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ABSTRACT

In this study, a computational method for determining the contribution of
each module in the output power of a photovoltaic power plant is
presented and the results of that are compared with actual values. This
method is based on infrared thermography. In other words, in this study,
we are trying to develop a new model for analyzing the photovoltaic
module thermography images through field measurements on several
photovoltaic systems in Isfahan region. Since it is very important to
precisely calculate the module surface temperature in this method,
practical methods are presented to calculate the temperature accurately.
Validation of these methods have been done by performing specific
experiments. The results of this study show that for modules in which
difference between maximum and minimum temperature in STC
conditions is less than 10 °C and therefore classified in terms of
temperature pattern in the healthy group, the calculation of power
contribution of each module through this method is very close to the actual
value and have an error below 2.8%.

Keywords: Photovoltaic (PV) Module; Photovoltaic String; IR-Thermography; Hot-Spot, Glass Emissivity;

Reflected Temperature.

Highlights

e A condition monitoring in photovoltaic modules using thermal imaging is proposed.
e Accurate calculation of the surface temperature of a photovoltaic module using Thermography is

discussed.

e The contribution of each module in the output power of a photovoltaic string, is determined by

Infrared thermography

1. Introduction

Photovoltaic power plants may generally operation. In general, the most important
suffer from various faults and defects during methods of measurement and error detection in
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photovoltaic ~ modules  include:  visual
inspection,  current-voltage curve (I-V),
thermography, electroluminescence, ultraviolet
fluorescence and signal transmission.
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There are three different thermography
methods for detecting errors in photovoltaic
modules. These methods include steady state
condition thermography, pulse thermography,
and lock in thermography [1]. The most
commonly used method is steady state
condition thermography, which used in this
article and henceforth referred to as
thermography.

In recent years, several studies have been
conducted to analyze the results of
thermography and to identify possible defects
in the modules. In addition, many articles have
been published on this subject. Hoyer et al. [2]
investigated the relationship between hotspot
temperature and module power loss. Simon et
al. [3] have investigated the detection of
defects in a module through thermography at
its different working points. Tsanakas et al. [4]
have presented a classification of errors related
to photovoltaic modules and how to detect
them through thermography. Jaffery et al. [5]
have introduced an algorithm for detecting the
type of error in photovoltaic modules through
thermography, also have suggested the type of
required  activities for  troubleshooting.
Alvarez-Tey et al. [6] analyzed the effect of
environmental conditions (apparent
temperature, light reflection, etc.) and imaging
conditions (distance, angle, correct emission
and etc.) on the accuracy of thermographic
inspection of photovoltaic power plant. Takyi
[7] provides an analysis of the relationship
between visual inspections, current-voltage
data, and infrared thermal images of
photovoltaic modules.

In this study, at first it is explained that how
to calculate the surface temperature of
photovoltaic module by thermography, also the
causes of hot spots in photovoltaic modules. In
the following, the desired computational
method is described and the experiments
performed to validate this method, is
explained. Finally, the results of the research
and conclusions of the contents will be
presented.

2. Infrared thermography

Infrared thermography is a non-destructive
inspection technique that can be used as a non-
contact method to diagnose some failures in

photovoltaic  modules.  This  inspection
technique can be used from single modules to
large-scale photovoltaic power plants. To use
this, it must be ensured that the measurements
are made under steady state thermal conditions.

2.1. calculation of the surface temperature
of module by infrared thermography

Any object with a temperature above absolute
zero emits infrared waves. The amount of
radiation, according to Stephen Boltzmann's
law, is proportional to the temperature of the
body. In the infrared thermography, the
radiation from the surface or object is detected
by the infrared camera, accordingly the
temperature of the object is calculated.
Equation 1 shows the relationship between the
emitted power and the object temperature [8].

P=ocAg(T'-T,,") (1)

In Eq.(1), “P” represents the radiative power
emitted from the object, “c” represents Stephen
Boltzmann's constant and is equal to

5.67*1078 —p A7 represents the area of

the object, “e” represents the emissivity of the
object, “T” represents the absolute temperature
of the object and “T,,,,” represents the
absolute temperature of ambient.

