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Abstract

Transient thermal responses of solar cells (SCs)
subjected to fluctuations in sun light intensity and
ambient temperature is studied. A closed form of the
open-circuit voltage (Voc) as a function of junction
temperature (T)) is presented, which is used to monitor
the junction temperature at transient and steady-state
periods with a good accuracy. In addition, based on the
thermal response of the SC through the extraction of
junction temperature from measured Voc data, a simple
thermal equivalent circuit is proposed. Temperature-
dependent parasitic parameters of SCs including Rs and
Rsh as well as thermal resistance and capacitance are
extracted and discussed.

1. Introduction

With the greenhouse effect becoming worse, the pace of
global warming seems having an increasing speed nowadays.
The increase in ambient temperature (T,) is a critical issue to
both eco-environment and technology applications, especially
for the energy conversion of solar cells (SCs). Attributing to
poor efficiency and self-heating caused by parasitic resistances
during solar energy conversion, the junction temperature (T;) of
SCs could be several tens degrees in centigrade higher than the
ambient temperature. A much higher temperature can be find
from the worst case of open-circuit condition of SCs used in
high concentration photovoltaics.

In essential, elevated temperature leads to efficiency drop of
SCs for the decrease in the open-circuit voltage (Voc) and fill
factor (FF) [1]. To clarify the thermal effect on the performance
of SCs, in addition to the investigation of the temperature
dependent electrical parameters such as Voc, FF, short-circuit
current (Jsc), etc., an accurate mean to monitor the true solar
cell junction temperature measurement is also important.

In this study, the experimental data of Voc at a designed set
of temperatures were used to reveal the junction temperature of
SCs. Upon sunlight irradiation and fluctuations in ambient
temperature, both transient and steady states of T; of SCs were
analyzed. A transient thermal equivalent circuit and a simple
equation to model the temperature dependent Voc were
proposed. Comparisons between the theoretical and
experimental results were made. Extraction of parasitic
resistances based on measured J-V curves and impedance
spectroscopy (IS) with sunlight irradiation at different
temperatures was also presented and discussed.

2. Theoretical basis
Dependence of Vg on T;

Using the general V-J characteristics of SCs under steady-
state illumination, Voc is written as [1-2]
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where Jo is the reverse saturation current in dark and y (=-1.2) is
a parameter related to minority carrier diffusion length [3-4].
Note that for the SCs under steady-state illumination condition,
the temperature T could be referred to T;. Following the general
E4(T) model [5], an expression for the temperature dependent
Voc(T) can be expressed as
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where ¢” is a constant depends on structure, material quality,
and light intensity. It is noted that the accuracy of eq. (4) has
been confirmed from a close fit to experimental Voc-T; data [6-
7] with a fiting error < 0.59-2.59%. Here, eq. (4) will be
employed for the extraction of T; from the measured V. in this
study.
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Thermal resistance and transient model of solar cells
The thermal resistance (&) of SCs, as expressed as eq. (5),
is determined by the ratio of AT and Pg, where AT is the
temperature difference between T; and Tc, Py is the absorbed
power without conversion for the SCs under sunlight irradiation.
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where ZO REz 1 the reflective 0ss (Prer) of solar cell for
i=300
solar spectrum in the range of 300-2500 nm [8], Tc is
temperature of case of SCs, and the other symbols bear the usual
meanings. The transient thermal equivalent circuit is shown in
Fig 1. On the basis of Newton's law of cooling, the Tj-t
waveform of the SCs upon sunlight irradiation at T;(0) can be
expressed as
t
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where i (=61C) and Cy, are the thermal time constant and the
thermal capacitance, respectively.
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Fig. 1 The transient thermal equivalent circuit (a) before Tj(t<0) (b)
after Tj(t>0") illumination of SCs.


mailto:sjwang@mail.ncku.edu.tw

3. Experiments

Solar cells used in this study were with an n*-p structure (3.4
x 2.1 cm? and 200 um thick) and mounted on a temperature
controlling plate. llluminated J-V, P-V curve, and IS analysis of
SCs were all measured under AM1.5G at temperature varying
from 40 to 80 °C at an interval of 10 °C to determine cell
parameters including Voc, FF, 7max, shunt resistance (Rsn),
series resistance (Rs), and IS parameters.

