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(57) ABSTRACT

A vibration welding system includes vibration welding
equipment having a welding horn and anvil, a host device, a
check station, and a robot. The robot moves the horn and anvil
via an arm to the check station. Sensors, e.g., temperature
sensors, are positioned with respect to the welding equip-
ment. Additional sensors are positioned with respect to the
check station, including a pressure-sensitive array. The host
device, which monitors a condition of the welding equipment,
measures signals via the sensors positioned with respect to
the welding equipment when the horn is actively forming a
weld. The robot moves the horn and anvil to the check station,
activates the check station sensors at the check station, and
determines a condition of the welding equipment by process-
ing the received signals. Acoustic, force, temperature, dis-
placement, amplitude, and/or attitude/gyroscopic sensors
may be used.
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AUTOMATIC MONITORING OF VIBRATION
WELDING EQUIPMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/727,335, filed Nov. 16, 2012,
which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with U.S. Government
support under an Agreement/Project DE-EE0002217,
Department of Energy American Recovery and Reinvestment
Act(ARRA) 012009, Battery Pack Manufacturing B511. The
U.S. government may have certain rights in this invention.

TECHNICAL FIELD

[0003] The present disclosure relates to the automatic
monitoring of vibration welding equipment.

BACKGROUND

[0004] Vibration welding is a technique in which vibration
energy is applied in a particular frequency range to a clamped
work piece. The frequency range is typically ultrasonic. Sur-
face friction between vibrating adjacent surfaces of the
clamped work piece generates heat, which ultimately softens
and bonds the adjacent surfaces of the work piece. Vibration
welding in a well controlled process, using properly function-
ing welding equipment, typically produces welds having a
highly consistent and repeatable weld quality. However,
while various approaches exist for ensuring control of a vibra-
tion welding process, such approaches may be less than opti-
mal for the purposes of ongoing monitoring of a maintenance
status or other status condition of the vibration welding
equipment.

SUMMARY

[0005] A vibration welding system and method are dis-
closed herein for automatically monitoring a status condition
of'a suite of ultrasonic or other vibration welding equipment.
The present system and methodology may be used in a pro-
duction environment to quickly verify and quantify welding
equipment set up, maintenance, and real-time diagnostics. As
part of the present system, various sensors are positioned with
respect to the vibration welding equipment in communication
with a host device, i.e., one or more computers/computing
devices having the requisite hardware and software needed
for executing recorded computer-readable instructions
embodying the present method, as explained in detail herein.
Some of the sensors may be positioned in proximity to a
welding process line, such as on a nearby check station, such
that a welding robot can easily move some welding equip-
ment, e.g., a welding horn and anvil, to the check station and
periodically perform off-line condition monitoring steps.
Other steps may be performed on-line while a weld is being
formed.

[0006] The host device executes steps of the method at
regular prescribed intervals to ensure that the vibration weld-
ing equipment maintains a desired performance consistency,
and to ultimately ensure that any welds formed via the weld-
ing equipment have a consistent and repeatable level of qual-
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ity. By executing the various steps embodying the present
method, the host device can quickly diagnose potential weld-
ing process/equipment problems. Unlike conventional
closed-loop process control approaches, the present system
and method may be used to accurately identify the root cause
or causes of such problems. The ability to do this in real-time,
in conjunction with existing welding process control tech-
niques, may facilitate rapid corrective action with respect to
the welding equipment.

[0007] In particular, a vibration welding system is dis-
closed herein having vibration welding equipment including
at least a welding horn and a welding anvil. The system also
includes a host device, a check station, and a robot having an
arm that is connected to the welding horn and anvil. The robot
rotates or otherwise moves the welding horn and the anvil to
the check station at prescribed intervals, such as by pivoting
from a process conveyor to the check station once per shift.
Additionally, the system includes a first and second plurality
of sensors. The first plurality of sensors is positioned with
respect to the vibration welding equipment. The second plu-
rality of sensors, which may be positioned with respect to the
check station, may include a pressure-sensitive array and/or
load cells.

[0008] The host device, which is in communication with
the first and second pluralities of sensors, has a processor and
tangible, non-transitory memory on which is recorded
instructions for monitoring a status condition of the vibration
welding equipment noted above. The host device is config-
ured to execute the instructions from memory to thereby
receive a first set of signals from the first plurality of sensors
when the welding horn is actively forming a weld on a work
piece, i.e., while the welding horn is engaged in the process of
forming the weld.

[0009] Execution of the instructions causes the robot to
move the welding horn and the anvil to the check station at the
prescribed interval, to activate the second plurality of sensors
when the welding horn and the anvil are both positioned at the
check station, and to receive a second set of signals via the
second plurality of sensors. The host device then determines
the status condition of the welding equipment, for instance as
a function of the first and second sets of signals.

[0010] The first plurality of sensors may include a tempera-
ture sensor(s) connected in proximity to the welding equip-
ment. In another embodiment, the vibration welding equip-
ment may include a transducer such as a piezoelectric stack
that is connected to the welding horn. The transducer causes
the welding horn to vibrate. In this instance, the first plurality
of sensors may include a temperature sensor in the form of a
thermocouple or thermistor connected to the piezoelectric
stack. Another temperature sensor may be used to measure a
temperature of a welding controller. The temperatures of all
three elements, i.e., of the welding horn, the transducer, and
the controller, may impact the welding frequency, and thus
the ultimate weld quality, and thus are used herein as control
parameters in determining the status condition of the welding
equipment.

