rate, altering this distance will
alter the amount of energy that is transferred to the wire tip
before it reaches the melt pool. Too much energy and the wire tip
will melt too early, forming droplets of molten wire rather than a
continuous transfer between the wire tip and the melt pool. That
is, the ‘‘weak link’’ in the right side of Fig. 5 expands before it
finally breaks when the surface tension forces become too weak.
Too little energy and the wire tip will instead enter the melt pool
still solid, and thereby increasing the risk of lack-of-fusion
defects.

Defects caused by insufficient melting of the wire have a
significant impact on the deposited part’s fatigue life and are
therefore not accepted in most relevant applications. Globular
transfer of the molten wire has not been found to affect the
deposited part’s metallurgical properties, but can lead to huge
irregularities in the bead height. Such irregularities usually get
self-amplified (if not compensated for at an early stage), by
causing further instability on the subsequent layers. Once the
irregularities have grown in amplitude, the high level of wire feed
rate, needed to compensate for the deviations, might lead to
insufficient melting of the wire, and ultimately lack-of-fusion
defects.

Towards ensuring stability (in addition to the height ILC), the
step height of the robot can also be adjusted to fit the current
height of the deposited part. Recall that in (1) the robot’s TCP
height in the open-loop case is updated by an estimated layer
height ĥl, which is assumed constant. However, the real layer
height is known to vary slightly as a function of layers (when
deposition parameters are constant). The variations are most
dominant during the initial layers, after which a steady state is
usually reached. Hence, if the robot’s offset is updated in relation
to the mean height of the latest deposited layer, rather than a
constant estimate, the distance between the wire tip and the melt
pool will remain close to its nominal value, throughout the
deposition. Approaching final layers, the total height of the part
should, however, be revised in respect to the desired dimensions
and, if necessary, the total number of layers can be adjusted.

The step-height compensator is defined in the following way:
After each scanning, the mean layer height, hj, is obtained
according to (2). The robot’s TCP is then offset in the z-direction
by hj, according to the following equation:

T z
jþ1 ¼ T z

j þhj ð5Þ

For clarity, the deposition process’ different steps are here
summarized:
1.
 Time index k is reset when a new layer is to be built.

2.
 Layer j is deposited using the control action uj.

3.
 Total height of the part Hj is scanned.

4.
 Mean layer height hj is calculated using (2).

5.
 Error ej is obtained using (3).

6.
 New control action ujþ1 is calculated using (4).

7.
 Robot’s new height position T z

jþ1 is updated using (5).

8.
 Index j is incremented and the process is repeated.
5. System description and modeling for control

In this section a combined time- and iteration domain system
description is developed, both for plant- and learning dynamics.
A stability criterion is also defined, which is later used for parameter
tuning in Section 6.
5.1. Plant dynamics

In the time domain, the plant dynamics is investigated in
terms of height change as a function of Dvw (deviation around the
nominal wire feed rate vw) and time. This is done by a step
response experiment, i.e. the input signal, the wire feed rate, is
perturbed during single bead-on-plate deposition, and the output,
the deviation from a nominal bead height, as a function of time, is
measured. The perturbation is a positive step change, and the
process output is analyzed by observing the shape of the
response, from which features such as the time constant and
the gain of the plant can be extracted. The result from the step
response experiment is illustrated in Fig. 6. It shows that the
process exhibits second order dynamics. The time delay appears
to be negative, i.e. it appears as if the system responds slightly
before the actual change in the input signal. This is due to the fact
that the melt pool has a distribution in space and, due to internal
fluid flows, any change in added mass is distributed across the
entire melt pool.

The resulting smoothing effect can be considered as a low pass
filter in the time domain and means that a change in added mass,
at a certain point on the deposition path, affects the height at
previous points on the path as well. When the solidified bead is
scanned, it will then appear as if the response to the change in
added mass has started earlier than the input change itself.
Therefore, the non-causal response, observed in Fig. 6, will be
approximated with a first order system with a zero phase low
pass filter. Details regarding zero phaser filters can be found in
[41]. The zero phase characteristics are here important in order to



Fig. 6. Height response (solid line, scanned after solidification) due to a step

change in wire feed rate compared to the simulated response (dashed line).
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allow for high frequency attenuation without introducing lag. The
transfer function, Gwh(s), of the first order approximation from the
wire feed rate to the bead height, is given in the following
equation:

