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ARTICLE INFO ABSTRACT

Keywords: Ribbon bus bar interruptions in photovoltaic modules represent approximately a 10 % of photovoltaic module
Photovoltaic module failures. The purpose of the present work is to repair this failures using the simplest, fastest and cheapest
Repairing

techniques. Twin and single intercell interruptions are defined. The first one, twin intercell interruptions, cut off
electrical current flow between two cells while the second one permits current flow between cells through just
one ribbon bus bar at the cost of module efficiency reduction. We propose non-intrusive methods to find precise
location of single and twin intercell interruptions. A simple technique for intercell interruption repairing is
described. Three modules were repaired, multiplying its power production in two cases by 4, when comparing
with its non-repaired power production. The third module did not produce any electricity before repairing, and
after being repaired produced a power similar to its nominal value. The proposal of repairing can be put into
practice in modestly equipped factories and laboratories, without using expensive and time consuming
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techniques.

1. Introduction

Due to the exponential increase of PV, waste generation and scarcity
of natural resources are becoming important problems in the growth of
solar photovoltaics [1-4]. The scientific community is seriously
analyzing and proposing solutions to these problems. Recent studies
show that the quantity of waste generated by discarded PV modules (M.
B. [5]), compromises the sustainability of this type of energy, both for
reasons directly related to the environment and to the depletion of raw
materials [1].

Usually, manufacturers of photovoltaic modules provide a warranty
of at less 25 years of operation for their products [6,7]. However, in
some cases, solar PV modules are removed from operation because they
do not work properly or do not meet the user’s expectations, with a total
or partial loss of their power generation capacity ((M. B. [5])). The time
during which the solar module has worked can be considered as its end
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of life. In some cases this end of life can be an objective data, as for
example in the case of modules destroyed by a fire, while in other cases
the end of life is more subjective data, depending on the user. For
example a reduction in power output may (or may not) be accepted by
some users, and evidence of backsheet degradation may (or may not) by
accepted by others.

Module failure analysis is gaining increasing interest due to the trend
towards circularity in all technologies. There is an extensive literature
classifying the different causes that can reduce power production or
generate safety issues in solar modules. A wide variety of failures can be
mentioned [8], such as glass breakage, frame breakage or detachment,
connector failure, connection box degradation with high temperature
generated in the electrical contacts, degradation of the union of the box
to the backsheet, yellowing, intercell connection failure, broken or
cracked cell, delamination. The quick connectors can be also a source of
trouble if the electrical contacts are poor, as this fault is the origin of fires
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in PV installations. Bypass diode failure can result in the loss of produced
power, but also the increase of negative effects such as hot spots and,
consequently, PV module degradation. ([8-10] (M.A. [11])). Some of
these failures, such as yellowing, do not seriously threaten the opera-
bility of the module, while others, such as backsheet degradation, reduce
the functionality, safety, or directly lead to the end of the lifetime of a
solar module.

Many works are being performed in the recyclability of PV modules
and in the economic competitiveness of each process [3,4,7,12-14].
However there is not much work on the repair of PV modules [15-18,
26]. Paradoxically, one of the reasons for the success of PV -the dramatic
reduction in Wy, prices-is making this energy source less sustainable: The
price of a new PV module is so low that from an economic point of view,
repairing PV modules do has just a marginal interest. If the focus is on
environmental sustainability and reducing environmental impact, then
repairing PV modules and extending their operative lifetime must be a
priority. In our opinion, government legislation must set up political and
economic scenarios that boost the repair of PV modules [7,19,20].

In this paper we propose some techniques for locating and repairing
a particular and frequent source of reduction in PV module energy
production: ribbon bus bar interruption between cells. This type of
failure accounts for 10 % of the module failures [8]. The techniques
proposed for fault location and repair techniques are very easy to
perform, even in non-specialized laboratories or factories. In particular,
fault location avoids punching and damaging the module backsheet.
While we have used expensive and time consuming techniques routinely
used in PV laboratories (such as electroluminescence (EL)) and IV curve
measurement) to support our findings and proposals, simple techniques
developed for fauld location and repair (especially fault location) can be
performed without many resources.

In two previous papers [15,21], ribbon bus bar interruptions were
repaired. One of the papers [15] used two methods: One consisting of
complete backsheet removal, change of busbar and finally placement of
a new backsheet. The other method is a simplified method, consisting of
repairing locally the interruption by removing the backsheet in the
repairing area, soldering the bus bar and sealing using silicone resin. The
second paper [21], uses an induction heating system solder and is used
in modules specifically designed for the experiment, not in modules
purchased in the market and recovered from a real photovoltaic instal-
lation after failing.

With reference to backsheet repairing, a team of researchers pre-
sented several papers [16-18] where they apply flowable silicone in
order to seal module backsheet.