The radiation received by infrared camera
includes three terms. These three terms are:

e Emissions from the object.

o Reflected emissions from ambient sources.

¢ Emissions from the atmosphere.

As shown in Fig. 1, the object (Section 2 in
Fig. 1) emits thermal power (eW,,,;) based on
Eq.(1). In addition, the surrounding objects
will emit to the object, and a percentage of this
radiation will be reflected to the camera in
proportion to the surface reflection coefficient
(approximately equal to 1-g). In proportion to
the transmission coefficient (t) of air between
the object and the camera (Section 3 in Figure
1), a percentage of that emitted power,
received by the camera. In addition, the air
between the object and the camera can emits
towards the camera in proportion to the
ambient temperature. The amount of this
emission (eW,;,,) is approximately equal to (T
-DX Warm

For total received radiation power, can be
written Eq.(2).
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And for the total power emitted from the
object, can be written Eq.(3).
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In Egs.(2) and (3), “t” represents the
transmission coefficient of the air between the
object and the camera, which is calculated by
FLIR tools software according to the distance
and relative humidity.

“g” represents the emissivity coefficient and
is entered by the user in FLIR tools software.

“Wyes” represents the radiative power due
to reflection of object, which is calculated by
FLIR tools software according to Tyer

“Waem” represents the radiative power due
to the air between the object and the camera,
which is calculated according to Ty, by FLIR
tools software.

Therefore, the temperature of the object can
be calculated by using Eqs (1) and (3).

2.2. Cause of hot spots in photovoltaic modules

A hot spot is created in a photovoltaic module
when, due to some anomaly or mismatch, the
short circuit current of a damaged cell is less than
the operating current of the other cells (for
example, part of the cell goes out of work due to
a cracking) and its ability to generate electric
current is reduced. In this case, the damaged cell
giving rise to reverse biasing (in other words,
under pressure of other cells, it goes to the
reverse bias region), thus dissipating the power
generated by other cells as heat [10]-[11]- [12].
Fig. 2 shows the change in the working point of a
damaged cell and its transfer to the reverse bias
region. Therefore, there is a direct relationship
between increasing temperature and power loss
of a photovoltaic module [13].
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Fig. 1. Radiation received by infrared camera[9].
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Fig. 2. 1-V curve of 4 cells with different short circuit current [2].
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As shown in Fig. 2, the cell corresponding
to the green curve has a sharp drop in short-
circuit current. This causes the cell to work in
the reverse bias region and consume power
instead of generating. The power consumed by
this cell increases the temperature of the cell.

According to Eq.(1), it can be said that the
power dissipated in the damaged cell is related
to the increase in temperature of the
corresponding cell compared to normal cells
[14].

In addition, the temperature difference
between the damaged cell and the other cells in
a module is a function of the solar irradiance
received by the module. Equation 4 shows the
relationship between temperature difference
and solar irradiance [15]:

AT, =AT, (G, / G,)" 4)

“Where” AT; is the temperature difference
between functional and non-functioning
components under identical irradiance
condition i,

G; is the irradiance at condition i :

Index i = 1 is the value at actual (partial)
irradiance.

Index i = 2 is the value at 100 % irradiance
condition.

x is the exponential factor, considering
different shapes of abnormalities.

12,0
10,0
8,0

6.0

Correction factor

4,0

2,0

20 30 40 20 60

For a point abnormality (point heat source
with radial heat transfer) which is usually a few
millimeters square and much smaller than a
cell (for example, for a 6-inch silicon cell, a
point abnormality is usually is less than 3
mm?) the exponential factor x is usually
between 1.5 and 1.8, and for extended area
abnormality (usually the size of one or more
cells) the exponential factor x is usually equal
to 1 and indicates the linear dependence of
temperature on the amount of irradiance. For
impact of x see Fig. 3.