GwhðsÞ ¼
Kwh

1þsTwh
ð6Þ

where, Kwh is the static gain and Twh is the system’s time constant.
Note that the low pass characteristics is added first in (9). The static
gain is defined as the ratio between a change in the output (the
steady state value) and the change in the input signal, given that the
process had previously reached a steady state before the time of the
input change. The time constant is defined as the time at which the
step response has reached 63% of its final value minus the time
delay (which in this case is set to zero). For the chosen process
parameters, Twh is estimated to 0.37 s. For further details regarding
transfer function estimation through step response experiments,
see, e.g. [42]. Note that the transfer function Gwh(s) regards the
deposition process as being a single straight bead and hence, it does
not model the complex interaction between adjacent beads. In
discrete time, sampled with Ts, (6) becomes

yðkþ1Þ ¼ adyðkÞþbduðkÞ ð7Þ

where y is the output height, ad ¼ e�Ts=Twh , bd ¼ Kwh 1�e�Ts=Twh
� �

, and
u is the control input (wire feed rate). The difference equation in (7)
assumes a single bead deposited on a flat surface without dis-
turbances. In order to incorporate the previous layers’ height
deviations and load disturbance, (7) is augmented according to the
following equation:

xjðkþ1Þ ¼ adxjðkÞþbdujðkÞþvðkÞ

yjðkÞ ¼ xjðkÞþyj�1ðkÞ ð8Þ

where j is the iteration index, x(k) is a state variable, and v is a
deterministic load disturbance that appears in every iteration and is
same for each layer. That is, v is a function of time k, such that
vjðkÞ ¼ vjþ1ðkÞ, 8j,k. Here, uj, vj, xj, and yj are N-sample sequences as
follows:

ujðkÞ, kAf0;1, . . . ,N�1g

vjðkÞ, kAf0;1, . . . ,N�1g

xjðkÞ, kAf1;2, . . . ,Ng

yjðkÞ, kAf1;2, . . . ,Ng

where the state variable xjð0Þ ¼ 0, 8j. By iterating (8), it is straight-
forward to obtain the lifted system representation, which gives a
combined time- and iteration domain dynamics of the plant (9). The
representation in the following equation is used for stability analysis
in Section 6:

yjþ1ð1Þ

yjþ1ð2Þ

^

yjþ1ðNÞ

2
66664

3
77775

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
yjþ 1

¼HLP

bd 0 � � � 0

adbd bd � � � 0

^ ^ & ^

aN�1
d bd aN�2

d bd � � � bd

2
66664

3
77775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
P

ujþ1ð0Þ

ujþ1ð1Þ

^

ujþ1ðN�1Þ

2
66664

3
77775

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
ujþ 1

2
6666666664

þ

yjð1Þ

yjð2Þ

^

yjðNÞ

2
66664

3
77775

|fflfflfflfflfflffl{zfflfflfflfflfflffl}
yj
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aN�1
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2
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|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
v

3
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ð9Þ

In (9), HLP is the low pass filter discussed earlier in this section.
Without the zero phase characteristics, HLP introduces an unrea-
listic lag, which is quickly amplified since the height deviations
from preceding layers are accumulated.

The basis of the filter is a 2nd order Butterworth low pass
filter. Assume that the discrete time state-space representation of
the filter is given as

zðkþ1Þ ¼ Af zðkÞþBf gðkÞ

f ðkÞ ¼ Cf zðkÞþDf gðkÞ ð10Þ

where g represents the input signal, z the state vector, and f the
filtered signal. In order to obtain zero-phase filtering, the input
signal is processed through the filter in (10), after which the
output is time-reversed and processed by the same filter, once
again. The procedure is thus non-causal and requires a finite
length input signal. However, the signals which are processed by
HLP in (9) are all based on past inputs and outputs, and hence, the
causality requirements can be relaxed.

