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Characterisation of Photovoltaic Modules
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Abstract— Photovoltaic (PV) modules need to be free from current mismatch between cells for their optimal performance and longevity.
Therefore, characterisation tools are essential for evaluation of the performance of individual cells in a PV module. In this study, a low cost,
simple and handy large area laser beam induced current (LA-LBIC) measurement system was developed to assess the current levels of
module cells. In this system, a laser source mounted onto a motorised scanning stage is used to illuminate a PV module, while measuring
the module output current at different positions along the scanning line. The scan is executed across the module, perpendicular to the
cells. The LBIC measurement is a non-destructive technique that produces a graphical representation of the photo-current with respect to
position in a PV module. The line scan maps revealed the proportion of under-functioning cells to be 85.4% for single crystalline silicon (c-
Si), 62.5% for multi-crystalline silicon (mc-Si) and 75% for amorphous silicon module (a-Si). Current variations (current mismatch) between
the highest and the lowest performing cells were 99%, 97% and 90% for c-Si, mc-Si and a-Si respectively. Current variations within cells
were 31%, 15% and 14% for c-Si, mc-Si and a-Si respectively. In all the different PV module technologies, variations in current between

cells were significantly higher than within cells.

Index Terms— Low cost, Large Area-LBIC, photovoltaic modules, characterisation

1. INTRODUCTION

Solar energy can be harnessed by use of photovoltaic (PV)
modules. The PV market has continued to grow steadily over
the past decades. Solar cells used to construct PV modules are
required to have identical electrical characteristics so that cur-
rent mismatch in modules is eliminated. When the current
generating strength of individual cells in a module differ, it is
the weakest cell that determines the overall module current
[1]. For optimal performance and longevity of PV modules,
homogeneity of the device is a crucial factor to consider. The
solar cells in a module may differ in their electrical properties
due to the presence of defects arising from the inclusion of
impurities during the manufacturing process, cracks during
soldering [2], [3], [4], [5], cracks during the cutting of ingots or
cracks during transportation or in the field [6]. In thin film
modules, the laser scribing process used to isolate and inter-
connect thin film module cells can cause inhomogeneity in the
module [7], [8]. The deposition of the film material over a large
area makes it difficult to guarantee uniformity of the film
thickness in thin film solar cells, and this leads to performance
variation in thin film modules. The effects of the absorber
layer thickness on performance of solar cells have been exten-
sively reported [9], [10], [11].

e M. Okullo is currently working as Lecturer at Kyambogo University, P. O.
Box 1, Kyambogo, Uganda

e W. Okullo is working as Senior Lecturer at Makerere University, P. O.
Box 7062, Kampala Uganda

The ordinary method (current-voltage characterisation) of
measuring the optimum power of PV modules is expensive
and lacking in a country like Uganda, yet the import of PV
modules has increased greatly over the years. The weakness of
this method is that it measures the performance of the integral
module but not the performance of individual cells, yet the
performance of the module is adversely affected if all its cells
are not properly matched. A low cost, simple and handy LA-
LBIC measurement system has been developed to evaluate the
quality of the modules in the Ugandan market, in terms of cell
current matching. However, since the module cells are con-
nected in series and current mismatch arising from the cells in
the dark is likely, only relative measurements are possible.

2. METHODOLOGY

In this section, the fabrication process for the LA-LBIC mea-
surement system is described. The application of the LA-LBIC
measurement system to scan PV modules is also illustrated.

2.1 Fabrication of the LA-LBIC measurement system
The major components of the LA-LBIC measurement system
are the scanning stage, on which the scanning light source is
mounted and the string tension adjusting system, used to loo-
sen or tighten the string that drives the scanning stage.
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2.1.1 The scanning stage

In the fabrication of the scanning stage, the materials used
included 20 cm length of 16 mm x 16 mm metal hollow sec-
tion, eight rollers, 4 inch bolt and a screw bolt. Four slots were
made on each side, near the ends of the hollow section. In each
of the slots a roller was fitted in such a way that a small arc
enters inside and just touches the 12 mm x 12 mm hollow sec-
tion running straight through the 16 mm x 16 mm hollow sec-
tion. Two rollers were fixed on each of the four sides of the
rectangular hollow section so that there is no play during the
motion of the rollers. Fig. 1 shows how the rollers are fitted on
opposite sides of the hollow section and Fig. 2 shows the pho-
tograph of the scanning stage.

Upperbolt Hole for fixing a rod from laser
A A

- s I6mm x 16 mm

hollow section

12mm x 12 mm Roller

hollow section

String

Fig. 1. Schematic of the scanning stage

2.1.2 The string tension adjusting system

This system is made up of a pulley that can be adjusted by
using a bolt as shown in Fig. 3. A string passes over the pulley
and by loosening or tightening the bolt, the position of the
pulley can be changed and consequently changing the tension
in the string.

String

)

Pulley

Bolt

-

Fig. 2. Schematic diagram of the string tension adjusting system

2.1.2 The LA-LBIC measurement system

Another pulley, driven by a slow moving motor (Type 49TY]-
5/500C, AC 220/240V and 5/6 RPM, 3W) is fixed on a stand
and aligned with the pulley on the string tension adjusting
system as shown in Fig. 4. The string is fixed on the scanning
stage and passed over the two pulleys. As the motor rotates,
the rotary motion is transmitted to the string, causing a linear
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movement of the scanning stage. This makes the laser diode,
mounted on the stage, moves at the speed of the motor.

