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Abstract

Laser welding of copper hairpins is required to produce a conductive connection in electric stators. Past manufacturing pro-
cesses introduce misalignments that lead to poor weld connections with increased electrical resistance. In this work, we discuss
correlations between the electrical resistance of the weld connection and possible misalignment types. Misalignments lead to
a deformed surface topography of the weld. We correlate inline measurements of the weld topography by optical coherence
tomography (OCT) with misalignment types and hence erroneous weld connections. We identify a connection between surface
topographical weld features with the electrical resistance of the weld. As a result, a quantified separation of process results is
possible with a surface topographical feature of the hairpins that allows for concluding the electrical resistance of the pin-pair
connection. Correlation coefficient is identified as the most relevant feature indicating a linear trend in the height profile. Refer-
ence measurements with a symmetrical weld pearl show a correlation coefficient of around 0, whereas misalignments with a
skewed surface topography show increased absolute correlation coefficient values up to 0.75. The identified correlation between
the electrical resistance and different misalignment types can be depicted with the correlation coefficient for the given boundary
conditions. Defective weld results with electrical resistances above 6 pQ can be identified with feature values above 0.5, whereas
reference welds with an electrical resistance below 5 p€2 can be identified with an absolute correlation coefficient below 0.2.
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1 Introduction to size and stripped of paint. Second, the hairpins are shaped

and assembled in the stack of lamination. Finally, the pins are

Hairpin technology is used for reliable and automated produc-
tion of stator windings for electric motors. The manufacture of
stators follows several process steps: First, copper pins are cut
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bent into pin-pairs (twisting) and then contacted with each
other by laser welding to form a closed winding [1]. A current
limitation of this process is that after twisting, the hairpins
might be misaligned. The application of laser welding to mis-
aligned hairpins can lead to poor electrical contact resulting
in an increase in electrical resistance possibly resulting in a
defective stator. Monitoring technology is essential for quality
control of serial production to identify an increase in electrical
resistance and ultimately defective stators.

Inline cameras can give feedback on two-dimensional mis-
alignments and can be used for the identification of spatter
[2]. However, this approach is not able to detect axial height
offsets between the pin-pairs. One potential inline monitoring
technology that overcomes this limitation is optical coher-
ence tomography (OCT). OCT is an interferometric measure-
ment technology that enables the assessment of the welding
bead by non-destructive distance measurement [3—7]. OCT
can be applied to identify misalignments in pre-process
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monitoring, the weld depth in in-process monitoring, and
the shape of the resulting weld in the post-process monitoring
stage [8, 9]. Baader et al. [8] analyzed the potential of OCT
for process monitoring of laser welding hairpin windings.
The authors identified the potential for post-process charac-
terization of welded hairpins, where a misalignment results
in deformed surface topography of the weld shape.

Deformed welding shape can be used as an indicator
for a reduced connection area of the joint partners and
an increase in electrical resistance. Data processing is
required to make use of the surface topographical informa-
tion from the welding bead, and for this, machine learning
approaches and artificial intelligence can be used. This
allows extraction of relevant features from OCT data for
the identification of quality-relevant characteristics [4,
7]. One potential method for feature extraction is feature
extraction based on scalable hypothesis tests (FRESH)
[10, 11]. FRESH applies various time-series characteriza-
tion methods and predicts statistically significant features
of targets being investigated.

In this work, we apply the FRESH algorithm to identify
a quality-relevant feature for the classification of hairpin
weld results based on different misalignments from sur-
face topographical OCT data for the prediction of electri-
cal resistance. We first discuss different misalignment types
and their impact on the weld result. Second, we identify a
feature to correlate inline measurements of the weld topog-
raphy by OCT with misalignment types and erroneous

Fig. 1 Experimental setup con-
sisting of process monitoring
technologies like inline camera
and OCT as well as processing
laser equipment (laser fiber,
programmable focusing optic,
and cross-jet) (a). b shows the
welding process strategy in two
phases on the hairpins. ¢ shows
the measurement positions with
the OCT measurement line on
the hairpins
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weld connections. Finally, we demonstrate the correlation
between the identified surface topographical weld feature
with the electrical resistance of the hairpins.