To obtain a static representation of HLP, an N � N Hn

LP-matrix is
formed:

Hn

LP ¼

Df 0 0 � � � 0

Cf Bf Df 0 � � � 0

Cf Af Bf Cf Bf Df � � � 0

^ ^ & &

Cf AN�2
f Bf Cf AN�3

f Bf � � � Cf Bf Df

2
66666664

3
77777775

ð11Þ

where N is the length of the input signal. The final zero-phase HLP

matrix is obtained by multiplying a transformed Hn

LP-matrix with
itself according to

HLP ¼ ðTHn

LPTÞHn

LP ð12Þ

where T is an anti-diagonal identity matrix

T ¼

0 � � � 0 1

0 � � � 1 0

^ & ^ ^

1 � � � 0 0

2
6664

3
7775

Here, a cut-off frequency of 1 Hz is chosen. The low cut-off
frequency reflects the strong smoothing effect that the melt pool
has on the final bead shape. The simulated step response of the
lifted system in (9) is compared to the measured step response in
Fig. 6.



Fig. 7. Left, recurring pulse disturbance used for simulated evaluation of the ILC system. Right, resulting simulated height deviation when the controller is turned off.
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5.2. Learning dynamics

Using (9), a combined time- and iteration domain representa-
tion of the learning algorithm, given in (4), is derived. Since the
plant in (9) models the height deviations from a flat surface (and
not the real height of the component), the error ej is here set as
ej ¼�yj. Using this error formulation, the learning equation in (4)
can be formulated as follows:

ujþ1 ¼Q ½uj�qd
kðg1yjþg2yj�1Þ� ð13Þ

where ui and yi are vectors of time signals ui and yi, respectively,
containing all values of k, cf. (9). The Q-filter matrix Q is a static
representation matrix of the Q-filter, derived from its state space
model. The bandwidth of the Q-filter determines how large part
of the disturbance dynamics should be learned. Here, the focus is
on the low frequency characteristics of the process, and hence a
low pass Q-filter is chosen. It has been shown that introducing a
low pass Q-filter increases the robustness of the process, however,
at the price of performance [43]. The filter is designed as a zero-
phase digital filter, i.e. in the same way as HLP, in order to allow
for high frequency attenuation without introducing lag.
5.3. Combined system representation

In order to analyze the stability of an ILC system it is often
sufficient to investigate the stability of the learning dynamics
[44]. However, since the plant output of the considered process
depends directly on the previous outputs as well, an investigation
of a combined plant- and learning dynamics system is instead
required. To obtain such a system, (9) and (13) are combined and
rewritten into a descriptor representation as follows:

I 0 �HLPP

0 I 0

0 0 I

2
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75
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0

0

2
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where I is an identity matrix. The descriptor matrix E in the above
expression is eliminated from the left hand side, by multiplying
the expression with E�1, to obtain the following:

yjþ1

yj

ujþ1

2
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3
75¼
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2
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ð14Þ
where F is the system matrix that is used for stability analysis in
Section 6, and F1 ¼Qqd

kg1 and F2 ¼Q qd
kg2.

5.4. Stability definition

Stability is a central property for a control system. When a
process is controlled using ILC, typically two questions are of
interest namely, whether the error will approach zero as the
number of iterations grow and, if the error does not approach
zero, is it bounded? The way the error decays is also of interest,
e.g. does it decay monotonically? Given the simplicity of the
controller (i.e. no a priori knowledge of the system) and the
additive nature of the process in the iteration domain, require-
ment such as monotonous error decay is presumably too
demanding. Here, asymptotic stability is investigated. Define the
spectral radius of a matrix M as follows:

rðMÞ ¼ max
i ¼ 1,...,n

9liðMÞ9

where liðMÞ is the ith eigenvalue of the matrix MARn�n. The ILC
system in (14) is asymptotically stable if the spectral radius [44]

rðFÞo1 ð15Þ

where F is obtained from (14). Note that ensuring asymptotic
stability does not guarantee a zero error. To investigate the error
decay, the process is simulated using (14) in connection with
tuning of the ILC parameters in the next section.
6. Parameter tuning using simulation

The ILC algorithm defined in (13) has four parameters that
need to be decided; the learning gains, g1 and g2, the cut-off
frequency of the Q-filter, and the time shift qd

k . The aim is to
ensure asymptotic stability of the system, i.e. to fulfill (15), and, if
possible, monotonic error decay after short initial transients.
However, the tuning of the controller parameters should also
reflect some process characteristics which are not captured by the
models described earlier. One example is the fact that fast and
large wire speed variations might lead to deposition disturbances,
such as globular transfer of the molten wire, as discussed in
Section 4.2. At current state, automatic detection of the globular
state and a suitable recovery action has not yet been developed.
Hence, in this work the controller should perform in a way that
minimizes the risk of this event. This is done by choosing
controller parameters that give a slower response, i.e. lower
control activity.