3. Computational method

This computational method is presented with
the aim of determining the contribution of each
module in the output power of a photovoltaic
string, without the need to get the string out of
circuit. In this computational method, the
infrared thermal image is taken from all
modules during operation and based on analyze
of thermal images, the contribution of each
module in the output power of the string
(Pmoqa) 1s calculated. Due to the great
importance of the emissivity coefficient and
the apparent temperature of reflection, these
two parameters are measured and calculated in
practical ways. The steps of implementing this
computational method are shown in Fig. 4 and
are as follows:

== Linear x = 1
-~ Factor x = 1,6

Factor x = 2,0

70 80 90 100 110 120
Load (%)

Fig. 3. Graphic representation of the correction factor for temperature differences to nominal irradiance
conditions as a function of the relative irradiance [15].
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1. Normal operating temperature of the cells
(Ty.0p cenr) 1s calculated.

Accurate calculation of mnormal cell
temperature is very important because it is a
reference for detecting high temperature points
in the module and finally calculating the power
loss caused by these points. Therefore, if there
is an error in calculating the normal operating
temperature of the cells, it will directly affect
the results of the calculations. The normal
operating temperature of the cells depends on
many parameters such as the amount of solar
irradiance, ambient temperature and wind
speed. In this research, the average temperature
of all module points is calculated by
thermography and is considered as the normal
operating temperature of the cells.

2. Temperature of the cells in open circuit
conditions is calculated by Eq.(5) [16]:

Tocen = Tamp +(TNOCT _20) G /800 (5)

“where” T,mnp represents the ambient
temperature (°C), G represents the amount of
solar irradiance (W/m?), Tyocr represents the

Measurement is not accurate

Calculation of Ty op cen

normal operating cell temperature in open
circuit conditions (°C) and in the following
situations:

e solar irradiance: 800 W/m?

e Ambient temperature : 20 °C

e Wind speed : 1 m/s

This temperature indicates a high limit for
the normal operating temperature of the cell.

3. If the average temperature of the module
is close t0 Tocceu (|Tyopcen —Toconn| <3°C)

there is a possibility that the module be in open
circuit condition or the module bypass diodes
be turned on. In this case, the average
temperature of the points corresponding to the
junction box containing bypass diodes (Tjg) is
calculated and compared with the average
temperature of the module. If the junction box
temperature is more than 5 °C above the
module average temperature, the module is
bypassed, otherwise the module is open circuit
or connected in reverse polarity. In both cases,
the contribution of module in output power of
the string (Py,,04) 1S zero.

W

Calculation of T 5, for
each sub-string

Calculation of Tp ¢ co11 bY E.q (5)

¥
Calculation of Ty 5

ITy.0pcett = Toccenl
< 3%

Identification of H.S

Module is open cicuit
or connac rerse

{ Calculation of Py s byE.q (1) }

Power loss is 33% for each
bypassed sub-string

¥

Power lossis 100% ]

[ Calculation of Py, g4 ]

Fig. 4. Flowchart of the computational method for determining the contribution of each module in the output
power of a photovoltaic string.
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4. The temperature matrix of the module is
divided into three parts (each part corresponds
to a sub-string inside the module) and the
average temperature of the three parts (Tsg;)
are compared with each other and with
To.c cerr- If at least the temperature of one sub-
string is higher than the average temperature of
the module and close to Tpopccen (
[Tost —Tocen|<3°C), similar to step 3, the

temperature of the junction box is measured. If
the temperature of the junction box is also
high, the corresponding bypass diode is turned
on and the related substring is bypassed. In this
case, we will have 33% power loss in the
module for each bypassed sub-string.

5. In order to estimate the general
conditions of the module, the temperature
difference between the maximum and
minimum temperature points in the module is
calculated through a specific program written
in Matlab software or the tools available in
FLIR Tools software. This temperature
difference is standardized by Eq. (4), or in
other words, the amount of temperature
difference under STC conditions (ATspc) is
calculated. After calculating this temperature
difference, the modules are classified as
follows [17]:

o [fATsrc <10 °C the module is intact.

o If 10 °C < ATgpc < 20 °C the module
must be monitored and the exact amount
of power loss should be calculated
through the curve.

o If ATgy¢ > 20 °C the module is
damaged.

6. The temperature of each points of
module (Tp) is compared with the average
temperature of the module trough a specific
program written in Matlab software. The
points where temperature is more than the
average temperature of the module (Tp —
Tn.op cett > Tmargin and Targin = 3° )
are identified as hot spots (H.S) and the power
loss caused by each point (Py ) is calculated
by Eq.(1). The power loss of each module is
equal to the total power loss of the respective
hot spots.

