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Abstract— Temperature coefficient of short-circuit current
(TCy,,) of PV modules plays an important role in PV modeling and
I-V characteristic correction. Many standards and researches
have indicated that TC,_ is irradiance-dependent, but the detailed
relationship is not really clarified. Thus, this paper investigates the
relationship of module TC;  with irradiance from both indoor
and outdoor tests and reveal the impact of the varying TC;  in
common applications.

Keywords— Photovoltaics, temperature coefficient, short-circuit
current, current correction, sc-Si module

L INTRODUCTION

Temperature coefficient of short-circuit current (T Cj.) of
photovoltaic (PV) module is a crucial parameter for PV system
[1]. It is widely used for PV modeling [2] and the correction of
field-measured current data [3], e.g., the current at maximum
power point (I,;,p) or the current of I-V curve. The application
in current correction, specifically, is also an important step for
various subsequent performance and reliability analysis, such as
PV degradation assessment [4], PV fault detection and diagnosis
[5].

Generally, TCj,,. is provided in the manufacture datasheet
but always for Standard Test Condition (STC, module
temperature T,,, =25°C, in-plane irradiance G=1000W/m?, air
mass AM=1.5). However, many standards like [3,6] have
pointed out that the value of TC,,. is only valid within a certain
range of irradiance. Nevertheless, there is little research
dedicated to explain how the module T C; . varies with G. In the
literature, Muhammad et al. [7] observed a decreasing trend of
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TCy. with G, but the research is limited to cell level. Manoj et
al. [8] focused on the module level TC, . and captured similar
trend, but the precision is hindered as there are only 4
observations measured at different T;,, for each G, which are
inadequate to fully exhibit the relationship of Is. with T,,, and to
extract reliable TC; . values.

Since the dependence of TC,,,. on G is not always clear,
therefore, in most cases, it is considered as a constant value for
convenience [4,5]. However, the impact of this assumption is
rarely specified. Consequently, this paper is conceived to
evaluate the relationship of module TG, with G by both indoor
and outdoor tests and then discuss the impact of the varying
TCy . in its common applications.

II. METHODOLOGY OF TC,SC CALCULATION

According to IEC 60891 [3], the calculation of module
TC4, can be summarized in the following steps:

e Step I: Collect module /g, measured at same G level but
with different T,,,;

e Step 2: Plot Is. as a function of T,,, fit the whole curve
linearly with a least-squares function;

e Step 3: Record the slope of the fitted line as the absolute
TCy,,. (expressed in A/°C), while the relative (expressed
in %/°C) could be determined by dividing the absolute
coefficient with the I, value at STC.

In this calculation procedure, Step 1 is relatively difficult
because of its two simultaneous constraints on G and T, .



Besides, a continuous variation of T, in a wide range (=30°C)
is also suggested in [3]. Some test schemes can be adopted to
collect the required Ig-. Using solar simulator and T, control
device is one choice, which permits to perform superior
spectrum match. However, the expense of this test is also high,
especially when dealing with PV samples of large size, e.g., PV
module sample instead of cell sample. Consequently, two cost
efficient test procedures are proposed in the followings and
adopted in our research to collect the required I for the study
of TCyg,..

e Procedure 1: Collect data in indoor controlled irradiance
condition (e.g., using Xenon or Halogen lamps)

e Procedure 2: Collect data under natural sunlight in a
short time (assuming G varies very little in this interval)

The details and the experimental setup of these two test
procedures will be presented in the next section.

III. EXPERIMENTAL SETUP

A. Basic experimental test bench

A MX-50Wp sc-Si module is considered for both indoor and
outdoor tests with the datasheet parameters shown in TABLE 1.

TABLE L. PARAMETERS OF TESTED SC-SI MODULE
Parameters Value Parameters Value
Voc 21.9V Isc 2.97A
Vup 18.6V Vup 2.68A
Relative TCy,,. 0.28%/°C Relative TCj, 0.074%/°C

A reference cell (RG100) measures the plane-of array
irradiance (Gpp,) and a Pt100 probe (class A) measures the
back-sheet T,,,. The module g is measured with a programmed
source meter (Keithley 2440).