2 Experimental methods
2.1 Experimental setup

Hairpin welding is conducted with a programmable scan-
ning optic with cross-jet, processing laser with fiber, OCT,
and inline camera (see Fig. 1a). Laser welding is performed
using a continuous wave disk laser (Trumpf TruDisk 8001)
at a wavelength of 1030 nm (maximum average power of
8 KW). Laser light is coupled into programmable focusing
optics (Trumpf PFO 33-2) that allow for scanning in an
elliptical field of 240 x 140 mm? with galvanometer scan-
ners. Focusing optics with an F-theta lens have a focal length
of 345 mm resulting in a laser spot diameter of 228 um.
The OCT for inline process observation is attached to the pro-
grammable focusing optics and enables a coaxial positioning of
the measurement beam for post-process welding bead analysis
(Lessmiiller OCT). The OCT is an SD-OCT with a superlumi-
nescent diode in a wavelength range from 820 up to 860 nm
with an axial resolution of 11 um, while the lateral resolution is
24 ym. The measurement beam is detected on a 2048-pixel line
sensor with a maximum measurement frequency of 70 kHz. The
inline camera for inline process observation is a monochromatic

(a) Experimental setup (b) Welding process

Laser fiber

Phase 1 Phase 2

Y

e (c) OCT measurement
- ocT
Processing laser measurement
4 A line
h X1
h Z Xp
B X2
o A
-

Hairpins



The International Journal of Advanced Manufacturing Technology (2023) 125:1955-1963 1957

camera that enables coaxial measurement of the joint partners
and is used for a qualitative observation of the weld (inline cam-
era Trumpf VisionLine camera).

2.2 Experimental procedure and evaluation

Laser welding experiments are performed in a clamping
device with pure copper hairpins (Cu-ETP) in the size of
140x4.5%3.2 mm®. Two I-pins are welded within a weld area
of 6.3x4.5 mm? in the focus position. The weld geometry is
constant with movements around the I-pins and follows two
phases (see Fig. 1b). Phase 1 aims for a uniform preheating of
the workpiece and the transition of the joint partners to the fluid
phase. Here, the processing laser performs circular movements
with welding speeds of 12 m/min and 18 m/min at an average
laser power of 6.0 kW. Phase 2 aims for an increase in weld
depth and sufficient wetting of the contact area. Here, a welding
speed of 48 m/min is used in a rectangular weld geometry at an
average power of 3.7 kW.

Table 1 Process parameters

Set of parameters Offset Unit
Reference 0 mm
Axial misalignment 0.4, 0.8, 1.2, 1.6,2.0,2.4,2.8,3.2,3.6, mm
4.0
Lateral misalignment 0.2, 0.4, 0.6,0.8, 1.0, 1.2, 1.4, 1.6 mm
Radial misalignment 0.2, 0.4, 0.6, 0.8, 1.0 mm
(a) Reference (b) Axial

Ad gy

P
f

Fig.2 Each figure section shows a misalignment type (top) with a
corresponding OCT measurement after the welding process (bottom).
OCT images for a reference measurement, b axial misalignment with

Processing parameters are adjusted according to mis-
alignment type (see Table 1). Misalignment types can occur
in three dimensions: axial misalignment with a height dif-
ference in processing laser direction (z-direction), lateral
misalignment with a relative misalignment between pins
lateral to processing laser direction (x-direction), and radial
misalignment with a gap between the pin-pair (y-direction)
(illustrated in Fig. 2). Misalignments are introduced with
increments of 0.2 mm for lateral and radial misalignment
and with increments of 0.4 mm for axial misalignment. The
upper limit for axial misalignment is set to 4.0 mm due to
a lack of practical relevance. The upper limits for lateral
and radial misalignment are chosen as 1.6 mm and 1.0 mm,
respectively, as a further increase in offset would lead to
no weld contact. Additionally, reference measurements are
performed with no offset to quantify the impact of each mis-
alignment type. Each set of parameters is repeated five times.
Reference measurements are repeated 20 times.