[0011] The first plurality of sensors may also include an
acoustic sensor. The host device may be configured to trans-
mit a pre-recorded baseline acoustic signal to the acoustic
sensor, for instance via a speaker, and to record the transmit-
ted pre-recorded baseline acoustic signal via the acoustic
sensor. The host device may also compare the recorded signal
to the pre-recorded baseline signal to determine a signal vari-
ance between the compared signals. Also, a three-axis gyro-
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scope may be optionally connected to a weld head of the
welding horn and used to measure the pitch, yaw, and roll of
the weld head as part of the first set of signals. A displacement
sensor may be connected to the weld head and used to mea-
sure a distance of separation between the work piece and the
weld head, also as part of the first set of signals, and to ensure
proper weld positioning with respect to the work piece.

[0012] The host device may optionally include recorded
image processing instructions or code/computer vision logic.
In this instance, the host device may be configured to detect
and quantify an imprint pattern on the welding horn via selec-
tive execution of the image processing code. As is known in
the art, various software approaches exist for recognizing a
pattern or image, including neural network processing or
image comparison to databases of known good/bad imprint
patterns. Such an imprint pattern can be used for various
diagnostic purposes, including cleanliness, alignment, tool
wear, efc.

[0013] A method for determining a status condition of
vibration welding equipment includes forming a weld on a
work piece via the vibration welding equipment, and receiv-
ing a first set of signals from a first plurality of sensors while
actively forming the weld on the work piece, including
receiving at least one temperature of the vibration welding
equipment. The method also includes commanding a welding
robot to move the welding horn and the welding anvil to a
check station, and selectively activating a second plurality of
sensors, including a pressure-sensitive array, when the weld-
ing horn and the welding anvil reach the check station.
[0014] Additionally, the method includes receiving a sec-
ond set of signals from a second plurality of sensors posi-
tioned with respect to the check station, including receiving at
least a measured welding force from the pressure-sensitive
array. The first and second sets of signals are processed via the
processor to thereby determine a condition of the vibration
welding equipment.

[0015] The above features and advantages and other fea-
tures and advantages of the present invention are readily
apparent from the following detailed description of the best
modes for carrying out the invention when taken in connec-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG.1is aschematic illustration of an example suite
of vibration welding equipment which may be monitored as
set forth herein.

[0017] FIG. 2 is a schematic perspective view of an
example work piece in the form of a multi-cell battery pack
portion which may be welded using the vibration welding
equipment shown in FIG. 1.

[0018] FIG. 3 is a schematic illustration of a system for
monitoring a condition of the vibration welding equipment
shown in FIG. 1.

[0019] FIG. 4A is a schematic illustration of an example
pressure-sensitive array which may be used to measure a
condition of the vibration welding equipment shown in FIG.
1.

[0020] FIG.4B is a schematic illustration of a portion of the
output of the pressure-sensitive array of FIG. 4A.

[0021] FIGS. 4C and 4D are schematic illustrations of an
optional gage tool for determining alignment of the welding
equipment.
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[0022] FIG. 5is a flow chart describing an example method
for monitoring a condition of the vibration welding equip-
ment shown in FIG. 1.

DETAILED DESCRIPTION

[0023] Referring to the drawings, wherein like reference
numbers refer to like components throughout the several Fig-
ures, a suite of vibration welding equipment 10 is shown
schematically in FIG. 1. The vibration welding equipment 10
may be used, for instance, to form welds in the fabrication of
awork piece, with an example work piece 130 shown in FIG.
2 in the form of a portion of a multi-cell battery pack. While
other types of work pieces may be ultrasonically welded
without departing from the intended inventive scope, the
example work piece 130 of FIG. 2 is typical of the type of
welded system in which high-quality/durable welds must be
formed in a repeatable process.

[0024] A host device 40 is in communication with the
vibration welding equipment 10 and sensors 25 positioned
with respect to the vibration welding equipment 10. Each
sensor 25 has a different function, with a set of example
sensors 25B-K described in detail below with reference to
FIG. 3. The host device 40, i.e., a computer, also includes a
processor 42 and tangible, non-transitory memory 44 on
which is recorded instructions embodying the present method
100, an example of which is shown in FIG. 5. The host device
40 periodically executes the instructions via the processor 42
to thereby monitor a maintenance status or other status con-
dition of the vibration welding equipment 10. As part of this
process, the vibration welding equipment 10 may be tested at
a nearby check station 54, with such testing described in
further detail below with reference to FIGS. 3, 4A, and 4B.

[0025] The example vibration welding equipment 10 of
FIG. 1 may include a welder device 12 having a sonotrode/
welding horn 14 and a welding anvil 16, with the welder
device 12 providing the backing structure and support for the
welding horn 14 and the welding anvil 16. The vibration
welding equipment 10 may also include a welding controller
20. The welding horn 14 is typically connected to a transducer
24, for instance a piezoelectric stack. Signals from the weld-
ing controller 20 cause the transducer 24 to vibrate at a cali-
brated frequency, which in turn vibrates the welding horn 14
at that same frequency, possibly amplified by a booster 22.