7. Based on the amount of power loss
estimated for each module in the previous step,
the contribution of each module in the output
power of string (B,,,,4) is calculated.

4. Test of proposed computational method

The experiments in this research were
performed with two objectives of accurate
measurement of the temperature of the module
points and validation of the computational
method. The following equipment were used in
these experiments.

e Multi meter equipped with DC clamp
and temperature sensor.

e solar irradiance measuring device
equipped with an ambient temperature
sensor and a contact sensor for
measurement of module and cell surface
temperature (Benning SUN)

e Infrared camera (FLIR one pro)

e PV analyzer (Benning PV2)

In addition, in order to analyze the data and
information obtained from the experiments, the
following softwares were used.

e FLIR Tools software

e MATLAB software

e SOLAR MANAGER software

4.1. Experiments for accurate calculation of
the module temperature

Accurate calculation of the module temperature
requires accurate calculation of the apparent
reflectance temperature (Ty.5) and the emissivity
of the module surface. In this research, in order to
accurate calculation of the Ti..r, a device called
lambert radiator was used. In order to test the
accuracy of calculations based on the temperature
of the lambert radiator, one of the modules
installed in a rooftop system in Isfahan was
selected. This module was polycrystalline type and
had 2.5 years of operation. As shown in Fig. 5, in
order to measure the Ty.r, the lambert radiator
was located near the module and the contact
temperature sensor was mounted on the back of
the module at the location of the 6/D cell. Matrix
for cell identification can be seen in Appendix C.

Environmental conditions and configuration
and location of thermographic camera was in
accordance with Table 1.

In this experiment, the temperature of the
cell is calculated by FLIR tools software for
the emissivity between 0.8 and 0.92 and for 3
Tref (Tref = Tlam =3.9°% aTref :Tamb =24°c  and

T =Ty, =20°C). The results of calculations
are shown in Fig. 6.
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Table 1. Experimental outline to determine the most accurate Tf.

Experiment No : 18 Module type: shinsung310w-polycrystaline Location of the cell : 6/D
Environmental conditions
Cloud coverage Wind speed Solar irradiance ~ Ambient temp shading Module
(octa) (Bft) (W/m2) (°C) cleanliness
0 2 800 24 no Clean
Configuration and location of thermographic camera
Angle between the
camera and the Distance between Tilt of module Current of module thermal stability
module surface camera and cell (m) (degree) (A) (min)
(degree)
92 4 30 7.2 30

Fig. 5. a) location of solar irradiance measuring device, b) location of lambert radiator, c) location of contact
sensor for measurement of cell (D/6) temperature

50

40 - M
M N N g Tref=lom

calculated temp “c

A & Ar iy o - real temp
35 4 &
e Tref=Tamb
el Tref=Tsky
30 A
25 T T T T T T T T T T T T 1
o ©o ©o ©o ©o o©o =] o o o o o o
w w w =] =] =] o] o] E =] o] o] o]
[ = o w 2] ~ (=2} [V, w [ [ o

Emissivity

Fig. 6. Temperature calculated for different emissivities.
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From the curves presented in Fig. 6, it can
be concluded that for calculation of the
temperature, use of a lambert radiator is the
most accurate way to measure Tpqr.

In order to determine of the emissivity of
the photovoltaic module, a field experiment
was performed. In this experiment, the angle of
incidence was 90°, Ty..r was set equal to the
temperature of the Lambert radiator, and the
temperature of the desired cell (D/6) was
calculated by FLIR Tools software for different
emissivities. The module under test is shown in
Fig. 7.

In this environmental

experiment,

conditions and configuration and location of
the thermographic camera was in accordance
with Table 2.

In this experiment, the desired cell
temperature was calculated for different
emissivities and compared with real temperature
(from contact temperature sensor). The calculated
temperature curve relative to the emissivity and
the real temperature can be seen in Fig. 8.

Therefore, according to the curve in Fig. 8,
the most accurate emissivity for the module top
glass is equal to 0.85. This value is considered
as the actual emissivity of the module surface
in later experiments.

Fig. 7. The module under test and desired cell (D/6) for experimental determination of emissivity.