After laser welding, three OCT measurement lines are
applied for post-process observation of the weld topography
(see Fig. 1c). Each measurement line has a length of 10 mm
with 1000 measurement points. The measurement line x, is
positioned central and is used for a qualitative analysis of the
welding bead (see also Fig. 2). The measurement lines x; and
x, are at a distance of 1.1 mm above/below the central meas-
urement line x,,. This distance is chosen to enable a balanced
sensitivity towards most possible misalignment parameters.

The resulting height profiles from each measurement
line (x,, x;, and x,) can be considered as time-series and

(c) Radial (d) Lateral

A B Adlat

Ad rad

an offset of 3.6 mm; ¢ radial misalignment with an offset of 0.8 mm,
and d lateral misalignment with an offset of 1.6 mm
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are individually used for feature extraction with the FRESH
algorithm [10, 11]. FRESH identifies meaningful features
based on scalable hypothesis tests and applies three func-
tionalities: feature extraction, ranking of features by rele-
vance based on hypothesis tests, and multiple testing.

The data is labeled for the FRESH algorithm in four
categories according to the misalignment type with refer-
ence, axial misalignment, lateral misalignment, and radial
misalignment.

The feature extraction combines 63 time-series character-
ization methods that calculate 794 time-series features with
feature mappings (e.g., skewness and kurtosis). Afterward,
the significance of each feature is tested with a hypothesis
test. Each feature is evaluated concerning its significance for
predicting the target (e.g., lateral misalignment). A p-value
is calculated for each feature to quantify the probability of a
feature’s relevance for the target prediction. At last, multiple
testing is applied for the identification of relevant features.
Hypothesis tests like the Kolmogorov—Smirnov test are con-
figured based on the target being binary. Finally, the Ben-
jamini—Yekutieli procedure controls the FDR and identifies
which hypotheses need to be rejected [11].

Even though a first reduction of the feature set is per-
formed based on the p-value (<0.05), further reduction of
the feature set is necessary. For this reason, the coefficient
of determination R? is calculated for each feature with a lin-
ear model. This should allow for a linear correlation of the
identified feature with the different misalignment types. As
a result, the feature with the highest cumulated R? and sec-
ond lowest cumulated p-value (1.37 x 107%) is chosen for the
classification with the measurement line x; (“agg_linear_
trend__attr_rvalue__ chunk_len_50__ f_agg min” [12]).

The feature can be explained as follows (see Fig. 3):
For the calculation of the aggregated linear trend (agg_lin-
ear_trend), each height profile is divided into 50 segments
(=chunks) (chunk_len=50). The data of each segment is
aggregated over the minimum in a single data point per
chunk (f_agg=min). This reduces the number of measure-
ment points to the number of segments. A linear least-squares

1. Segmentation

2. Aggregation

regression line is calculated for the remaining data points,
described by attributes like the Pearson correlation coefficient
r (attr=rvalue). Here, the feature is named correlation coef-
ficient r. The correlation coefficient  is dimensionless and
describes a linear relationship between two variables:

,= Zf’i](zi - Z)(y,- - i)
\/Zil(zi - Z)Zzi\il(yi - y)z

In this case, it is the linear trend of the height informa-
tion z along the height profile position y. The correlation
coefficient r can take values between negative 1 and posi-
tive 1. The absolute value 1 means a full linear relationship
of the variables, whereas the value 0 signifies no linear
relationship between the variables.

This feature should allow for the identification of mis-
alignment types and electrical resistance based on surface
topographical information.