[0026] As will be understood by those of ordinary skill in
the art, a welding controller/power supply of the type used for
vibration welding, such as the welding controller 20 of FIG.
1, may be electrically-connected to a suitable energy source,
typically a 50-60 Hz wall socket. The welding controller 20
may include, for example, an oscillator or timer 38, as well as
voltage rectifiers, transformers, power inverters, and/or other
hardware which ultimately transforms the source power,
whatever its form, into vibration control signals. The control
signals ultimately command predetermined waveform char-
acteristic(s), for example a periodic signal having a frequency
of about 20 kHz to about 40 kHz or more depending on the
particular welding application.

[0027] The welding horn 14 shown in FIG. 1 typically
includes a weld head 21 having a textured knurl pattern, e.g.,
bumps and/or ridges, which are suitable for gripping and
holding a work piece clamped between the welding horn 14
and the anvil 16. An anvil head 23 of the anvil 16 typically
includes a similar knurl pattern. The vibration welding equip-
ment 10 may also include a booster 22, i.e., a mechanical
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amplifier, which increases the amplitude of any commanded
mechanical vibration from the transducer 24 as needed.
[0028] The host device 40 of FIG. 1 receives signals from
each of the sensors 25 and then processes the received signals
in the execution of the method 100. The various signals are
indicated in FIG. 1 as a cleanliness signal () alignment, tool
wear, and welding force signals (3, and optionally y), ampli-
tude signals (9), displacement signals (o), and acoustic sig-
nals (0). Additional signals may include a welding height
signal (¢), a weld head attitude signal (T), i.e., pitch, yaw, and
roll, a welding horn temperature (1), a transducer tempera-
ture (e), and possibly the controller temperature (t) of the
welding controller 20 and/or other temperatures depending
on the application. The temperature of any of the sensors used
to measure the various signals above, e.g., the displacement
signals (0), may be measured as well, as calibration of some
or all of the sensors 25 may be impacted by changing tem-
perature. The host device 40 may also transmit an acoustic
test signal (arrow 11) as part of the method 100, and also may
output a control signal (arrow 13) to an external device 17,
e.g., a quality indicator. Some of these signals are received
from the check station 54 as described below with reference
to FIGS. 3 and 4A, with all of these signals and their corre-
sponding sensors 25 described in further detail below with
reference to FIG. 3.

[0029] The host device 40 of FIG. 1 may include, as noted
above, the processor 42 and memory 44. The memory 44 may
include any required read only memory (ROM), flash, optical,
and/or other non-transitory memory. The host device 40 may
also include transitory memory, e.g., any required random
access memory (RAM), electrically-programmable read-
only memory (EPROM), etc. The host device 40 may also
include additional circuitry such as a high-speed clock (not
shown), analog-to-digital circuitry, digital-to-analog cir-
cuitry, a digital signal processor, and the necessary input/
output devices and other signal conditioning and/or buffer
circuitry. The host device 40 thus provides the necessary
hardware components needed to execute process instructions
embodying the present method 100.

[0030] Referring to FIG. 2, in a non-limiting example
embodiment, a work piece 130 is shown as a portion of a
multi-cell battery having an elongated conductive intercon-
necting member 45. A full battery module may include an
extended series of interconnecting members 45 arranged
side-by-side in multiple rows. Each interconnecting member
45 joins oppositely-charged battery cell tabs 34, 134, of adja-
cent battery cells, with the battery cell tabs 34, 134 forming
individual electrode extensions of a given battery cell. Each
battery cell tab 34, 134 is internally-welded, below an inter-
connect board 29 to the various anodes or cathodes compris-
ing that particular battery cell, as is well understood by those
of ordinary skill in the art. The battery cell tabs 34, 134 may
be welded using the vibration welding equipment 10 of FIG.
1 to a longitudinal side wall 49 of a given interconnecting
member 45, with substantially identical welds 43 formed at
each interconnecting member 45.

[0031] Referring to FIG. 3, in an example vibration weld-
ing process 33, the vibration welding equipment 10 of FIG. 1
may be used to form welds on a set of work pieces 30 as the
work pieces 30 move along a conveyor 32 in the direction of
arrow A. A welding robot 50 may move between the conveyor
32 and the check station 54 as indicated by arrow R. Some
components of the vibration welding equipment 10 of FIG. 1
may be disposed on an arm 53 of the robot 50, including at
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least the welding horn 14 and anvil 16 described above. In
normal operation, the robot 50 can be used to form welds on
the work pieces 30 as the work pieces 30 move on the con-
veyor 32, or alternatively as the robot 50 moves with respect
to the work pieces 30. Periodically, e.g., once per shift or once
per a calibrated number of welds, the robot 50 may rotate
toward the check station 54 and perform certain condition
monitoring steps. The measured signals are then transmitted
to the host device 40 of FIG. 1.

[0032] Signals measured at the check station 54 may
include a horn cleaning signal (ct), which can be measured via
the pressure sensitive array 25B, and alignment, tool wear,
and welding force signals ([3) also measured via the pressure-
sensitive array 25B, with alternative welding force signals (y)
optionally measured via a load cell 25C. Alignment can also
be determined from a configuration of two or more load cells
25C arranged to identify misalignments through imbalances
inthe clamping load, i.e., static clamping force F - of FIG.4A.
An amplitude sensor 25D may be embodied as a non-contact
laser interferometric sensor which measures amplitude sig-
nals (9), i.e., the amplitude of motion/vibration of the horn 14
as the horn 14 oscillates. The amplitude is measured along the
direction of the longitudinal axis of the horn 14 at the free/
distal end of the horn 14. Such a sensor can measure a single
point on the end of the horn 14, at a sampling rate well in
excess of the vibration frequency, e.g., at least 5 times faster.
In a particular embodiment, for a 20 kH vibration frequency,
asampling rate of | MHz may be used to measure a sinusoidal
displacement of 0 to 0.1 mm, with the sensor 25D placed
within 5 cm to 10 cm of the sensor 25D.