Table 2. Experimental outline to determine emissivity.

Experiment No : 18

Module type: shinsung310w-polycrystaline

location of the cell : 6/D

Environmental conditions

Cloud coverage Wind speed Irradiation Ambient temp shadin Module
(octa) (Bft) (W/m2) °O) & cleanliness
0 2 800 24 no Clean

Configuration and location of the thermographic camera
distance .

Optimum Minimum between the . The height qf the Horizontal

. . Tilt of module ~ camera relative to .
camera height camera height camera and the . distance to the
(degree) the lowest side of
(m) (m) cell under test module (d)
(m) the module(m)
5.5 2.4 4 30 2.7 2
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3 -

4 -

39 4

calculated temp °c

e/

o Tref=lom

real temp

760
160
060
680
S8R0
L3D

o
0
I+

Emissivity

£80
R0
£80
TR0
IR0
0RO

Fig. 8. Claculated temperature for different emissivity.

4.2. Experiments performed to validate the
computational method

In order to check the accuracy of the
computational method, one of the strings
installed in a 100 kw power plant in Isfahan
was selected. In this power plant, 400
polycrystalline modules with capacity of 270 w
have been used and arranged in 22 strings. The
modules had 2.5 years of operation. To select
the best string for test, at first, the [-V curve of

Current (A)

all strings was measured and one of the strings
that had more power degradation was selected.
According of test results, string number 9 was
selected. This string has 20 polycrystalline
modules and its [-V curve is shown in Fig. 9.

As shown in Fig. 9, slope of the STC
performance curve near the short circuit
current point is more than the NOM curve.
This difference indicates a mismatch between
the modules in this string.

400
Voltage (V)

5ty 9-20 (3909.1)

Fig. 9. I-V curve of string number 9.
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After selecting string number 9 for detailed
testing, an infrared thermal image was taken from
each modules of this string. Fig. 10 shows part of
this test. The specific parameters and
requirements (appropriate angle and distance
between camera and module and so on) was also
taken into account during thermography.
Immediately  after completion of the
thermography, the string was disconnected and I-
V curve measurement was performed. In I-V
curve measurement, string number 9 and each of
its modules were measured separately. In this
experiment, environmental conditions and
configuration and location of the thermographic
camera was in accordance with Table 3.

11/14/201910

FLIR ONE

Measurements

Bx1 Max 364°C
Min 28.0°C
Average 34.9°C

Parameters

Emissivity 0.85
Refl. temp. -16.7 °C
Geolocation

Compass 0°N

Note

M6

The I-V curve of modules are shown in
Fig. 11 and the performance parameters of
those are shown in table A.1.

For all modules in string number 9, the
difference between maximum and minimum
temperature in STC conditions is less than 10
°C and therefore classified in terms of
temperature pattern in the healthy group.
Therefore, as can be seen in table B.1, the
results of the computational method and the I-
V curve are very close. The maximum error is
in case Tyargin = 0°C and is equal to 0.14

equivalent to 2.8%).
(eq )

11/14/2019 10:31:54 AM

Fig. 10. An infrared thermal image was taken from each modules of the string.

Table 3. Experimental outline to determine the contribution of each module in output power of a string.

Experiment No : 22-42

Module type: sunowe270w-polycrystaline

location of the cell : 6/D

Environmental conditions

Cloud coverage Wind speed Irradiation
(octa) (Bft) (W/m?2)
0 1 865

Ambient temp Module

°C) shading cleanliness

23 no Clean

Configuration and location of the thermographic camera

Angle between

Distance between Tilt of module Current of module thermal stability
camera and module camera and cell (m) (degree) (A) (min)
surface (degree) &
87 5.2 8.1 60
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10 M1, M2, M3, M4, M5, M6, M7, M8, M9, M10, M11, M12, M13, M14, M15, M16, M17, M18, M19, M20.

—_— e
_—
i

Current (A)

0 . . . . i
0 10

M1(916.9) M M2(322.8)
M14(903.4) M M15 (303.5)

M3 (920.2)
Mi6 (906.8) M M17 (876.2) M M18 (885.7)

M4 (919.4) M M5(927.8)

i
20

1
30 40

Voltage (V)
M6 (925.6) M M7(929.2) M8 (915.7)
M19 (876) M M20 (875.3)

M9(915.2) WML (926.2) © MI1(906.3) MMIZ(318.1) M ML3(918.3)

Fig. 11. I-V curves of 20 modules in string number 9.