Further measurements are necessary for an assessment
of the offset categories and electrical resistance of the
hairpin connection. Computer tomography (CT) meas-
urements (General Electric Type Phoenix 180 kV) with a
resolution of 12 um enable insights into two areas: First,
the analysis of the welding bead as a cut-section in 2D as
well as in a whole in 3D. Second, the assessment of pores
in the weld which may influence the resulting electrical
resistance. The electrical resistance R can be calculated
from the electrical resistivity of the material p, the length
l, and the cross-sectional area of the conductor A:

ey

U /

R= T=°x 2)

The electrical resistance of the hairpin connection is
determined over the ratio of the voltage U and the electri-
cal current [ with a micro-ohmmeter (T&R DMO 200) at a
constant 200 A. Resistance measurements are repeated three
times for each sample, have a resolution of 0.1 p€2, and show
a small variance coefficient of 4.3% over 20 measurements.

3. Correlation coefficient

Fig.3 Schematic representation of the feature calculation (aggregated
linear trend) in the example of a height profile. Division of the height
profile into N segments (segmentation). The minimum of each seg-
ment b (e.g., for segment a) is determined via an aggregation function
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and condensed here (aggregation). The summarized data can then be
described using a specific attribute of the linear least-squares regres-
sion line ¢ (correlation coefficient)
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3 Results and discussion

In this section, we present results demonstrating the predic-
tion of electrical resistance in hairpin connections based on
surface topographical information. First, we discuss the influ-
ence of each misalignment type on the electrical resistance
qualitative with X-ray measurements and quantitative with
electrical resistance measurements. Second, we discuss the
applicability of the identified feature for the classification of
misalignment types. Third, we discuss the ability of the iden-
tified feature for the determination of the electrical resistance.

3.1 Influence of the misalignment on the electrical
resistance

Weld results for each misalignment type as well as a refer-
ence weld can be seen in Fig. 4. Pores are detected for all
misalignment types and did not result in an impact on the
electrical resistance.

A reference measurement for a good hairpin weld can be
seen in Fig. 4a. The welding bead is formed as a symmetrical
pearl (the standard for a good weld [8]). Figure 4b shows the
weld result for an axial misalignment of 3.6 mm between both
joint partners. The resulting welding bead is skewed towards
the lower joint partner both being molten and connected. It can
be assumed that most of the molten material on the lower joint
partner may originate from melt flow from the upper joint part-
ner likely due to the position of the upper joint partner in the
focus position. The lower joint partner has a lower energy input
by the processing laser and is unlikely to contribute. Figure 4d
shows a weld with a lateral misalignment of 1.6 mm giving
a relatively flat welding bead. Only pin A is fully molten,

Fig.4 Qualitative analysis

of the weld topography by
misalignment types with X-ray
measurements indicating the
size of pores in false colors and
inline camera images showing
the top view of the weld result.
a shows a reference weld, b
shows the axial misalignment
type, ¢ shows the radial mis-
alignment type, and d shows the
lateral misalignment type

3DCT

2DCT |

Topview
Camera

whereas pin B is partially molten. This is because pin B is not
within the laser weld contour. The molten material from pin
A flows in the laser weld direction into the gap between pin A
and pin B and solidifies. An example for radial misalignment
with a gap of 0.8 mm is shown in Fig. 4c, resembling the weld-
ing bead is like the welding bead of the lateral misalignment:
relatively flat and left-skewed. The surface topography shows
a small bulge between the two pins as molten material can flow
into the gap. This is possible as the processing laser remains
in a constant welding path. The constant processing laser path
results in fully molten material of pin A in comparison to pin B
as only pin B was moved to introduce the misalignment. This
meant pin B remained intact at its outer contour.

Figure 5 shows the electrical resistance for each misalign-
ment type. The reference weld with no misalignment shows
the lowest electrical resistance values with a mean of 3.1 pQ.
Increasing axial misalignment up to 4 mm shows only a slight
trend towards increasing electrical resistance. The mean electri-
cal resistance of 3.3 p€ remains in the order of the reference
measurements. A full connection with the wetting of both joint
partners is possible for axial misalignments. Due to this, the
length and the cross-sectional area of the conductor remain
unchanged for axial misalignments up to 4 mm showing a rela-
tively constant electrical resistance. Lateral and radial misalign-
ments show a stronger impact on electrical resistance. Radial
misalignments exhibit a strong linear correlation between the
misalignment and the electrical resistance. The resistance is at
an increased level for offsets between 0.2 and 1 mm. Latter offset
is reduced to two analyzed samples due to poor contacting and
consequently shows the highest electrical resistance above 8 uQ.
The increase in electrical resistance for radial misalignments
can be explained by the increasing air gap between both pins