6.1. Learning gain

The tuning is based on the system described in (14). To begin
with, Q ¼ 1 and d¼0 (qd

k ¼ 1), and various learning gain combina-
tions, ðg1,g2Þ, are tested. The idea is to find a suitable and stable
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ðg1,g2Þ pair, after which an appropriate Q-filter is added to
increase the robustness. The stability criterion (15) is investigated
and the system is simulated for a number of iterations, where a
recurring pulse disturbance is introduced at the same location for
each layer. Fig. 7 shows the response of the pulse disturbance
when no control activity is used, i.e. the deviation adds for
each layer.

The learning gains are based on the static gain Kwh of the time
domain plant. More specifically, g1 is chosen as the inverse of Kwh

multiplied with a constant (g1), while g2 is chosen proportional to
g1, i.e.

g1 ¼ g1=Kwh,g140

g2 ¼�g2g1,g240 ð16Þ

With its negative sign, g2 acts as a damping factor to the
response of the controller, such that it suppresses the overshoot
and subsequent oscillations that follow a fast initial response, due
to g1. In order for the control signal to converge, g2 should be
chosen less than unity. Furthermore, stability analysis shows that
if g2 is set to zero, the process becomes unstable for any value of
g1, i.e. rðFÞ9g2 ¼ 041. Hence, a higher order ILC structure (in the
iteration domain) appears necessary for the current process.
However, the analysis also indicates that, when both g1 and g2

are nonzero (and Q ¼ 1 and d¼0) the rðFÞ ¼ 1 at best, i.e. the
system is only marginally stable. Thus, in order to ensure stability
using the current ILC structure for the proposed plant model, it is
necessary to use a Q-filter (which increases the robustness at the
cost of performance [43]).

A set of different ðg1,g2Þ are simulated and the root mean
square (RMS) error between the resulting height deviations and a
flat surface is investigated. For clarity, only a subset of these
ðg1,g2Þ combinations’ RMS error is plotted in Fig. 8. The graphs on
Fig. 8. Left, simulated RMS output error for a set of learning gains. Right, ra

Fig. 9. Left, simulated RMS output error for three different Q-filters, using g1 ¼ 1=Kw

measured at t ¼ 8 s.
the right side in Fig. 8 show the ratio between the control input
and the disturbance, at time t¼ 8 s, i.e. during the disturbance
shown in Fig. 7.

Based on simulation results, the marginally stable controller,
obtained using g1 ¼ 1=Kwh and g2 ¼�3=4g1, i.e. with g1 ¼ 1 and
g2 ¼ 3=4, are chosen for further investigation, see Fig. 8. This
combination is a compromise between a reasonable response
time and moderate control signal activity.

6.2. Q-filter and time shift operator

In order to increase the robustness of the ILC system, a low
pass Q-filter is implemented. Fig. 9 shows the simulation results
for three different cut-off frequencies (f cðQ Þ), 0.5, 1, and 8 Hz.
Here, Ts ¼ 0:03 s, which corresponds to the real system’s sampling
time, and gives a Nyquist frequency of 16 Hz. The filter is
evaluated for learning gains g1 ¼ 1=Kwh and g2 ¼�3=4g1, using
the same evaluation procedure as in the previous section. When
f cðQ Þ is set to 8 Hz, the spectral radius rðFÞ is only marginally less
than unity. With f cðQ Þ s et to 0.5 and 1 Hz, a stable system is
obtained with rðFÞo0:8. From these results, f cðQ Þ ¼ 1 Hz is
chosen as a trade-off between robustness and response time.
For cut-off frequencies below 0.5 Hz, rðFÞ goes towards unity as
f cðQ Þ is decreased.