[0033] Of these signals, the horn cleaning signal (o)
describes the general cleanliness of the welding horn 14. Ata
separate cleaning station (not shown), the welding equipment
10 may be actuated on a bare piece of copper to remove any
build-up of aluminum in the knurls of the welding horn 14.
Welding horns with excessive buildup, which fill the valleys
in any knurl patterns of the horn 14, may experience tool
slippage, cold welds, bulging welds, a change in signal pro-
files, and a high suspect rate. Thus, the pressure-sensitive
array 25B may be used to quantify tool cleanliness resulting
from a previous off-line cleaning process via an automatic
check, e.g., using image processing steps. For example, the
host device 40 of FIG. 1 may execute image processing code
47, via the processor 42 from memory 44, to detect and
quantify an imprint pattern. If the welding horn 14 is still
dirty, as determined from the imprint pattern, the cleaning
process may be repeated as a maintenance step before resum-
ing welding.

[0034] While shown as one signal () for illustrative sim-
plicity, the alignment, tool wear, and welding force signals
noted above may be embodied as separate signals f3,-p;.
Signal 3, may describe the alignment of the welding horn 14
and anvil 16 with respect to each other, a value which may be
optionally detected via the gage tool 36 shown in FIGS. 4C
and 4D and explained below, while signal {3, may describe the
tool wear and signal §; may describe the welding force. As
noted above, the signals 3,-; may be measured via a pres-
sure-sensitive array 25B, which can produce a calibrated
color image as an output. Other sensors used herein may
produce single data points such as temperature or time series
signals as outputs.

[0035] In a particular embodiment, the pressure-sensitive
array 25B may be a small nanopolymer-based tactile surface
sensor having piezoelectric/resistive pressure sensing prop-
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erties, which can record and interpret pressure distribution
and magnitude between two contacting or mating surfaces.
Asused herein, “small” refers in one embodiment to approxi-
mately 5 cmx5 cm. In such an embodiment, the pressure-
sensitive array 25B may define a 32x32 matrix with 1024
total sensing points, calibrated for 0 to 150 psig, as shown in
FIG. 4B.

[0036] Referring briefly to FIGS. 4A and 4B, FIG. 4A
illustrates an example configuration for the pressure-sensitive
array 25B. The welding horn 14 and the anvil 16 may be
clamped together at the check station 54 of FIG. 3 with a
clamping force indicated by arrows F .. The pressure-sensi-
tive array 25B may be embodied as a pair of pressure-sensi-
tive sensor arrays 25B,, 25B, connected to a solid frame 28 or
other design as shown providing a solid and flat backing
surface providing a base suitable for measurements, such that
the pressure-sensitive array 25B is compressed by the clamp-
ing force (arrows F ). FIG. 4B shows the pressure-sensitive
array 25B on the side of the welding horn 14, with three
different zones 58 indicating the specific locations of the
knurls on the horn 14 that contact the sensor array at the locus
of three different welds. Such an embodiment may be useful
in forming welds in the example work piece 130 of FIG. 2,
wherein three different welds are typically formed at a time.
Other designs may have fewer or more knurl areas.

[0037] Referring again to FIG. 3, the signal f3, i.e., 3, and
{5, which represents the tool alignment and tool wear, respec-
tively, may also use advanced image processing techniques to
quantify the level of tool wear. Uneven wear may result in
uneven distribution of weld energy, which may change the
signal profiles and lead to cold welds, particularly between
cell tabs 34 of FIG. 2. Wear is usually addressed by limiting
the use of a given tool to a number of cycles before replace-
ment. The present approach directly measures tool wear to
thereby extend tool life.

[0038] The tool alignment signal, i.e., signal {3, could con-
sist of multiple force measurements normal to the surface
being contacted, with these measurements used to extract a
point cloud estimate. As is known in the art, the term “point
cloud” refers to a set of vertices in a three-dimensional coor-
dinate system, e.g., the Cartesian X, Y, and Z coordinate
system, which represents the external surface of an object, in
this instance the surfaces of the welding horn 14 and the anvil
16. Using such measurements, the host device 40 could detect
the edges ofthe welding horn 14 and the anvil 16, their contact
area, and/or their orientation in order to determine the correct

alignment.

[0039] In another embodiment as shown in FIGS. 4C and
4D, for instance on a welding horn 14 having two weld pads
21, the host device 40 may be programmed to move the
welding horn 14 and clamp the horn 14 onto a customized
gagetool 36 such as a T-shaped piece ofhardened steel. FIGS.
4C and 4D are not to scale. In actuality, the gage tool 36 may
be relatively small, e.g., maximum dimensions of 40 mm
tallx4 mm widex2-4 mm thick. The welding horn 14 clamps
onto the opposite free ends 46 of the gage tool 36 with as
much pressure as needed to take an accurate reading. Gener-
ally, the clamping pressure used to clamp the gage tool 36
should be less than the full clamping pressure used for weld-
ing to protect the gage tool 36 or horn 14/anvil 16. The sensor
25C measures the displacement signal (y,,) for each. The host
device 40 calculates a misalignment value as the difference
between the first measurement (n=1) and the second measure-
ment (n=2). The host device 40 can then execute a control
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action with respect to the welding equipment 10 when the
calculated misalignment value exceeds a threshold.