Laser diode  Current preamplifier

Motor

Computer PV module in a rack

DAQ card

Fig. 3. LA-LBIC measurement system

2.2 Scanning PV modules using the LA-LBIC mea-
surement system

The developed LA-LBIC system and the PV module rack con-
taining the module was set up in a dark room as shown in Fig.
5. The output of the PV module was connected to the Data
Acquisition (DAQ) card through the current amplifier. The
laser beam of spot diameter 1.5 mm was used to scan the PV
module as shown in Fig. 5. During the line scanning process,
the laser diode was set in motion by switching on the motor.
Line scans were executed across the module, perpendicular to
the cells. All the cells in the module were scanned and the line
scan map obtained.

Screw for fixing laser diode
onto motion controller

Laser diode scanning the PV
module

Nut for
fastening
string

Fig. 4. Line scanning of a PV module

PV modules from three different technologies, namely, mono-
crystalline silicon (c-Si), multi-crystalline silicon (mec-Si) and
amorphous silicon (a-Si) were scanned using the developed
LA-LBIC system. The c-Si module consists of 48 cells, the mc-
Si module consists of 56 cells and the a-Si module consists of
20 cells. The photograph of the modules is shown in Fig. 6.
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¢-Si module a-Si module

me-Si module

Fig. 5. Photograph of PV modules investigated

3. RESULTS

For easy comparison, all the current values for each cell in
each module were expressed in terms of the current generated
by the best performing cell. This gives the relative signal
strength for each cell in the module. The line scans for c-Si,

mc-5Si and a-5i module are shown in Fig. 6, 7 and 8 respective-
ly.
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Fig. 6. LA-LBIC line scan signal for c-Si PV module

The value of 50% of the maximum signal strength was arbitra-
rily taken as a reference point for the determination of the
proportion of under functioning cells in the PV modules. The
formula below was used to determine the percentage of under

functioning cells (U )

U, =5 100%
N

T

where: NV, = Number of cells with signal strength below 50%

N. ; = Total number of cells in the module

The percentage of under functioning cells for c-Si PV module,

Uy (sc)= 41 x100% = 85.4%

48

3

The percentage of under functioning cells for mc-Si PV mod-
ule,

35
Up(mc) = gx 100% = 62.5%
The percentage of under functioning cells for a-5i PV module,

UF(as):%x100%=75%
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Fig. 7. LA-LBIC line scan signal for mc-Si PV module
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Fig. 8. LA-LBIC line scan signal for a-Si PV module

The c¢-Si PV module has the highest percentage of un-
der-functioning cells, with a variation in signal strength (cur-
rent mismatch) of 99% between the worst performing and best
performing cell. Current mismatch in mc-Si and a-Si modules
are 97% and 90% respectively. Current mismatch between cells
in crystalline silicon modules may be attributed to lack of cell
sorting during module manufacturing process. However, it is
possible that, even when identical cells are used to construct a
module, the current levels of the module cells may still vary.
This is because, during the stringing of cells in the manufac-
ture of crystalline silicon PV modules, the heat generated dur-
ing soldering may cause the cells to crack [2], [4], disconnect-
ing the fingers of the affected cells and leading to a reduced
photo-response. A weak cell in a module operates in a reverse
biased mode, in respect to the rest of the cells in a module and
acts as a power dissipater instead of a power generator [12]. In
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addition to lowering the module performance, electrically
mismatched cells in a PV module may lead to hot spots [13],
hence reducing the lifespan of the module. In the crystalline
silicon modules line scans, it is worth noting that the current
levels within cells also vary, notably in cell 47 for c-Si module
and cell 31 for mc-Si module and the variations are by 31%
and 15% respectively. These variations could be due to non-
uniform distribution of defects within the cell or from cracks
developed during the soldering process. Defects, like grain
boundaries in mc-Si, can significantly reduce the material
quality by reducing the diffusion length of minority charge
carriers [14].

In the a-5i PV module, line scans were performed at
25%, 50% and 75% of the module length, as thin film PV mod-
ule cells are comparatively longer than the crystalline coun-
terparts. This was done in order to probe homogeneity in cur-
rent within the same cell. Thin film modules, like a-Si module,
are made by deposition of the PV material over a large area
and the thickness of the deposited layer is likely to vary. It can
be seen in Fig. 8 that variation in current occurs both between
and within cells. Variation in current between cells is more
pronounced than that within cells. Variation in current be-
tween cells may arise from shunts introduced during laser
scribing process of cell isolation and interconnection [15]. Var-
iation in current within cells, prominent in cells 12, 15 and 18,
is attributed to variation in thickness of the deposited PV ma-
terial during the manufacturing process. The highest variation
in current within cell, of 14%, occurs in cell 12.

5. CONCLUSIONS

A low cost, simple and handy large area laser beam induced
current (LA-LBIC) measurement system has been developed,
to investigate cell matching in PV modules in the Ugandan
market. The system can probe homogeneity in current both
between and within cells of a PV module. Three different
module technologies namely, c-Si, mc-Si and a-Si were investi-
gated. Higher variations in current occurred between cells
than within cells, for all the PV module technologies. Variation
in current between cells was highest in ¢-Si module (99%) and
lowest in a-Si module (90%). Variation in current within cells
was highest in highest in c-S5i module (31%) and lowest in a-Si
module (14%). The c-Si module was found to contain the high-
est percentage of under-functioning cells while the mc-Si
module showed the lowest percentage.
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