2. Methodology
2.1. Sample description

The solar modules used in this work are three City Solar PQ 200, with
the following nominal characteristics, according to their technical data
sheet: Maximum power 215 W, short circuit current 7.90 A and open
circuit voltage of 37.10 V. They have 60 polycrystalline cells of 156 x
156 mm manufactured by Q-Cells, their glass is 3,2 mm thickness. Three
bypass diodes prevent polarity inversions. The modules measure 1.660
x 990 x 50 mm and the weight is 21 kg.

Although we do not know the exact age of the modules, we found this
model was manufactured as soon as 2006 [22]. The modules have been
acquired from a Photovoltaic services provider company in Spain, and
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are likely to have come from a repowering process of a PV installation.

After an initial characterization described in section 2.2 we selected
3 modules out of more than twenty, whose main data are shown in
Table 1. The table also includes the number of interrupted ribbon bus
bar and some comments. Fig. 1 shows the specific interconnections that
failed in the samples. A certain “preference” for some particular spots
can be observed.

2.2. Initial characterization and selection of modules: measurement of IV
curve, EL and dry and wet leakage current test

In order to characterize and select the modules to be repaired an
initial set of measurements is performed: dry and wet insulation tests,
indoor IV curve measurement and electroluminescence (EL) measure-
ment. Once the selected modules have been repaired, the IV curve, EL
and insulation tests are repeated to evaluate the repair process.

The solar simulator used for the measurement of the IV curves is a
Pasan class AAA pulse simulator. The modules were measured as close as
possible to standard test conditions (STC), and additionally mathemat-
ical corrections are made so that the IV curves in this paper are supplied
in STC.

Electroluminescence images are also acquired prior and after repair.
The EL camera used is a Raptor Owl 640 II, 640 x 512 Pixels, 15 pm x
15 pm Pitch equipped with a Kowa LM25HC-VIS-SW 1" 25 mm 12 MP
VIS-SWIR lens. The modules are connected to a DELTA ELEKTRONIKA
power supply SM 70 V-22 A, and are fed with approximately the short-
circuit current of each module, as previously determined during the IV
curve measurement.

It is important to clarify that it is not possible to obtain EL images
from a module affected by twin ribbon bus bar interruptions. If current
tries to flow between solar panel contacts, connected to a power supply
and two of the cells are affected by a total ribbon bus bar interruption,
the current will not flow and consequently, it will not be possible to
obtain the EL image. Note that in this case, when a module in darkness is
connected with a power supply, no cell or series of cells are activated by
the light of the sun or solar simulator and no voltage appears that could
eventually provide an alternative path to the current through the diodes.
The procedure in these cases is to remove the diodes (to facilitate the
access to the contacts), determine with a voltmeter which contacts of

e
——

M1, SN 30334814
O M2, SN 30894014
+ M3, SN 30641314

Fig. 1. Map of interruption detected in the three samples.

Comments

Two of the ribbon interruptions were detected after repairing the other four ribbon interruptions

Table 1
Basic information about the modules used in this work. We designate modules as M1, M2 and M3.
Module (SN) N of ribbon bus bar interrupted
M1 (30334814) 4
M2 (30894014) 6
M3 (30641314) 4

The IV curve could not be measured before repairing the interruptions




F.G. Rosillo et al.

solar module show voltage and apply the direct current between these
contacts. In the case of the pre-repair EL images, only the active series of
cells are visible to the camera, and their condition (for example cracks,
etc.) can be observed. When the module is repaired, the EL image reveals
all cells and it is possible to know their actual state [8].

Safety must be an important objective when repairing PV module,
and any repaired module that does not pass some basic safety tests, must
be decommissioned and recycled. Consequently, dry and wet insulation
tests have been carried out in accordance with UNE-EN IEC
61215-2:2021. The main equipment used is a Chroma AC/DC/IR HIPOT
TESTER model 19052. Additional minor equipment is used for the wet
test, as a mean of achieving the appropriate temperature of the water
and a container to set the required humidity conditions [23].

The initial characterization of the modules permitted to select three
of the modules that showed a positive result in the wet and dry insu-
lation test and a reduction in the power generation capability (IV curve).
This was supplemented by the measurement of voltage at the contacts of
the module junction box and the using EL. Both procedures show the
series of cells that are still functioning. Although more than twenty
modules were submitted to these tests, only three modules that comply
this requirement where randomly selected.

The measurement of the IV curve before and after the reparation
allowed us to obtain the percentage of power that was recovered. The EL
measurement permits to check if additional damages are suffered during
repair and to compare the EL image before and after repair.

In the case of the wet insulation tests, it was discovered that one of
the modules did not pass the test after repairing (module M2). In order to
find the source of the problem, partial insulation checks were per-
formed: Moisture was applied successively and alternatively to
aluminium frame, junction box and repair spots. This permitted to
identify and repair the cause of insulation failure, which in this case was
the module junction box that was separated from the backsheet, prob-
ably during manipulation for repairing. After applying additional sili-
cone to the junction box/backsheet interface, the module passed the
conventional wet insulation test.

Fig. 2 shows a flow chart of the sequence described including further
steps that will be described later.