[0040] In other embodiments, the welding horn 14 could
have only one welding pad 21, or it may have two or more, or
clamping may occur on a smooth surface of the welding horn
14 apart from the welding pad 21 to avoid the knurl patterns
of'the welding horn. In all embodiments, the welding horn 14
should be aligned properly with respect to the work piece and
the anvil 16. If not, welding might occur differently in one
part of the horn 14 relative to another. If there are two welding
pads, e.g., one on each side of the horn 14, one welding pad 21
might weld and the other might not, assuming the latter is not
contacting the work piece with sufficient force due to mis-
alignment. Another embodiment may include taking multiple
displacement readings at one location and averaging them via
the host device 40, or multiple readings at multiple positions
and performing a least squares regression operation to deter-
mine the amount of misalignment.

[0041] As shown in FIG. 4D, the free ends 46 of the gage
tool 36 should be perpendicular to the pads 21, 23 between
which the gage tool 36 is positioned. Various means for
accomplishing this may be used, including fixtures or a rotat-
ing device which allows the gage tool 36 to rotate in the
presence of a clamping force (arrows F ) until the free ends
46 are perpendicular to the weld pads 21, 23 as shown in FIG.
4C. Using the differences in distance, the host device 40 could
also compute the amount of angular misalignment. If the
alignment value exceeded a calibrated threshold or permis-
sible tolerance, then the welding horn 14 would need to be
re-aligned to preserve weld quality.

[0042] With reference again to FIG. 3, tool wear signals,
i.e., signals f3,, can be used to detect improper tooling or
process conditions. Thus, the host device 40 can predict when
a tool will wear out, and could schedule replacement of the
tool prior to that time. The sensor 25 of FIG. 1 that is used to
measure the welding force f§; may be part of the pressure-
sensitive array 25B shown in FIGS. 4A and 4B, or it may be
embedded in the material of the welding horn 14, e.g., as a
miniature compression load cell, with one sensor 25 centered
at each welding pad 21 of the welding horn 14. Statistical
estimation of welding pressure may be performed from an
obtained point cloud. Alternatively, the optional load sensor
25C of FIG. 3 may be positioned in the same location and
used to perform a threshold force measurement. Direct mea-
surement from such a load cell 25C, with statistical filtering,
can be compared to upper and lower thresholds to enforce a
consistent weld pressure, for instance in a closed loop by
dynamically adjusting weld pressure to maintain a target
pressure.

[0043] Still referring to FIG. 3, the amplitude signals (3)
may be measured via a high-speed/high-frequency displace-
ment sensor, i.e., sensor 25C, which is positioned with respect
to the welding horn 14 of FIG. 1. The amplitude signals (9)
describe the linear movement of the welding horn 14, and
may be measured from a fixed reference location every (n)
welding cycles. The amplitude signals (8) could be compared
to upper and lower limits. Likewise, the displacement signals
(0) describe the distance between the welding horn 14 and the
surface being welded. The purpose of the displacement sig-
nals (0) is to accurately monitor the position of the weld head
21 of FIG. 1 on the work piece, e.g., work piece 130 of FIG.
2, and to ensure that the weld head 21 is at the proper height
with respect to the work piece. Such a measurement can occur
once for every weld that is formed. As possible control steps,
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this information could be used to stop the welding process if
the displacement signals (o) indicate that welding position
has drifted too low or too high. The same information back
could be fed back to the robot 50 of FIG. 3 so that adjustments
can be made in real time, and/or to any process monitoring
systems as a feature of interest to improve the monitoring
system performance.

[0044] The acoustic signals (0) may be measured via the
acoustic sensor 25F, e.g., a microphone of the type normally
used to detect an acoustic signal during the welding process as
part of a process monitoring approach. Periodically, the
acoustic sensor 25F may be fed calibrated acoustic signals
(arrow 11) by the host device 40, e.g., via a speaker (not
shown), which may occur whenever the robot 50 of FIG. 3 is
positioned at the check station 54. The acoustic sensor 25F
records the transmitted acoustic signals (arrow 11). The host
device 40 may then compare the recorded signal to the acous-
tic signals (arrow 11). Such an approach may proactively
detect a failing microphone, cable, and the like, and thus
eliminate the likelihood that false data will be used in real
time monitoring and control of the welding equipment 10 of
FIG. 1.

[0045] Additional signals may include a welding height
signal (¢), an attitude signal (C), i.e., pitch, yaw, and roll, horn
temperature (1), a transducer temperature (€), and a control-
ler temperature (t). The welding height signal (¢) may be
measured via a sensor 25G, e.g., a laser depth sensor, which
may be mounted to the welder device 12 of FIG. 1. The laser
measurements may be fed to the host device 40 and used to
verify that the welder device 12 is positioned at the correct
height for each weld that is formed. Another sensor 25H in the
form of a 3-axis gyroscope may be mounted to the weld head
210of FIG. 1, and used to measure the attitude of the weld head
21 of FIG. 1. The measured attitude signal (), which
describes the pitch, yaw, and roll of the weld head 21 of FIG.
1 and may be fed back to the host device 40. In turn, the host
device 40, may transmit a control signal (arrow 19) to the
robot 50 of FIG. 3 to command proper alignment of the weld
head 21 for each weld and/or other positioning of the robot 50
and/or for process monitoring.