(a) Reference (b) Axial E (c) Radial q (d) Lateral ‘
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Fig.5 Electrical resistance over Axial Radial Lateral

misalignment for axial, radial, 10 v Y v T . e

and lateral misalignment. Linear - a
R-=0.04 R =0.40

fit (red) with the corresponding
R? for each data set indicates
the trend for each misalignment

type

Electrical Resistance R in pQ

R*=0.70 ¢
®

which works as an insulator. At last, lateral misalignment also
exhibits an increase in electrical resistance for increasing off-
set. However, misalignments between 0.4 and 1.2 mm result in
similar values in electrical resistance like the reference. A strong
increase in electrical resistance only can be found for an offset
of 1.6 mm. Large lateral offsets lead to reductions in the cross-
sectional area of the conductor, increasing electrical resistance.
To conclude, the electrical resistance of reference welds is
shown to be lowest when compared to misaligned welds. Lat-
eral and radial misalignments show a trend towards increasing
electrical resistance for increasing misalignment and therefore
defective welds. Axial misalignments did not exhibit a rel-
evant increase in electrical resistance for the given data. A fur-
ther increase in electrical resistance can be expected for axial
misalignments in the case of no wetting of both joint partners.
Each misalignment type shows specific surface topographies
in comparison to reference welds. Welds with high electrical
resistance tend to show a flat surface, whereas axial misalign-
ment and reference welds with lower electrical resistance
exhibit strongly skewed or round surface topographies (com-
pare Fig. 4). In the following, it is necessary to derive a surface
topographical feature that allows for identifying defective weld-
ing results based on the surface topographical information.

3.2 Correlation between the misalignment
and the identified surface topographical
feature

The correlation coefficient r is used for the description of
the topographical information based on the evaluation by the
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FRESH algorithm. Figure 6 shows the correlation coefficient
r for reference welds, axial, radial, and lateral misalignment.
The correlation coefficient r for the reference weld ranges
from —0.17 to 0.09, with a mean value of 0.0. A correla-
tion coefficient of 0.0 is expected due to the symmetrical
round shape of the weld surface. The correlation coefficient
r increases or decreases towards a value of +1 or—1 for a
linear trend of the height profile. The value is positive or
negative depending on whether the welding bead is skewed
to the left or right, respectively. All misalignment types
show a good linear correlation of the correlation coefficient
for increasing offset and are in accordance with the identified
deviations of surface topography from the reference weld.
Small misalignments up to 0.8 mm for axial misalignments
as well as offsets up to 0.4 mm for lateral and axial misalign-
ments cannot be distinguished from a reference weld. Max-
ima of radial and lateral misalignments are in the order of an
absolute value of 0.75, whereas the feature reaches a maxi-
mum value of 0.45 for axial misalignment. These maxima
are reached at 1.6 mm for lateral misalignment, at 1.0 mm
for radial misalignment, and 3.6 mm for axial misalignment.
This shows a stronger influence of radial and lateral mis-
alignment on the resulting surface topographical shape in
comparison to axial misalignments. Radial and lateral mis-
alignments also showed a stronger impact on the electrical
resistance (compare Fig. 5). From these measurements, a
correlation between electrical resistance and surface topo-
graphical feature should be possible. Deviations from the
0.0 value indicate a deviation from the symmetrical weld
pearl and may indicate an increase in electrical resistance.
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3.3 Correlation between electrical resistance
and the identified surface topographical
feature

For a prediction of the electrical resistance based on the
surface topographical shape of the welding bead, a correla-
tion between electrical resistance and the identified feature
is necessary. For further analysis, only the absolute value of
the correlation coefficient is considered, as the sign of the
feature contains only the information whether pin A or pin
B shows the relative offset. The absolute correlation coef-
ficient depending on the electrical resistance can be seen for
all misalignment types in Fig. 7.