2.3. Locating the breakdown

As stated in the introduction the purpose of this work is to locate and
repair ribbon bus bar interruptions in a way as simple, cheap and fast as
possible. Two cases can be distinguished, twin ribbon bus bar in-
terruptions and partial ribbon bus bar interruption between cells:

2.3.1. Twin ribbon bus bar interruptions between two cells

If some of the cell series of solar modules do not supply power, this
will be reflected in a reduction in voltage when compared with previous
measurements or with the nominal V. value. In the case of the modules
used in this work, with three diodes and four electrical contacts in the
junction box, the number of cells affected will be a multiple of 1/3 and,
consequently, the module V,. will be reduced accordingly. This mea-
surement is a fast and cheap symptom requiring only the use of a volt-
meter. A possible cause of this reduction in V, is a total ribbon bus bar
interruption between one or more cells. This is what we call twin ribbon
bus bar interruption. In this case, in well-equipped laboratories, elec-
troluminescence fails to show the affected cells, just because no current
con flow through them. By removing diodes from the junction box and
checking the electrical connections between the different terminals in
the junction box at the time of the EL measurement, it is possible to
obtain images of non-affected series of cells, as described previously.

The method described in the literature for finding discontinuities in
the electrical circuit of a PV module is to drill the back-side to locate the
exact point of the failure [15]. This method is also used by a repair
company (private communication). We propose a simpler and nonde-
structive way for finding the precise spot of the interruptions, by using a
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Fig. 2. Flow chart describing successive steps performed in the present work.

tone tester. Tone testers or cable locators are electrical tools, mainly
used for tracing communication cabling, checking cable continuity, etc.
Depending on the complexity of each particular tool, some other func-
tions may be added to those mentioned. Tone testers consist of a voltage
generator called tone generator or transmitter, connected to the cable
under test (the other terminal of the tester can be connected to another
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cable, to earth, to an aluminum frame in the case of PV modules, etc.,
depending on the particular application). This tone generator or trans-
mitter induces a modulated electrical signal in the cable under test, with
its corresponding electromagnetic field. The tone generator does not
introduce any current into the circuit, and the voltage signal is more or
less a sawtooth signal with root mean square (RMS) values from 0.5 V to
5 V (depending on the equipment) and radio frequencies around 1000
Hz (Fig. 3). The equipment includes an antenna, receiver or sensor (for
example a receiver coil), capable of detecting the electromagnetic field.
The voltage induced in the receiver is converted into an audible signal.
Changes in the intensity or frequency of the signal, reveal some change
in the propagation of the signal introduced into the conductor by the
tone generator. In our case, the interesting point is the capability of this
tool to detect the interruption of intercell connections.

The market offers an abundance of instruments with similar basic
purposes, but varying capabilities and characteristics. There are plenty
of references on the internet for manufacturing homemade transmitters
[24]. The prices range from few more than two tens of euros to even
thousands of euros. In our case we worked with two different models,
one of the cheapest range (25 €) and the other with a price close to 200 €.
While both works quite well for the purpose, the cheapest model showed
a superior performance, making easier to detect interruptions, probably
due to the characteristics of the sound emitted for the receiver (a more
“dirty” sound that facilitates to identify changes in the voltage signal
propagation in the ribbon bus bar). The devices used are the NIMO
electronic TESO11 and the Fluke Networks PRO3000F50-KIT.

The practical operation of this type of device consists of connecting
one of the cables of the tone tester transmitter to one of the cables that
extracts energy of the solar module. The other cable of the tester is
connected to the aluminum frame of the solar module, and the module
itself must be isolated from the ground, furniture or other equipment.
We use some chipboard pallet with good result. To improve the signal, it
is recommended to situate the module at less at 500 mm of distance from
the ground. The module is placed with the active cells face up. The tone
detector tracks the signal in ribbon bus bar as shown in Fig. 4, generating
an audible noise. When the noise disappears or reduces its intensity, it is
possible that the intercell connection is interrupted.

After connecting the tone tester to the first contact, the sensor or
receiver is moved along the ribbon bus bar at a small distance from the
module surface or even touching the module glass. If a reduction or
change in the sound emitted for the receiver is detected, it is checked by
changing the initial intensity of the sound (usually the sensor in-
corporates some knob for this purpose). It is recommended to reduce the
intensity to the lower audible level, near the hearing threshold. A quiet
room is the best place for performing this task and on the contrary
performing this task in the open air makes things much more difficult,

Fig. 3. Voltage waveform of one of the tone generator transmitters used in the
present work.
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Fig. 4. Location of twin ribbon bus bar interruptions using tone tester and
taking module frame as electrical earth. The module is isolated using pallet of
chipboard between the work-table and the PV module. The operator displace
the receiver sensor head following the ribbon bus bars, until finding a sound
change which informs of a possible ribbon bus bar interruption.

due to parasitic sound. In the case of two ribbon bus bars in each cell (or
more ribbon bus bars, for cells with more than two ribbons bus bars), the
same procedure applied to the remaining ribbon bus bar, must supply
the same results. Single interruptions in a cell are undetectable with this
procedure, because if just one ribbon bus bar is broken, it receives the
tone tester transmitter electrical signal from opposite directions, hiding
ribbon bus bar breakage. The reason is that the two ribbon bur bars of
each cell are connected at the extreme ends on the solar module by string
interconnection ribbons (see for example Fig. 5: Bus bars of horizontal
series of cell are conned on the right and left).