[0046] Regarding the horn temperature (1), the transducer
temperature (e€), and the controller temperature (t), these
signals may be measured by temperature sensors 251, 25],
and 25K, respectively. The temperature sensor 251 may be
mounted within or remotely with respect to the welding horn
14, e.g., to the welder device 12, while the temperature sen-
sors 25J] and 25K may be mounted to the respective trans-
ducer 24 and welding controller 20 of FIG. 1. Alternatively,
the temperature sensor 251 may be embodied as a non-con-
tact type, e.g., a sensor configured to remotely sense the
temperature of the welding horn 14 via laser or other by
another remote sensing technique. Increases in the tempera-
ture of the welding horn 14 can cause a reduction in frequency
of'the transducer 24 and the welding horn 14, which may lead
to increased instances of suspect welds.

[0047] This effect may be represented mathematically as:

5 [(Eo+ BATY(1 +aAT)
fo Eqy

wherein f, is a temperature-adjusted natural frequency, f,,, is
the natural frequency at room temperature, typically 70° F.,
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E, is Young’s modulus, AT is the temperature shift, . mean
coefficient of linear thermal expansion, and f is the linear
change of Young’s modulus. Accordingly, the temperature
values of the welding horn 14 and the transducer 24 may be
valuable control parameters for preventing degradation in
weld quality.

[0048] It is recognized herein that the above relationship
between horn temperature (1)) and welding frequency provide
various possible insights into the operation of the vibration
welding equipment 10 shown in FIG. 1. For instance, it is
noted that welding frequency tends to decrease when horn
temperature (1)) increases. Thus, the welding frequency is
generally higher at the start of a production shift than at the
end of the same shift. As the welding horn 14 of FIG. 1 warms
up, the welding frequency can decrease, e.g., by approxi-
mately 50-100 Hz. If there is a stop in production due to a
break, equipment down time, or other reason, the welding
horn 14 will cool off. When the welding process eventually
restarts, the welding frequency will be higher than it was
when production stopped.

[0049] Such temperature changes can complicate place-
ment of precise high/low thresholds around the welding fre-
quency for the purposes of monitoring the welding process.
Therefore, the present approach may include measuring the
temperature (1) of the welding horn 14, correlating the tem-
perature change with a corresponding welding frequency
change, e.g., in a lookup table, and then compensating the
observed welding frequency for known temperature-related
changes, as well as placing tighter control limits around the
welding frequency to achieve improved sensitivity for detect-
ing welder problems. This in turn can make it easier to discern
when welding frequency changes are occurring due to non-
temperature related effects, for instance due to a failing power
supply.

[0050] As part of this approach, the host device 40 may
compute a measured welding frequency as a new, normalized,
measured welding frequency using the established relation-
ship between frequency and temperature noted above, and
then monitor the normalized frequency to determine a condi-
tion of the welding equipment 10. That is, the host device 40
normalizes measured frequency values so that the measure-
ments correspond to what the welding frequency would be at
a nominal temperature. Thus, there will be two different fre-
quency measurements that can be given as an output: the
actual measured welding frequency, which will vary with
horn temperature, and the normalized welding frequency,
which is reported as if the horn temperature were at a nominal
temperature.

[0051] The same principles may be applied to changes that
are observed in measurements from the displacement sensor
25C, which may measure amplitude as well as displacement
(linear motion) as the welding horn 14 compresses the work
piece material during vibration welding. Measurements sup-
porting the present disclosure have shown that even small
temperature changes can dramatically impact the measure-
ment values. Thus, the present approach may include com-
pensating for temperature changes in other sensors, such as
the displacement sensor 25C, so that tighter limits can be
enforced, such as around a measured normalized displace-
ment in this example, as well as to more clearly discern
processing issues. Such issues may include, for instance, too
many (or too few) layers of material in the welding stack,
excessive (or too little) material compaction during welding,
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misalignment of the welding tools, excessive material build-
up on the welding tools, tool breakage or excessive tool wear,
etc.

[0052] Temperature compensated values can then be used
by the host device 40 to improve the detection of “bad” welds
in real time. In the example of the displacement sensor 25C,
the host device 40 may be programmed to detect unsatisfac-
tory or bad welds based on values observed from the displace-
ment sensor 25C, or in combination with values from other
sensors 25 such as the acoustic sensor 25F. Bad welds are
often associated with changes in the amount of material com-
paction that takes place during welding. Too much or too little
compaction can be related to bad welds. Therefore, the host
device 40 may be programmed to receive displacement mea-
surements from the displacement sensor(s) 25C, as well as a
temperature of the displacement sensor(s) 25C, in real-time
during formation of the weld, and then temperature-compen-
sate the displacement measurements to a normalized tem-
perature so that the effects of temperature change on displace-
ment are eliminated. This processing step, if used in the
real-time monitoring of a weld process, may facilitate detec-
tion of changes that can occur when bad welds are produced.