B. Indoor test under controlled irradiance

The test setup is shown in Fig. 1, where 4 halogen lamps
provide illumination (non-uniformity < 10%) to the tested
module. G could be adjusted continuously from 0 to 1400
W /m? by controlling the lamp current. The specific test
procedure contains the following steps:

e Step 1: Cool down the test module by using an electric
fan with the lamps turned off until the backsheet T,
stabilizes to room temperature.

e Step 2: Adjust G, let the module warm up by the effect
of illumination until the backsheet T, reaches stable
operating temperature. During the process, record Gpp4,
T, and I every 2 seconds.

e Step 3: Repeat Step 1-2 with different G values.

§ 4 lamps §
el
Fig. 1. Experimental setup of indoor controlled -irradiance test

C. Outdoor short-time test under natural sunlight
Outdoor test has a similar test procedure:

e Step 1: Cool the module with a fan in shaded place until
T,y stabilized to ambient temperature.

e Step 2: In cloudless weather, move the module (with
measurement devices together installed on a movable
trolley as shown in Fig. 2) to sunlit place.

e Step 3: Let the module naturally warm up in short time
(minimize the impact of changing G ) with T,
approaching operating temperature. During the process,
record Gppy, Tr, and s every 2 seconds.

e Step 4: Repeat Step 1-3 for different time slots in the
same day for different G levels.

Reference cell

-

Fig. 2. Experimental setup of outdoor short-time test

IV. RESULTS AND ANALYSIS

A. Correction of Igc based on measured Gpp,

In fact, based on our measurement results, G is not stable for
both indoor and outdoor tests, i.e., indoor Gpp, varies by +3%,
due to voltage fluctuation while outdoor Gpp,4 varies by +4%,
due to the change of sun position). Thus, it is necessary to correct
the I, measured under variable G to a value (I§.) under same G
(here, G at STC) via the following equation [3]:

Isc = Isc - Gsrc/G )

After the correction, T (. could then be calculated based on
the procedure presented in Section II.

B. Indoor test results

Several indoor tests were performed with a Gpp, covering a
range from 300 to 1100 W /m?2. One test result with an average



Gpoa at 883 W /m? is presented in Fig. 3 to illustrate the

calculation of TCj,..
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Fig. 3. Indoor test result with average Gpo, at 883 W /m?

As illustrated in Fig. 3, the corrected Ig- exhibits a linear
relationship with T, during the test period (T, varies from 32 to
73°C). After linear fitting via Matlab (fitting R?*=0.98), the
absolute and the relative T C; . (dividing the absolute value by
Is¢c at STC from datasheet) are obtained as 1.47 mA/°C and
0.049 %/°C, respectively. In this manner, the relative TC;. of
all the tests can be obtained .The results are presented in Fig. 4
the corresponding variation of T, also illustrated.

%1072

120

16l O Relative TC,;, ©___ 95% confidence of fitting
™ Variation of T, Expanded uncertainty (k=2)

12} ~
| | [ | | | | llleog

8 l Datasheet value of TC,,, ~

Relative TC,. (%/°C)

1 1 1 1 1 1
400 500 600 700 800 900 1000
Gpoa (W/M?)

Fig. 4. Indoor test results under different irradiance levels

It is observed from that Fig. 4, firstly, for each test, the T,
of tested module, via warming up by the effect of illumination,
spreads a wide range of variation. The difference between inital
and final T,,, could reach or exceed 30 °C, especially for the test
at high Gpy,. This wide range of variation permits to fully
examine the linear relationship of Isc with T,,, and extract the
T (. with more precision.

As for the behavior of TC,,., the relative TC; . shows a
decreasing trend with Gpy, and the decline rate slows down as
Gpoa increases. Therefore, TC,,. at high Gpos (Gpoa > 700
W /m?) is relatively stable, but the value is inferior to the
datasheet value with the relative error up to 31.1%.

C. Outdoor test results

From 8 am to 12 am on 2019/09/03, several outdoor tests
were performed. Taking one test result (shown in Fig. 5) as
example, a linear evolution of corrected I with T, is also
observed but with larger fluctuations (fitting R?=0.78) than the
indoor test result. This may be due to the more variable
environmental conditions (e.g., impact of wind).