Fig. 5 illustrate the principle of operation of the device as applied to
solar modules. As can be observed in the figure, electrical tester signal
propagates from cell to cell except if the two ribbon bus bar (twin) in-
terconnections are interrupted. The case where only one ribbon bus bar
interrupted will be discussed later.

The tone tester transmitter is connected successively to each of the
contacts in the junction box of the module. If no interruption is detected
in the series of cells nearby to the module contact under test, the tone
tester transmitter is connected to the next module electrical connection
and the procedure is repeated as described. Usually this procedure must
be done with the four contacts of each module, because the electric
signal of the transmitter is dimmed as it moves away from the contact. It
is useful to note that when testing one of the module contacts, the faulty
connection will also be detected in the opposite direction to its nearby
module contact as shown in Fig. 6, except if there is an additional twin
ribbon bus bar interruption, Fig. 7. This can help to verify the result of
the test.

It is possible that after finding and repairing two intercell total in-
terruptions, the corresponding series of cells remain disconnected from
the rest of the cells of the module. After a new track of the connections of
the cells with the tone testers, it may be found that there was another cell
interconnection failure, hidden by the previously located and repaired
interruption.

This type of situation is illustrated in Fig. 7. As explained before, it is
mandatory to check all the electrical contacts with the tone tester in
order to find all the twin ribbon bus bar interruptions. However some
cell interruptions may remain undetected. For example, it could be
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<— Transmitted electric signal in ribbon-bus bar

O Interruption in ribbon-bus bar

\“'/Tone tester transmitter

Audible signal
>< Non audible or reduced signal

, Tone tester receiver

Fig. 5. Scheme of operation of a tone tester (NIMO TESO11) in a PV module. On the left, tone tester transmitter is connected to module contact (red connector) and
aluminum frame (black connector). At right, tone tester receiver tracks the signal in the active side of the module, by following ribbon bus bar. When the tester
receiver detects the electrical signal, it emits an audible noise (A), and when the intercell ribbon bus bars (twin) are interrupted (B) the noise reduces or disappears.

Fig. 6. Green circles show an intercell interruption that can be detected by
connecting the tone tester transmitter to contact 1 in the module box and the
transmitter sends the voltage signal through the red continuous arrow. Alter-
natively the tone tester transmitter can be connected to contact 2 in the module
box and send the voltage signal through the discontinuous arrow.

Fig. 7. Map of interruption A, B, C and D in a hypothetical module. Red lines
represent tone tester electrical signal propagation and numbers 1 and 2
represent contacts in the connection box.

possible to find a hypothetical case of interruption between in-
terconnections CD and EF. Referring to Fig. 7, both interruptions can be
easily located, using contact 1 for CD and contact 2 for EF but they

would make the AB interruption undetectable regardless of the terminal
checked. The procedure to follow is to repair the new interruption
found, and so on, if necessary.

A change in sound usually occurs in the bus ribbons that interconnect
the series of cell in the extreme part of the module, where the ribbon bus
bars fold twice at a 90° angle to connect to the next series of cells. In this
case this does not necessarily indicate an electrical interruption, as can
be determined when the signal is recovered by following the ribbon bus
bar. Furthermore, it should be noted that this methodology cannot be
used to check continuity on the back surface of the solar module.

The use of tone tester for this specific application, not originally
designed for it, requires some self-training to understand its operation
and capabilities. Nevertheless, once the operation mode is understood, it
becomes an effortless and swift technique. While the process could be
automatized in a repair factory, we believe the manual procedure is
more appropriate when dealing with limited quantities of modules will
be repaired or when automation is not an option.

Finally, it is important to remark that while EL, thermography or the
use of a voltmeter permit to the revealing of possible series of cells that
could be affected by twin ribbon bus bar interruptions, it is not clear
which of the cells are really interrupted. To the best of our knowledge,
the use of tone testers or punching are the only two techniques that
permit to find the true interrupted twin ribbon bus bar, with the par-
ticularity that the punching is to some extent an aggressive technique.

2.3.2. Partial ribbon bus bar interruption between cells

Electroluminescence images reveal many cases where intercell con-
nections are partially interrupted and the solar module appears to work
correctly, with some loss of power [25]. Fig. 8 shows, by using elec-
troluminescence (EL) images, examples of the effect of alternate inter-
ruption of the ribbon bus bar between two cells.