[0053] In addition to improved machine diagnostics, the
relationship between the welding frequency and the tempera-
ture (1) of the welding horn 14 can be used to improve
welding process monitoring. Unsatisfactory or qualitatively
“bad” welds may be identified by changes in the welding
frequency as observed by a microphone, e.g., acoustic sensor
25F. That is, when “bad” welds occur, the welding process
effectively plays a lower note, i.e., a lower observed fre-
quency of vibration. However, as noted above, when the horn
temperature (1)) increases, the welding frequency decreases.
Therefore, temperature changes can make it difficult to accu-
rately discern bad welds from conditions where the horn
temperature (1)) is relatively high. By measuring the tempera-
ture of the welding horn 14, one can compensate the observed
welding frequency for temperature-related changes and iden-
tify bad welds more easily.

[0054] The timer 38 of the welding controller 20 shown in
FIG. 1, which may be embodied as one or more timers, has a
frequency of oscillation (f) that varies with the temperature
(T) of the welding controller 20, i.e.,

Nl =

Thus, frequency of oscillation may be measured at the level of
the welding controller 20 via the temperature sensor 25K,
alone or in conjunction with the acoustic sensor 25F. Fre-
quency can be adjusted or compensated inside of the welding
controller 20, either automatically or manually, as needed.

[0055] An example embodiment of the method 100 will
now be described with reference to FIG. 5. Commencing at
step 102, welding proceeds in the typical manner. For
instance, when manufacturing multi-cell batteries of the type
shown in FIG. 2, the conveyor 32 of FIG. 3 may move the
work pieces 130 into place in front of the robot 50 shown in
the same Figure. The welding horn 14 and the anvil 16 of FI1G.
1 clamp onto the work piece 30 and form the required welds.
During step 102, any of the sensors 25 of FIG. 1 positioned on
the vibration welding equipment 10 continue to measure their
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respective data, including for instance the sensors 25G, 25H,
251, and 25J of FIG. 3. As step 102 is ongoing, the method 100
proceeds to step 104.
[0056] At step 104, the host device 40 may reference a
timer, or alternatively a counter, in order to determine if a
calibrated amount of time or a calibrated number of welding
cycles has occurred. In some embodiments, step 104 may be
triggered manually, e.g., by an operator at the beginning or
end of a shift. If the host device 40 determines that a prede-
termined/calibrated number or welding cycles has occurred,
the method 100 proceeds to step 106. Otherwise, steps 102
and 104 are repeated.
[0057] Step 106 entails rotating the robot 50 of FIG. 3
toward the check station 54. As part of step 106, the conveyor
32 ofthe same Figure is temporarily stopped. The method 100
proceeds to step 108 when the robot 50 has moved the weld-
ing horn 14 and the anvil 16 into position at the check station
54.
[0058] At step 108, the host device 40 receives the signals
described above with reference to FIG. 3. The signals mea-
sured at the check station 54 of FIG. 3 may include the
cleaning signal (o), the alignment, tool wear, tool cleanliness,
and welding force signals (p and, if used, v), and the ampli-
tude signals (9), all of which are described above. As part of
step 108, the host device 40 may challenge or interrogate the
acoustic sensor 25F with the acoustic signals (arrow 11) to
determine if the acoustic sensor 25F is functioning properly.
As the measurements are being taken, the method 100 pro-
ceeds to step 110.
[0059] Step 110 entails determining if all required values
have been measured. If not, step 108 is repeated. The method
100 proceeds to step 112 once all required measurements
have been taken.
[0060] At step 112, the host device 40 compares all
recorded values from step 110 to calibrated thresholds, pre-
viously recorded in memory 44, to determine if any of the
values falls outside of the band defined by these thresholds. In
this manner, the host device 40 determines a condition of the
welding equipment 10 as a function of the collective signals.
Appropriate corrective actions may be taken as part of step
112 in the event that any of the values are determined to be
outside of their allowable limits. For example, if excessive
temperatures are measured at the horn 14, the transducer 24,
and/or the welding controller 20, a control action could
include stopping the welding equipment 10, or alternatively,
cooling the critical component(s) so that the intended welding
frequency is maintained consistently. Additional control
actions may be taken, alone or concurrently with those noted
above, including activating the external device 17 shown in
FIG. 1 via the control signals (arrow 13), for instance illumi-
nating a light, transmitting a maintenance message, and the
like. The method 100 then returns to step 102, with the hoist
device 40 commanding the robot 50 to rotate back toward the
conveyor 32 and resume welding operations.
[0061] While the best modes for carrying out the invention
have been described in detail, those familiar with the art to
which this invention relates will recognize various alternative
designs and embodiments for practicing the invention within
the scope of the appended claims
1. A vibration welding system comprising:
vibration welding equipment, including a welding horn
and a welding anvil, that is configured to form a weld on
a work piece clamped between the welding horn and the
welding anvil;
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a check station;
a welding robot having an arm on which the welding horn
and the welding anvil are disposed, wherein the welding
robot is configured to selectively move the welding horn
and the welding anvil to the check station to determine a
status condition of the vibration welding equipment;
a first plurality of sensors positioned with respect to the
vibration welding equipment while the work piece is
clamped between the welding horn and the welding
anvil;
a second plurality of sensors positioned with respect to the
check station, wherein the second plurality of sensors
includes a pressure-sensitive array; and
a host device in communication with the first and second
pluralities of sensors, wherein the host device includes a
processor and tangible, non-transitory memory on
which is recorded instructions for monitoring the vibra-
tion welding equipment to determine the status condi-
tion;
wherein the host device is configured to execute the
instructions from the memory, via the processor, to
thereby:
receive a first set of signals from the first plurality of
sensors while the welding horn is actively forming the
weld on the work piece;

selectively command the robot to move the welding horn
and the anvil to the check station;

activate the second plurality of sensors when the weld-
ing horn and the welding anvil reach the check station
to thereby receive a second set of signals from the
second plurality of sensors, wherein the second set of
signals includes a measured force from the pressure-
sensitive array; and

process the first and second sets of signals, via the pro-
cessor, to thereby determine the status condition of
the vibration welding equipment.