In ILC related problems, the time shift qk
d is often used to

compensate for the time delay of the plant (usually one sample).
Since the time delay is modeled as zero in this work, the question
arise whether qk

d can still improve the performance of the ILC in
the transient regions. A set of simulation trials has been per-
formed and results show that introducing a positive time shift qk

d

can make the eigenvalues move towards the origin. However, the
eigenvalue displacement turns out to be only marginal, wherefore
the results are not further elaborated here. The conclusion,
tio between the control input and the disturbance, measured at t ¼ 8 s.

h and g2 ¼�3=4g1. Right, ratio between the control input and the disturbance,



A. Heralić et al. / Optics and Lasers in Engineering 50 (2012) 1230–12411238
however, is that a time shift around the time constant of the plant
(d¼ dTwh=Tse) appears to be a good choice for the considered
plant model. By including a positive time shift (i.e. d40), a
prediction of the error in the time domain is introduced. This
helps the controller to react slightly in advance which can some-
what decrease the resulting height deviation.
7. Results and discussion

In this section the ILC system is compared with the open-loop
system using experimental results. Control parameters derived in
the previous section are used, i.e. g1 ¼ 1=Kwh, g2 ¼�3=4g1,
f cðQ Þ ¼ 1 Hz, and d¼ dTwh=Tse.

7.1. ILC vs open-loop

A circular cylinder is chosen as the target. The controlled part
was deposited for 35 layers, while the open-loop trial was aborted
after 10 layers due to an increasing height error. The final height
deviation of the open-loop deposited part is compared with the
height deviation of layer 10 and 35 of the controlled part in Fig. 10.
The open-loop curve shows that there are some areas where the
height deviation increases rapidly, although the process parameters
are constant throughout the deposition. Nevertheless, Fig. 10 further
Fig. 10. Deviation from a mean layer height as a function of deposition time

(i.e. along the deposition path). Comparison between the open-loop process and

the ILC controlled process.

Fig. 11. Average rate of change of ej(k) (mm/layer) as a function of deposition time.
shows that the ILC algorithm is able to suppress these deviations
and maintain a flat surface in a successful way.

In Fig. 11 the average rate of change of the error is shown. The
curves are obtained in the following way. For each time unit k, a
straight line is fitted to the corresponding errors, as a function of
all deposited layers, and the slopes of each linear approximation
(i.e. for all k) are obtained. These values represent the average rate
of change of the error, i.e. in mm/layer. The ILC curve in Fig. 11
indicates that the control algorithm is able to restrain the height
error throughout the deposition. This demonstrates the ILC
algorithm’s ability to learn the traits of a specific part, on-line
without any a priori knowledge of the deterministic disturbances.
7.2. Step-height compensation

During the deposition of the controlled part the mean layer
height hj, by which the robot’s TCP is updated in the z-direction
(5), is recorded. It is here compared to the estimated (and
constant) layer height ĥl used in the open-loop case. The accu-
mulated difference,

Pj
i ¼ 1ðhi�ĥlÞ, is plotted in Fig. 12. It shows

that, for the first 6 layers, the estimated layer height corresponds
well to the real height. However, for the subsequent layers the
real layer height is constantly higher than the estimate.

Here, the deviation is approximately 10% of the estimated
layer height. However, the average deposition rate per layer,
which is related to the control action, is close to the nominal
value. This is illustrated in Fig. 13 where the average delta wire,
Dvw, is plotted, both as a function of layer and time. Dvw

corresponds to the control signal uj, and in Fig. 13 it is represented
as a deviation from the nominal wire feed rate (in [%]). Based on
the average control action shown in Fig. 13, it can be argued that
the error in the estimated height is presumably a result of a
decreasing diameter of the component (see the right part of
Fig. 14). A smaller diameter leads to higher layer height since
the deposition rate is unchanged. The change of diameter is
thought to be a result of surface tension forces in combination
with changed absorbtion condition of the laser light for the
contour bead (due to rounded edges).

Due to the error in the estimate ĥl, the distance between the
wire nozzle and the melt pool, in the open-loop case, will
constantly increase as of layer 6. Now recall the discussion in
Section 4.2 and Fig. 5 and note that, a continuous increase in the
distance between the wire nozzle and the melt pool will quickly
lead to process disturbances such as globular transfer. Hence, if
Fig. 12. Accumulated difference between real layer height hj and a constant

estimate ĥ l for the ILC controlled part. For the first 6 layers the estimated layer

height corresponds well to the real value.



Fig. 13. Average of delta wire (Dvw), i.e. average of the control signal, calculated for each layer j (left), and for each time instant k (right). Dvw is here represented as the

deviation from the nominal wire feed rate (in %).