As can be seen in Fig. 8, partial ribbon bus bar interruptions are quite
easy to identify in EL images. With reference to the repairing of this kind
of failure, we consider that can be justified only when a total interrup-
tion of other series of cells force to repair the module. In our opinion, it is
not justified to perform the repairing of this partial failure in a module
that supply most of the power expected, due both to economic reasons
and to avoid the risk of damaging de module if a failed repair occurs.
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. S

Fig. 8. Above, (A) intercell ribbon bus bar arrangement for connection and disconnection of ribbon bus bar. Below left, (B) electroluminescence with both ribbon bus
bar connected. Below center, taking as reference the active face of the module (C) electroluminescence with right ribbon bus bar interrupted. Below right, (D)
electroluminescence with left ribbon bus bar interrupted. Note that connected and disconnected ribbon are inverted in A.

While tone tester technique would be a desired method for single
ribbon bus bar interconnection failures, it is not valid for this purpose.
Fig. 9 shows an example of how the interruption would be hidden. In the
image, the green circle represents a single bus bar interruption and the
red arrow the electrical voltage signal generated by the tone tester
transmitter. This electrical signal reaches the interruption on sides A and
B. As both borders of the bus bar interruption are very close, the tone
tester receiver detects a signal from both sides of the fracture, A and B.
Therefore, the tester receiver is unable to distinguish the breakdown,
hiding the interruption.

Where it is considered appropriate to repair single ribbon bus bar
interconnection failures, the extension of the tone tester technique is

Fig. 9. Green circle represents a single interruption, situated between refer-
ences A and B. Red arrow shows how the electrical voltage (not current) signal
generated by the tone tester transmitter at contact 1 that can reach the inter-
ruption on both sides.

desirable to avoid using of much more expensive EL or thermography
images and, above all backsheet punching. In case of lack of EL and
thermographic cameras, it is possible to identify ribbon bus bars that
generate excessive temperature in the surface of the module glass.
Fig. 10 shows an example: It illustrates temperature differences of rib-
bon bus bar for the cells of a series of cells of Module M2. The module is
not exposed to solar irradiation, but situated in a room and connected to
a DC power supply that forces a current of 7 A to flow. The temperature
is measured with two thermocouples adhered to the module glass, in
front of the two ribbon bus bars of each cell. The image with red border
of inlet of Fig. 10, shows the measurement of two cells with thermo-
couples. The yellow inscriptions show AT between the ribbons of each
cell, to be compared with their electroluminescence and thermographic
images at the top of the figure. It can be seen that AT for cells A and B is
noticeably higher than for the rest of cells, consistent with their EL and
thermographic images, where brighter areas correspond to hotter ribbon
bus bar temperatures. While it is not certain that this temperature dif-
ference is due to a single ribbon bus bar interruption or detachment of
the ribbon bus bar, and it is important to note that neither EL nor
thermographic images are enough to clarify this point. The use of
thermocouple sensors provides, to this effect, similar information than
EL and thermographic cameras, and consequently the decision
regarding whether to repair or not is similar.

An important information to consider that justifies the tone tester
failing to detect single interruption, as shown in Fig. 9, is that this device
is based on voltage detection. Consequently, a current detector could
help to our purpose.

Fig. 11 shows a solar panel, with a single interruption ribbon bus bar
situated between references A and B, which is fed with current by a
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AT=

Fig. 10. Difference of temperature of ribbon bus bar for the upper series of cells of Module M2, when a current of 7 A is flowing. A thermography is shown above, an
EL image in the center and the visible image of the whole module below. The red border inlet image shows the measurement of two of the cells with thermocouple.
The yellow inscriptions show AT between the ribbons of each cell, to be compared with their electroluminescence and thermographic images at the top of the figure.

il —-———

Fig. 11. Green circle represent a single interruption, situated between refer-
ences A and B. Red arrow shows how an electrical current signal applied to the
solar module contacts 1 and 2 can reach the interruption on both sides, but
showing a decay of current at zones A and B around single interruption.

power supply. The red arrow shows how an electrical current signal
applied to contacts 1 and 2 of the solar module can reach the interrup-
tion on both sides, but shows a current decay at zones A and B around
the single interruption. This interval before and after the single inter-
ruption could be detected with a current detector.

We used an AC Voltage & Current detector from EXTECH in-
struments with a price close to 50 €. This device senses alternating
current using a coil that is capable of detecting the magnetic field
generated by currents greater than 200 mA. As the device does not have
a tone generator, a variac or an autotransformer is used to supply AC
current to the solar module from the electrical grid. Taking into account
the relationship between maximum and RMS (Root Mean Square)
values, Ipms = \/ 2 Iay, it is recommended to use Iy < Ige.

Fig. 12 illustrates the detection of a single interruption: The detector
head is moved from right to left over the ribbon bus bar. In the photo
number 1, the detector LEDs are on due to the presence of current. As it
moves to the left, the light dims until it disappears in photos number 2
and 3. In photo 4, the LED lights up again due to the presence of current.

Fig. 12. Detection of a single ribbon bus bar interruption using a current detector. The red cross is the spot where the interruption is located (as shown in Fig. 8 A).
The solar module is supplied with Izys = 2,82 A (3,98 A, Iyax)- The detector was moved from right to left. In 1 and 4 the detector LEDs light due to the presence of

current. In 2 and 3 the detector LEDs off reveal the absence of current.
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This procedure reveals that the interconnection marked with a red cross
is interrupted. When comparing with single interruptions detected in
two complete solar modules using EL the coincidence is complete.