3.00 T T T T T T T 880
Corrected /g

— Fitted line

Z 2.99 | [] Measured Gpo,

875

A

870

865

Corrected /g
N
©
©

Fitting R? =0.78
Absolute TCjg.=1.45+0.1 (MA/°C) - 860
Relative TCjs=0.049::0.003 (%/°C)

1 1 1 1 1 1 1 855
22 24 26 28 30 32 34 36

N

©

N
T

Measured Gpo, (W/m?)

Fig. 5. Outdoor test result with average Gpo, at 868 W /m?

Similarly, the calculated TCg. at different sunlight are
plotted in Fig. 6. From the results, firstly, it is observed that the
variation of T,, increases gradually with Gpp, and but is
relatively lower than that for indoor test. This is mainly due to
the fact that outdoor tests are carried on in open space (where
ambient temperature is relatively stable during each short-time
test) rather than the confined space of indoor tests (where the
ambient temperature also increases), so the variation of T, is not
that significant.

Regarding the TCj., a similar decreasing trend of TCg,.
with Gpp, is also found. There are certain parts not perfectly
matching with the indoor test results, like the T'C;¢.at low Gpo,
range, where larger values are observed. Nevertheless, the
general variation tendency is coherent with that of indoor test
results, like decreasing decline rate with Gpg4 and the relatively
stabilized value at high Gpy4 range. In this stabilized range, the
value of TCj,. is found also coherent, which are around
0.05%/°C.
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Fig. 6. Outdoor test results under sunlight irradiance levels

D. Effect of a Variable TC,,.

From indoor and outdoor tests, the calculated TC,,,. shows
significant variation particularly with the Gpp, at low values
(<400 W /m?). In order to evaluate the impact of this variation,
let’s consider the application in current correction using (2) as
an example.

L=1- (1 + TCISC (T, - T1)) G, /Gy (2)

where, I; and I, are the current before and after correction;
G, and G,, T; and T, are the measured and desired irradiance or
module temperature, respectively.



Assuming that I; is the measured current at low irradiance
Gy (e.g.,400 W /m?) and the measured T C,,. at Gy is 0.16%/°C
(according to Fig. 6). When (T, —T;) drops in the range
[20°C,50°C], and if the datasheet value of TC4.. (0.07%/°C) is
used to correct I;, the relative error of I,, compared to the result
using the real measured T'C, ., lies between 1.7-4.2%. If using
TCy,,. at high Gppy (e.g., 0.05%/°C), the error will reach 2.1-
5.1%. These errors can hinder the realization of high-precision
current correction and degrade the current-based module
performance analysis.

V. UNCERTAINTY ANALYSIS

The uncertainty characterizes the range of values within
which the true value of one measurand is considered to lie with
certain level of confidence [9]. The uncertainty involved in the
calculation of TC . is determined by the uncertainty of 3
measurands, i.e., Gppa, Ty and Igc. For each measurand, the
uncertainty addresses the measurement error from 2 effects, the
random effect caused by the stochastic variation of measurement
device and the systematic effect caused by persistent issue which
leads to a consistent error [10]. For Gpp,4, the systematic effect
mainly results from the spectral mismatch of reference cell, the
alignment of sensor with tested module [11], etc.; For T,,, the
systematic effect is mainly caused by the calibration, uniformity
of backsheet T, and the difference between the rear side T,, and
the cell temperature [11]. Using infrared (IR) camera, the
distribution of module T, is available to examine. Two
examples taken during the outdoor tests are shown in Fig. 7. It
is observed a clear nonuniform distribution of T;,,, which is
commonly encountered due to the wind and physical
irregularities (like module frame and junction box) [12]. The
maximum variation of rear side T, is within 3°C, which meets
the requirement proposed in [3] for the correction analysis.