Fig. 14. Circular cylinder deposited using iterative learning control.
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the deposition process is run in the open-loop mode, it is
important to have a set of estimates, or a function, that properly
describe the evolution of the layer height for the intended part.
The final part is depicted in Fig. 14. Note the somewhat wider
diameter at the bottom layers.
7.3. Scanner related issues

The scanner used in this work (scanControl 2810-25) is a
‘‘general purpose’’ scanner, and as such not intended for scanning
of hot metal surfaces. Nevertheless, it has a good measurement
accuracy for the intended task if the surface of the deposited part
is allowed to cool slightly. The scanner has some difficulties to
obtain reliable measurements of the contour bead since the
combination of shiny surface, rounded edges, and a low-power
scanner laser results in a low amount of reflected light back to the
scanner sensor. An example of a 3D profile obtained with the
developed measurement system is shown in Fig. 15. The surface is
overlaid with the deposition path of the robot. The figure shows
that the outer contour bead’s height is not correctly extracted in
all regions. Because of this, the outer contour bead is deposited
with nominal process parameters even in the controlled case, i.e.
the ILC is turned off when the melt pool reaches the contour bead.

Possible improvements to this problem might include a more
powerful scanner laser, optimized angle of incidence, or/and
automatic adjustment of the sensor’s exposure time for each
individual point on the scanned line. In production, the cooling
time between the layers must sometimes be kept at a minimum,
which puts a demand on the scanner’s ability to also scan hot
surfaces.
7.4. Future work

The work presented in this paper is at an early stage towards
the development of a robust and automatic process controller for
laser metal wire deposition. Naturally, several issues are observed
which have not yet been addressed.

In Section 4.2 the importance of keeping the distance between
the wire nozzle and the melt pool is discussed. The update rule of
the robot’s TCP in (5) desires to keep this distance as constant as
possible, but since the offset calculation is based on (and acts on)
the entire deposition path, i.e. the mean layer height, local
deviations might be rather high. A natural expansion of this
approach is therefore to allow for continuous adjustments of
the TCP value, along the deposition path, which are based on the
local height deviations. Even so, process disturbances in terms of
globular transfer of the molten wire might occasionally occur (e.g.
on problematic contour beads). A robust automatic detection of
the globular state, and a suitable recovery action, should therefore
also be developed.

The scanner used in this work is for general purposes and is
therefore not optimized for scanning of bright and hot metal surfaces.
However, this is generally a major issue in the imaging/scanning
society regardless the sensor used. Finding an appropriate sensor or a
scanning procedure may therefore prove difficult. This will primarily
affect the ability to obtain a correct representation of the outer
contour beads. Hence, finding a way to estimate the reliability of the
scanning information, and/or a way to estimate the control action for
the outer contour bead based on information from the adjacent
beads, are two interesting routes which should be investigated.

In Section 6.1 the current ILC structure shows some stability
problems which are solved by using a Q-filter that increases the



Fig. 15. An example of a scanned surface obtained with the developed measurement system. The black line shows the deposition path overlaid on the surface. The rounded

edges of the outer contour bead are falsely reproduced.
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robustness at a price of performance. A natural continuation is
therefore to investigate other ILC structures, e.g. a higher order in
the time domain, and related stability properties.
8. Conclusion

A laser metal wire deposition cell has been built up at
University West with a monitoring system, featuring cameras
and a 3D scanner. The monitoring system enables on-line visual
feedback, both of the process and the deposited layer’s topological
profile.

Use of a scanner to produce 3D images of each layer gives a
good insight into the process-induced disturbances and thus
enables control of the process. This information can also be a
valuable input for future modeling and simulation, or for devel-
opment of Off-Line Programming tools. The structure of the
measurement system allows for synchronized storage of all
measured data into a database, which simplifies the extraction
and the analysis of the experimental data.

Using the developed monitoring system an in-process height
controller has been developed and demonstrated. The control
algorithm is based on iterative learning. The control signal adjusts
the wire feed rate based on 3D scanned data of the deposited part.
The results show that the developed ILC is able to learn the traits
of a specific part on-line without any a priori knowledge of the
deterministic disturbances. This is important since deposition of
several adjacent beads within a layer generate height variations
which depend on the chosen parameters in a complex way, and
are therefore hard to predict. The controller is thereby able to
compensate for local changes and maintain a smooth flat surface
throughout the deposition. The experimental work is conducted
using Ti–6Al–4V, but the results can be generalized to other
materials as well. Furthermore, the controller is useful for
arbitrary components and deposition patterns, while the scanner
is mainly intended for small-size bosses.
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