As previously mentioned, although EL, thermography or direct
temperature measurement using thermocouple can be used to locate
possible cells affected by ribbon bus bar interruptions, it is not clear
which of the two intercell twin ribbon bus bar of each cell is actually
interrupted as it can be seen in A and B of Fig. 10. For example cell A
shows single intercell interruption, but it is not possible to know wheter
the interruption is with the cell to its right or the cell to its left. The use of
the undesired punching technique permits to select the true single
interrupted ribbon-bus bar. The use of the current detector, as described
before, allows to find the precise location of the spot corresponding to
the single ribbon bus bar interruption.

2.4. Repairing process

Our proposal for repairing coincides in some aspects with the one of
Koo Lee, particularly the use of visible light to mark the backsheet to
signal the point to be repaired. The main difference is that we have not
previously use backsheet punching to locate ribbon bus bar in-
terruptions. In our opinion, this procedure could provoke future prob-
lems of permeability to exterior agents and faults in electrical insulation.

After locating of the intercell twin ribbon bus bar interruption using
the tone tester, we proceed to repair the fault. We have experimented
with various techniques in order to remove the backsheet and EVA to
reach the interrupted ribbon bus bar. Scalpels and cutters permit to
remove those layers, but it is a time-consuming task and quite risky for
the cell if the operator losses control of the cutter. A special hot blade
designed for this purpose can be used and also a conventional knife with
soldering iron tip. In this case, it is not so easy to prevent a certain
damage to the cells when trying to access to the ribbon bus bar. This
procedure is somewhat similar to that of Lee’s [15].

Finally we tested rotary tools, used extensively in home improve-
ments and hobby applications. In our case we use a Dremel 4250. Rotary
tools admit a huge variety of accessories. Fig. 14 shows 15 steps that we
performed in order to repair bus bars. These are not fast and hard rules
but the minimum steps to be done. In some cases it is necessary to repeat
some steps when repairing a PV module, for example the cleaning step
with the air gun.

From now on, most of the tasks will be performed using a USB mi-
croscope (Fig. 13), that permits to appreciate the details and to take
photos and videos. After locating the ribbon bus bar interruption using
the tone tester, it is necessary to outline the working area in the

Fig. 13. An USB microscope connected to a PC is used for most of the repair-
ing steps.
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backsheet. In this working area, the drilling will be carried out that will
allow access to the ribbon bus bar interruptions. A strong light, incident
from the front side, helps in this task as can be seen in steps 1 and 2 of
Fig. 14: In the case of a translucent backsheet, it is possible to see the
work area by illuminating the front of the solar module, detecting the
bus in its back and marking the area to be intervened with a pen. In cases
where the backsheet is dark or not translucent, the location of the point
to be drilled in the backsheet is done using 2 mm @ cylindrical neo-
dymium magnets, one on the front of the module and the second on the
backsheet. Placing the first magnet on the module glass above the
interruption (Fig. 15A) allows the second magnet to be placed on the
backsheet (Fig. 15B) in the same interruption area, locating the work
area and marking the area to be drilled with a pen.

Many accessories of the rotary tool where tested for our application,
finding that sanding band accessories (Dremel reference 431, at 35000
rpm) are optimum for our purpose (Fig. 14.3) and permit a precise ac-
cess to ribbon bus bar, eliminating backsheet and one of the layers of
EVA. It is important to work delicately, to remove the backsheet and the
first layer of EVA, allowing access to the ribbon bus bar without
damaging the two solar cells. This task, along with all others described in
the section, requires prior training on discarded modules. Additionally
polishing accessories may be used (Dremel reference 429 or reference
414 at 20000 rpm) complementing the sanding process (Fig. 14.4). An
air gun permits to eliminate dust and waste generated during sanding.
Others accessories like bristle brush (Dremel reference 403, at 15000
rpm) help in some phases of the repairing, while rotary tools cotton
accessory (Dremel reference 414 at 20000 rpm) polishes the bus bar and
eliminate the remaining EVA on the surface of the bus bar (Fig. 14.4).
This last step can be complemented with scalpel and air gun flow, in
order to eliminate plastic remainders (Fig. 14.5).