5. Results and discussion

Ideally, according to the number of modules in
the string (20 modules in string number 9), the
contribution of each module should be 5%, but
in practice, due to the different productions of
the modules, the contribution of the modules in
output power will be different. So the test results
of I-V curve were analyzed and the contribution
of each module in the output power of string
number 9 were calculated. Then infrared images
were analyzed and contribution of each module
in output power were calculated by the
computational method for three Tpargin  (
Tmargin =0°C, Tmargin =1°C and Tmargin =
3°C ). Then the results of computational
method were compared with the results of the I-
V curve test. For example based on the results
of the I-V curve test, module number one
delivered 257.58 w at the time of the test (the
first line in table B.1), and therefore the
contribution of this module in output power of
string is equal to 5.039 percent. The results of
computational method, for Targin =0°C ,
Trmargin =1°c and Tygrgin =3 °C is 5.13,
5.06 and 5%, respectively.

So according to test results (table B.1) for
modules in which the difference between

maximum and minimum temperature in STC
conditions is less than 10 °C and therefore
classified in terms of temperature pattern in the
healthy group, the calculation of power
contribution of each module through this
method is very close to the actual value and
have an error below 2.8%.

6. Conclusions

In this research, a computational method for
determining the contribution of each module in
the output power of a photovoltaic power plant
was presented. The results of this research can
be summarized as follows:

1. The best and most accurate way to
calculate Ty.c5 is to use a lambert radiator.

2. In normal conditions, 0.85 is the most
accurate emissivity for the top glass of a
photovoltaic module.

3. For modules in which the difference
between maximum and minimum temperature
in STC conditions is less than 10 °C and
therefore classified in terms of temperature
pattern in the healthy group, this computational
method can analyze the infrared thermal image
of the module and estimate the contribution of
each module in output power of a string. The
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results of this method is very close to the actual
values (have an error below 2.8%) and the
results are more accurate for Tppgrgin = 3 °C .
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Appendix A
The performance parameters of modules in the string number 9 are shown in table A.1
Table A.1. The test results of the module performance in string number 9.

v
curve PmPP Voc Vmpp I sc 1 mpp

Data

MEAS STC NOM DIFF | MEAS STC NOM | MEAS STC NOM | MEAS STC NOM | MEAS STC NOM

String w W W % \ \ \ \ \ \ A A A A A A
Ml 221 263 270 2.7 34.6 38.1 38.0 274 302 31.1 8.60 9.29 9.15 8.05 8.70 8.68
M2 217 257 270 49 34.1 37.7 38.0 273 30.2 31.1 8.61 9.15 9.15 7.96 8.52 8.68
M3 216 256 270 5.1 343 379 38.0 275 304 31.1 8.50 9.14 9.15 7.86 8.44 8.68
M4 219 260 270 35 344 38.1 38.0 27.0 30.7 31.1 8.57 9.18 9.15 8.12 849 8.68
M5 224 264 270 22 347 384 38.0 274 303 31.1 8.70 9.26 9.15 8.16 8.70 8.68
M6 219 258 270 43 34.6 382 38.0 27.6 30.5 31.1 8.49 9.04 9.15 7.94 8.49 8.68
M7 219 257 270 4.7 344 38.0 38.0 274 30.2 31.1 8.56 9.11 9.15 7.98 8.51 8.68
M8 219 261 270 35 34.5 38.1 38.0 273 30.6 31.1 8.61 9.24 9.15 8.00 8.51 8.68
M9 216 259 270 4.0 345 38.1 38.0 274 303 31.1 8.44 9.16 9.15 7.89 8.56 8.68
M10 218 254 270 5.8 344 38.0 38.0 27.1 389 31.1 8.56 9.15 9.15 8.01 8.80 8.68
Mil1 214 258 270 44 34.7 38.2 38.0 279 30.8 31.1 8.32 9.08 9.15 7.69 8.39 8.68
Mi12 219 261 270 34 346 382 38.0 27.6 30.5 31.1 8.46 9.15 9.15 792 8.56 8.68
Mi13 220 263 270 2.6 347 382 38.0 27.7 30.6 31.1 8.51 9.21 9.15 7.94 8.60 8.68
Ml14 212 255 270 55 344 379 38.0 27.5 303 31.1 8.29 9.01 9.15 7.72 8.42 8.68
M15 212 255 270 55 344 38.0 38.0 27.5 294 31.1 8.29 9.06 9.15 7.72 8.67 8.68
Mil16 216 263 270 2.7 345 382 38.0 27.5 304 31.1 8.41 9.23 9.15 787 8.64 8.68
M17 210 264 270 24 34.6 383 38.0 27.5 30.6 31.1 8.16 923 9.15 7.61 8.60 8.68
MI18 208 258 270 43 34.5 38.2 38.0 273 303 31.1 8.07 9.04 9.15 7.61 8.54 8.68
M19 207 259 270 39 347 385 38.0 27.6 30.7 31.1 797 8.98 9.15 7.50 8.45 8.68
M20 213 264 270 2.1 349 38.6 38.0 279 30.8 31.1 8.15 9.13 9.15 7.66 8.58 8.68
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Appendix B