2. The vibration welding system of claim 1, wherein the
first plurality of sensors includes at least one temperature
sensor positioned with respect to the vibration welding equip-
ment that is configured to measure a temperature of the vibra-
tion welding equipment.

3. The system of claim 2, wherein the at least one tempera-
ture sensor includes a temperature sensor that is positioned in
proximity to the welding horn and configured to measure a
temperature of the welding horn as part of the first set of
signals.

4. The system of claim 2, wherein the vibration welding
equipment includes a transducer connected to the welding
horn that is configured to vibrate the welding horn, and
wherein the at least one temperature sensor is connected to the
transducer and is configured to measure a temperature of the
transducer as part of the first set of signals.

5. The system of claim 4, wherein the transducer is a
piezoelectric stack.

6. The system of claim 1, wherein the vibration welding
equipment includes a welding controller having a timer, and
wherein the first plurality of sensors includes a temperature
sensor connected to the timer and configured to measure a
temperature of the timer as part of the first set of signals.

7. The system of claim 1, wherein the first plurality of
sensors includes an acoustic sensor, and wherein the host
device is configured to transmit a pre-recorded baseline
acoustic signal to the acoustic sensor, record the transmitted
pre-recorded baseline acoustic signal via the acoustic sensor,
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and compare the recorded signal to the pre-recorded baseline
acoustic signal to determine a signal variance as part of the
first set of signals.

8. The system of claim 1, wherein the first plurality of
sensors includes a three-axis gyroscope connected to a weld
head of the welding horn, and wherein the three-axis gyro-
scope is configured to measure the pitch, yaw, and roll of the
weld head as part of the first set of signals.

9. The system of claim 1, wherein the first plurality of
sensors includes a displacement sensor that is connected to a
weld head of the welding horn, wherein the displacement
sensor is configured to measure a distance of separation
between the work piece and the weld head as part of the first
set of signals.

10. The system of claim 1, wherein the pressure-sensitive
sensor array is operable to output an image of the imprint
pattern as part of the second set of signals to determine a
property of the welding horn, and the host device is config-
ured to detect and quantify the imprint pattern using the
processor to determine the status condition.

11. The system of claim 1, wherein the second set of
sensors includes an amplitude sensor configured to measure
an amplitude of motion of the welding horn.

12. The system of claim 1, wherein the pressure-sensitive
array is a nonopolymer-based tactile surface sensor operable
to output the measured force as a pressure distribution pattern
and magnitude between the welding horn and the welding
anvil.

13. A method for determining a status condition of vibra-
tion welding equipment, wherein the vibration welding
equipment includes a welding horn and a welding anvil, the
method comprising:

clamping a work piece between the welding horn and the

welding anvil;

forming a weld on the work piece via the vibration welding

equipment;

receiving a first set of signals from a first plurality of

sensors while actively forming the weld on the work
piece, including receiving at least one temperature of the
vibration welding equipment;

commanding a welding robot to move the welding horn

and the welding anvil to a check station;
selectively activating a second plurality of sensors, includ-
ing a pressure-sensitive array, when the welding horn
and the welding anvil reach the check station;

receiving a second set of signals from a second plurality of
sensors positioned with respect to the check station,
including receiving at least a measured welding force
from the pressure-sensitive array; and

processing the first and second sets of signals via the pro-

cessor to thereby determine a status condition of the
vibration welding equipment; and

outputting a control signal to an external device to indicate

the status condition.

14. The method of claim 13, wherein receiving a tempera-
ture of the vibration welding equipment includes receiving a
temperature of each of the welding horn, a piezoelectric stack
transducer connected to the welding horn, and a welding
controller as part of the first set of signals.

15. The method of claim 13, wherein receiving a first set of
signals includes receiving, from a displacement sensor, at
least one of a distance of separation between the work piece
and the weld head and a clamping force acting on the work
piece.
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16. The method of claim 13, further comprising receiving
an image of an imprint pattern on the pressure-sensitive sen-
sor array as part of the second set of signals; and

determining a property of the welding horn via a host

device using the image of the imprint pattern.

17. The method of claim 13, wherein receiving a first set of
signals from a first plurality of sensors includes receiving a
measured pitch, yaw, and roll of the weld head from a three-
axis gyroscope connected to a weld head of the welding horn.

18. The method of claim 13, wherein forming a weld on a
work piece includes forming a weld on a multi-cell battery.

19. The method of claim 13, further comprising:

clamping the welding horn onto a T-shaped gage tool in at

least a pair of locations on the welding horn;
measuring, via a displacement sensor, a displacement of
the welding horn at each of the locations;

calculating a misalignment value as the difference between

the measured displacements; and

executing a control action with respect to the welding

equipment when the calculated misalignment value
exceeds a threshold.

#* #* #* #* #*
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