Reference measurements with an ideal symmetrical weld
pearl and correlation coefficient of 0.0 show electrical resist-
ances in the range from 2 up to 4 p€Q. This range is the tol-
erance band for reference welds and is not expected to be
differentiated by the correlation coefficient. The correla-
tion coefficient for axial misalignments shows the smallest
trend towards increasing electrical resistance in comparison
to lateral and radial misalignment. This is in line with data
presented in Fig. 5, where the axial misalignment shows the
smallest influence towards increasing electrical resistance.
Apart from one stray bullet, the electrical resistance remains
below 6 pQ for a correlation coefficient below 0.5 for axial
misalignments. Same indication can be found for radial and
lateral misalignments. Here, a correlation coefficient above
0.5 indicates an electrical resistance above 6 p€2. The trend for
axial misalignments gives rise for assuming a similar relation-
ship between electrical resistance and correlation coefficient.

In consequence, the surface topographical feature shows
good potential for identifying welds with high electrical

Misalignment in mm

resistance. A prediction of “bad” welds with high misalign-
ment and electrical resistance above 6 uQ is possible with
an absolute feature value above 0.5. “Good” welds with
5 uQ and below can be identified in the regime of refer-
ence welds with an absolute feature value below 0.2. We
performed additional tests to approve this hypothesis. As
misalignments do not occur isolated in practical applica-
tion, we performed a proof-of-concept with three welds
that exhibit a combination of all misalignment types (axial
misalignment 0.8 mm, lateral misalignment 0.4 mm, radial
misalignment 0.2 mm). This configuration resulted in feature
values r between 0.05 and 0.18 with an electrical resistance
R between 4 and 5 pQ meaning the hypothesis holds true.
Limitations of this hypothesis include indeterministic area
for feature values between 0.2 and 0.5, dependence of the
feature value on the boundary conditions of the experimental
setup (e.g., pin size and number of measurement points),
and insufficient number of experiments that exhibit a com-
bination of all misalignment types. Further experiments are
necessary to identify a cohesive hypothesis for the correla-
tion between surface topography and electrical resistance
requiring the consideration of different hairpin geometries,
measurement strategies, and measurement resolution.

4 Conclusion

In this work, experimental work was performed to assess the
influence of misalignments in copper pin-pairs on the electri-
cal resistance. It was shown that radial and lateral misalign-
ments have a bigger impact on the resulting electrical resist-
ance than axial misalignments. This is due to the wetting of
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both joint partners for axial misalignments, whereas radial
and lateral misalignments increase the electrical resistance
due to an increase in electrical resistivity by an air gap and a
reduction in the cross-section of the conductor.

Inline OCT measurements offer surface topographical
information of the welding bead. The height profiles were
analyzed with the FRESH algorithm for the identification
of a significant feature. The most relevant feature is the
correlation coefficient which indicates a linear trend in the
height profile. Reference measurements with a symmetrical
weld pearl show a correlation coefficient around 0, whereas
misalignments with a skewed surface topography show
increased absolute correlation coefficient values up to 0.75.

The identified correlation between the electrical resist-
ance and different misalignment types can be depicted
with the correlation coefficient. Defective weld results
with electrical resistances above 6 pu€ can be identified
with a correlation coefficient above 0.5, whereas refer-
ence welds with an electrical resistance below 5 u€ can
be identified with absolute values below 0.2.

Consequently, a quantified separation of process results
is possible with the identified feature and enables the pre-
diction of poor weld connections for the given experimen-
tal setup.

We expect these findings beneficial for the quality
assessment in hairpin welding. Future work will focus on
the identification of a universal feature to correlate the sur-
face topography with the electrical resistance of the hair-
pins under arbitrary geometrical conditions. Further future
work will consider the adaption of the methodology for
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alternative laser welding configurations and sensing tech-
nologies as well as the integration in an industrial context.
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