The most delicate step appears in Fig. 14.6: Bus bar must be sepa-
rated into two parts at the point of the interruption, so that a comple-
mentary piece of bus bar can be inserted (Fig. 16). Fig. 15 presents a
scheme of the layout of cells, bus bars sections 1 (close to the module
glass) and 2 (close to the module backsheet), the additional piece of bus
bar and drops of fluid soldering. First, the bus bar section 2 is lifted and
then the bus bar section 1 in Fig. 16 is lifted. For this task, a cutter and a
little screwdriver are used (Fig. 14.6). The screwdriver is used to force
the bus bar to fold at the selected place, taking care of not to damage the
cell. The cutter is used to properly fold the bus bar. The bend helps to
apply flux to the bus bar, in order to facilitate the soldering process
(Fig. 14.7). A tiny drop of fluid soldering paste is applied to the extreme
of the bus bar complement which is typically around 5 mm long (see
Fig. 14.8). This is then inserted under the original bus bar section 1 (see
Fig. 14. 9 and Fig. 16) on the active face of the solar cell (Fig. 16).
Thereafter the original bus bar and the complement piece of bus bar are
soldered (Fig. 14. 10) and the surplus bus bar is cut off (Fig. 14. 11). The
temperature of the soldering iron tip will be around 183 °C, which is the
nominal fusion value for the soldering paste used.

Finally, the new piece of bus bar receives another drop of fluid sol-
dering paste (Fig. 14. 12 and Fig. 16), and is soldered to the original bus
bar section 2 (Fig. 14.13 and 16) which is welded to the back of the cell.
A continuity check using a multimeter (Fig. 14.14) or tone tester is
essential before filling the hole with silicone (Fig. 14.15).

The silicone used in the present work is Dowsil 7094 a flowable
sealant, that has been used before by other authors to repair PV modules
[17]. This silicone is particularly fluid and can penetrate in the hole
made during the repair.

The repair process described for each ribbon bus bar interruption
will take from 5 to 10 min. The repairing of the complete intercell
interruption (that has two broken ribbon bus bars) will then take from
10 to 20 min.

Full repair implies locating of both twin and single ribbon bus bar
interruptions. While the repair of twin interruptions is mandatory, a
decision is made in order wheter to repair or not to repair single in-
terruptions. Fig. 17 shows a flow chart summarizing steps involved in
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3.Suppresing backsheet and
EVA

6.Separating bus bars

8 Suppling fluid soldering

13.Soldering bus bar 2 14.Checking continuity 15_Sealing with silicone

Fig. 14. Steps for repairing interrupted ribbon bus bar cell interconnection. For better illustration the sequence correspond to various ribbon bus bar repairs.

locating and repairing twin and, where applicable, single ribbon bur bas repairing process of M1 and M2 multiplies the generated power by 4. For
interruptions. module M3, which did not supply any power generation before the
repair, 197,4 W is generated in STC after the repair. Figs. 18-20 show

3. Results and discussion the IV and power-voltage curves of each PV module before and after the
repair process. It is evident that the performance of all the modules has

Table 2 shows the maximum power values before and after repairing improved, especially for module M3 which had no energy generation

the PV modules. The nominal power of these modules is 215 Wp. The before the repair.
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Fig. 15. Location of the point to be drilled in the backsheet of a non-translucent module, using two 2 mm @ cylindrical neodymium magnets: A) neodymium magnet
in the front of the module and B) neodymium magnet on the backsheet, magnetically coupled to magnet A).

Bus bar section 2

Backsheet \

\

EVA

Bus bar section 1

Backsheet

EVA

/ Glass

<
\

Solarcell

Piece of bus bar
complement

Solarcell
Drop of fluid

soldering paste

Fig. 16. Scheme of the layout of the two cells, the interrupted bus bar, the additional piece of bus bar and drops of fluid soldering.

Fig. 21 shows the EL images of each module before and after the
repair. EL images reveal that for modules M1 and M2 the repaired spots
do not show any signal of nearby additional ribbon bus bar in-
terruptions. However, there are other cells in both modules in which EL
images show single ribbon bus bar interruptions similar to those in
Figs. 8 and 12. In the case of the M3 module, single interruptions appear
next to the repaired twin interruptions as well as in other parts of the
module. Modules M1, M2 and M3 amount 3 x 120 single cell inter-
connection and in Fig. 21 it can be observed a total of 24 single ribbon
bus bar interruptions. That mean that after repairing twin interruptions
they remain around a 7 % of single bus bar interruptions without
repairing. Additionally, we have observed that in some cases, repairing a
single interruption is followed by the interruption of the corresponding
nearby bus bar connection, which requires further intervention to repair
the newly interrupted connection. This and other issues will be analyzed
in a future article focused on repairing single ribbon bus bar

10

interruptions and comparing then with twin ribbon bus bar
interruptions.

Repairing single interruptions could modestly increase the power
production [25]. Therefore, in order to reduce the risk of damaging the
modules and due to the modest gain of power, in this work, we decided
not to repair the additional single interruption revealed by the current
detector (fully coincident with EL images of Fig. 21).

Regarding the wet insulation test, in M3, the junction box required
extra silicone because it was identified as the source of insulation failure.
Following the repair, the electrical insulation was restored as described
in paragraph 2.2 and all modules passed the dry and wet insulation tests.