The IS experiments were made under a dc bias of 0.35 V
and an ac voltage of 5 mV in rms with the frequency ranging
from 0.1 to 20 kHz. The reflectivity of SCs was measured in the
solar spectrum of 300-2500 nm. The time interval for the
transient Voc measurements is 16.7 ms for two neighboring data
points. Infrared (IR) thermometer, and thermocouple were used
to monitor the cell temperature.

4. Results, and discussion

Figs. 2(a) and (b) show the experimental J-V and P-V curves
of SCs under different temperatures. Fig. 2(c) shows the
extracted electrical parameters of SCs based on Figs. 2(a) and
(b). Fig. 3(a) shows the ac equivalent circuit of SCs [9]. Fig. 3(b)
and (c) show the cole-cole plots obtained from IS measurements
and the corresponding ac parameters of SC shown in Fig. 3(a),
respectively.
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Fig. 2 (a) the measured J-V curves, (b) P-V curves (c) the extracted
Voc, Jsc, FF, nmax, Rsh, and Rs of SCs as a funciton of temperature.
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Fig. 3 (a) ac equivalent circuit [9], (b) Cole-cole plots, and (c) Rs, r’q,
C, and t of SCs at AM 1.5G under temperature from 40 to 80 °C.

Figs. 4(a) and (b) show the solar spectrum of AM 1.5G,
reflective loss, reflectivity, and heat flux components of SCs,
respectively. The extracted SCs steady-state thermal resistance

parameters are shown in Table 1.
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Fig. 4 (a) Solar spectrum of AM 1.5G, reflective solar spectrum, and
reflectivity of SCs (b) The schematic diagram to show the heat flux
components of SCs.

Table 1. Experimental data of steady-state thermal resistance of SCs.

Tc [ 0 [ AT [Area| By | Py [ Mow | B | Oq |
(€0) (00 Q)| (em?) | (Wem?) | (Wiem?) | (%) | (W) (°C/W)
23.50 | 28.91
Voo | Voo 541|714 | 01
™ ™M
0.609 |0.507

Fig. 5(a) shows the measured Voc and 7max as a function of
T;. Obviously, the temperatures measured by both IR

0.00803 10.5 |0.70| 7.72
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thermometer and thermocouple are only reflect the surface
temperature of the SCs under test, which could be very different
from that of the “real” T; derived from eq. (4). According to the
derived Voc-T; curves, the measured transient Voc waveforms
were converted to transient T; waveforms. Fig. 5(b) shows both
the transient waveforms of Vocand the transient T; waveforms
at different ambient temperatures. Based on the transient T;
waveforms, both z» and Cy, were derived and listed in Table 2,
respectively.
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Fig.5 (a) Voc, 7max, and Tj using eq. (4), IR thermometer, and
thermocoucple of SCs (b) Experimental transient-state of Voc, transient
temperature, and transient thermal model fitting of SCs under different
ambient temperature (26.8, 25.4, and 24.6 °C, respectively).

Table 2. Extracted data of zn, O, and Ci using thermal T; waveform
shown in Fig. 5(b).

0Oy Cu
(OTIW) | (W-5/°C)
| 2680 | 2753 | 32.97 22863 940 | 2432 |
| 2540 | 2595 | 3116 | 25230 | 877 | 2854
2460 | 2506 | 3049 | 23712 | 897 | 26.43

4. Conclusion

The J-V characteristics of SCs under AM 1.5G at different
temperatures have been investigated. A closed form of Voc as a
function T; has been derived which shows a high accuracy to
experimental data. Transient and stable junction temperature of
SCs upon sunlight irradiation and different ambient temperature
has been monitored through Voc measurement. A simple
thermal equivalent circuit with temperature-dependent thermal
resistance and thermal capacitance has been proposed to model
the thermal response of SCs with confirmed accuracy. In
addition, temperature-dependent parasitic parameters of SCs
including Rs and Rsh (r’q) have been extracted from J-V curves
and IS analysis. It is expected that the study of thermal response
of SCs to fluctuations in sun light intensity and ambient
temperature in the present work could be useful for
understanding and improving the thermal behaviors of SCs for
high concentration photovoltaics.
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