The contribution of each module in the output power of string number 9 is calculated by the computational
method for three Tyngrgin ( Tmargin = 0 °C, Tmargin = 1°¢ and Trgrgin = 3 °c ) and are compared
with the results of the I-V curve (performance curve) test. The results are given in Table B.1

Table B.1. The contribution of each module in output power of the string number 9.

e e e

g o g § g § g3 § g

& §’ g, ~ 8 & e ~ g . = S8 E =g

Q 2.8 g 3 2 ~ B 3 g ~ 5 3 ) ~ =]

z g = 5 i85 &8 :€8 18 :88 :8

2 ofi7 Bl sif PE osqr 1E o3f g

8%_3 8 % " g% ¥ 8 T T g g5 ¥ o8

g g an B o B7% - - B3 - w B8 =3

- g 2 > F: o 53 - - w g
= 3 8 < B g > E < Bg ,E o8¢ >
8 < A SBc > <8c > s &g o

X 8 N 8 A 8 N 8 ~ B NS 8 ~ B

g8 OF SO S cag SR S X§:!

=3 g s & g & g =&
1 257.58 5.039 5.13 0.09 5.06 0.02 5 -0.04
2 252.72 4.944 5.07 0.12 5.06 0.11 5 0.06
3 253.53 4.960 5.10 0.14 5.06 0.10 5 0.04
4 255.96 5.007 5.11 0.10 5.06 0.05 5 -0.01
5 258.39 5.055 5.03 -0.02 5.02 -0.03 5 -0.05
6 255.96 5.007 5.03 0.02 5.03 0.02 5 -0.01
7 253.53 4.960 4.96 0 498 0.02 5 0.04
8 255.15 4991 5.01 0.02 5.00 0.01 5 0.01
9 254.34 4975 498 0.01 498 0.01 5 0.02
10 251.1 4912 498 -0.02 4.93 0.02 5 0.09
11 254.34 4975 5.03 0.06 5.02 0.04 5 0.02
12 257.58 5.039 495 -0.09 4.96 -0.08 5 -0.04
13 256.77 5.023 494 -0.08 495 -0.07 5 -0.02
14 253.53 4.960 493 -0.03 497 0.01 5 0.04
15 253.53 4.960 493 -0.03 497 0.01 5 0.04
16 257.58 5.039 497 -0.07 497 -0.07 5 -0.04
17 259.2 5.071 5.03 -0.04 5.02 -0.05 5 -0.07
18 255.15 4911 492 -0.07 4.96 -0.03 5 0.01
19 256.77 5.023 497 -0.06 5.00 -0.02 5 -0.02
20 259.2 5.071 5.04 -0.04 5.00 -0.07 5 -0.07
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Appendix C

The matrix of cell position in a single module is shown in figure C.1.

A B C D E F
Fig. C.1. View for the designation of cell position, viewed from the front of a 60-cell module, with the junction
box at the top (rear side). The marked cell is E/8 [15].