The repair of ribbon bus bar interruptions is barely reported in sci-
entific literature papers [15,21]. The technical skills required to the
recover certain series of cells cancelled by ribbon bus bar interruptions
are not difficult to obtain and the materials required are generally easily
available. Usually this type of failure is detected by using combined IV
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Module
To repair

Check of voltage
at the contacts

( Tone tester test
>| Twin ribbon bus bar
Linterruption location

Repair Twin
ribbon bus bar
interruption

Check of voltag
at the contacts

NO

YES
l

Current detector test
Single ribbon bus bar
interruption location

Repair single
ribbon bus bar
interruption

[Current detector test]

NO

Repaired?

YES

Fig. 17. Flow chart summarizing steps performed for locating and repairing
twin and, if necessary, single ribbon bur bas interruptions.
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Table 2

Maximum power generated before the repairing and after the repairing. Module
M3 was unable to generate IV curve before repairing.

Module Pmax (W) Before repairing Pmax (W) After repairing
M1 (30334814) 51,8 199,4
M2 (30894014) 48,5 198,5
M3 (30641314) 0 197,4
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Fig. 18. Module
after repairing.
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Fig. 19. Module M2 IV curves and power-voltage curves before and
after repairing.

curve and electroluminescence measurements. The capabilities and
equipment to perform both EL and IV curve are costly and only within
reach of specialized laboratories. This paper presents a proposal for
cheap and fast techniques that do not require either electroluminescence
or IV curve measurement. The results obtained with these techniques
have been verified with the IV and EL measurements.

The repair of twin ribbon bus bar interruptions have been docu-
mented previously [15]. These authors apply two methods, one
involving the complete relamination of the module and the other,
simpler, removing the backsheet and EVA only at the specific location of
the bus bar interruption. While both methods used by the authors ach-
ieve their main objective, both have some drawbacks. Complete rela-
mination of the module is not within reach of factories that do not own
laminator machine. It is more time and resource-consuming than the
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Fig. 20. Module M3 IV curves and power-voltage curves after repairing.
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proposal by the same author. The second method is quite similar to ours,
with a similar operational result, but it requires punching the modules
backsheet in order to find interruptions. As mentioned before, these
little holes can be a way for water, dust or other substances to penetrate
the laminate and damage the EVA, cells and buses. This procedure can
compromise the electrical insulation and safety of the module, imme-
diately or in the future, in case the holes become a gateway for humidity,
dust or any other undesirable element. The present work pays special
attention to this issue, providing solutions that do not require punching
the module backsheet. The work of [21], show a promising and elegant
proposal, with an induction heating system solder. But it is used in
modules specifically designed for the experiment, not in real modules. In
our opinion this technique must be tested in the future in real modules.
The paper of Kawano is not about locating interruptions, a key point in
our work.

The main advantage of our proposal is the use of a non-aggressive,
cheap, fast, accurate and an easy method for locating single and twin
ribbon bus bar interruptions. Similarly, we have used quite conven-
tional, intuitive and precise tools to repair them. Our proposal could
facilitate the extension of repair to modestly equipped laboratories or
factories, probably in countries were reduced labor cost made it
economically interesting to repair modules in comparison with buying a

(%
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T ﬁg-
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Fig. 21. EL images of each module before and after repairing. Modules before repairing are at left, modules after repairing at right. In the modules repaired, yellow

triangles, green circles and red crosses mark the ribbon bus bars that were repaired.
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new one.
4. Conclusions and future works

We propose that intercell electrical interruptions must be classified
in single and twin ribbon bus bar interruption.

This paper proposes a fast, simple and cheap method for finding and
repairing single and twin ribbon bus bar interruptions and the conse-
quent failure in PV modules. This methodology can be applied in
modestly equipped factories or laboratories, lowering the economic cost
of repairing PV modules.

It is proposed to use a simple check in PV module, consisting of
measuring the voltage at the electric contact of the junction box to find
failures that could correspond to twin ribbon bus bar interruptions.

The use of tone testers or cable locators permits the precise identi-
fication of the twin interrupted cell interconnection, without drilling
into the back side of the module or using expensive and time-consuming
techniques such as electroluminescence. A tone tester that can perform
this task can cost as low as few more than two tens of euros. A similar
result can be achieved by using a current detector to locate single bus bar
cell interruptions, also at low cost and with a fast procedure.

The repairing of the interruption can be performed after a short
period of training and requires conventional handicraft tools like mini
rotary drill tools and accessories, particularly grit sanding band,
together with conventional soldering tools. A soldering paste and ribbon
bus bar complements prove to be a good option for repairing the ribbon
bus bar interruptions.

Fluid silicone can be used for the final insulation of the module, as
has been done previously by other author for the restauration of
damaged PV module backsheet. The dry and wet PV module insulation
test is surpassed when using this simple solution.

Future works and improvements include:

Testing the behavior of the repaired modules in a real installation.
e Extending the techniques to locate single ribbon bus bar in-
terruptions using DC current or direct exposure to sunlight, by low-
cost techniques and the study of the convenience of their repairing.
Improve the soldering of interrupted ribbon bus bars.

o Improvement of backsheet sealing, restoration using EVA, backsheet
and microlamination. Evaluation of alternative materials for EVA
and backsheet repairing.
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