Fig. 7. IR images of module backside during outdoor tests

In order to quantify the impact of these uncertainty on T'Cy,.,
the uncertainty propagation analysis is performed. Firstly, since
relative TCy. is calculated by the slope of 5 with Tp, (by
linear fitting) normalized by IS1¢, a simplified function, which
is based on the difference of Ty, (4T;,) and Is; (A15.) between 2
observations (with similar G but considerably different T,,), is
used to present the calculation of the relative TC,. as:

1 AL

Hise = igre

3

Then, replace the AI§; by the difference of the
corresponding measured Is; (4lgc) via (1) (supposing the G of
the 2 observations are identical):

G
1 Al i;TC

I5¢ ATy

_ Gsre  Alsc

TCrye = = SIC
Isc ISTC AT,G

C))

In this manner, the relation of relative TCp,. with the
measured parameters, TC;,.=f (G, Algc, ATy,), is available for
uncertainty analysis. Here, we consider the relative standard
uncertainty (u”), which is the absolute uncertainty divided by
the best estimate of one measurand [9]. For a function y =
f(X,X,,X3) =K - X;/(X,X3), where K is a constant and
X;(i = 1,2,3) are the measurands, the propagated u}, based on
the uy, (i = 1,2,3) could be calculated as [9]:

3 2 3
|up| = Zuﬁ +22 z u,r(iu;jr(X,-,Xj) (5)

i=1 i=1 j=i+1

where 7(X;, X;) represents the correlation coefficient between
X i and X je

Based on the datasheet of measurement devices and the
reported common measurement systematic uncertainty [11,13],
the combined ug, uy, . and wy are considered as 5%, 0.1% and
2% (using a coverage factor k = 2), respectively. Here, the u”
of Alsc and AT, are set relatively lower than that of G. This is
out of the consideration that the parameters (41 and AT,,) used
in (4) are the difference values, thus the impact of systematic
error (like calibration bias, the difference between rear side T,
and cell T ), which is generally larger than the random
dispersion, could be reduced.

In fact, all the measurands G, Algc and AT, are correlated
but with different . For example, Alg is quasi linearly
correlated with G with r(G,4lsc) = 1, while AT, , i.e., the
variation of the T, between 2 chosen observations, is nearly
uncorrelated with G or Als.. Therefore, for simplification, we
consider r(G,4lsc) = 1, r(ATy,, Alge) = r(4T,,, G) = 0. In
this way, based on (5), the propagated u” of TC,y. could be
expressed as:

T — T2 T2 T2 P A
uTCISC|—\/uG + Uprg + Upr + 2 Ug - Upyg, (6)

The u;Clsc equals 5.5%, which means that the TC,. will

fluctuate by +5.5% around the calculated value due to the
uncertainty of the 3 measurands. Now, we add this uncertainty
to the results obtained in previous section and reshow them in
Fig. 8 and Fig. 9. From the results, it is observed that the
uncertainty introduced by the 3 measurands has no significant
impact on the global decreasing trend of the obtained TCj,..
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Fig. 8. Indoor test results with uncertainty added
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Fig. 9. Outdoor test results with uncertainty added

VI. DISCUSSION

The observed trend in the variation of TCp,. with G is
consistent with the reported results at cell level [7] and at module
level under solar simulator [8]. Since T (. has been validated
spectrum-dependent [14], this G-dependent phenomenon may
be partially the impact of spectrum. For outdoor test under clear
sky, from morning to noon, G increases with time, but the
energy portion in near infrared range decreases. Since TCjg,.
responds significantly to this range of wavelength [15], the
change of spectrum could lead to the decrease of TCj, .
However, for indoor test, the spectrum is relatively stable.
Therefore, this could not fully explain the phenomenon. It
clearly requires further exploration.

VII. CONCLUSION

The dependence of sc-Si module TC, . on irradiance is
investigated in this paper. A decreasing trend is observed from
both indoor and outdoor tests. The decline rate slows down as
Gpoa increases. Thus TCy,. at high Gpp, range is almost
constant but to a value lower than the one given in datasheet. We
have shown that if an improper value of TCy,. is applied, an
error of up to 5% in current correction could be reached. Future
research will continue to study the G dependence of TC . on
other technologies of PV modules (like a-Si, CdTe, HIT), to

quantify the impact of several factors (like Ig correction
method, installation position of T,,, probe) on the test results and
to analyze the underlying mechanism of the variation of T Cy..
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