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The effects of temperature on performance of a grid-connected inverter, and also on a photovoltaic (PV) system installed inThailand
have been investigated. It was found that the maximum efficiency of the inverter showed 2.5% drop when ambient temperature was
above 37∘C. The inverter performed efficiently in November and December, the months of high irradiance, and monthly average
ambient temperature of lower than 35∘C, allowing relatively high system performance ratio in this period. Our results show that
high temperature provides negative impacts not only on the PV modules, but also on the performance of the inverter. Thus, the
effect of temperature on the inverter efficiency should be taken into account when predicting energy yield or analyzing losses of
the PV systems—especially in high temperature regions.

1. Introduction

Thailand receives an annual average solar irradiation of
18.2MJ/m2—day, which is relatively high compared to other
tropical and mid-latitude counties [1]. Owing to abundant
solar energy and government support scheme for megawatts
solar farms, Thailand is expected to be an emerging photo-
voltaic (PV) market of Southeast Asia. Nonetheless, severe
climatic conditions of tropical countries—high temperature
and high humidity—have negative impacts on performance
and reliability of PV systems. Since high temperature causes
a reduction in output power of PV modules, the temperature
effects are one of main concerns when forecasting energy
production or analyzing losses of the PV systems. There are,
thus, many reports regarding the effects of temperature on
the performance of various types of PV modules operating
in tropical countries including Thailand [2–5]. Besides the
performance of the PV modules, inverter efficiency is also
a critical factor which greatly influences the system per-
formance; therefore, its actual behavior needs to be evalu-
ated. Furthermore, temperature-dependent performance of
inverter is also worth investigating because the efficiency

of electronic devices including inverter also depends on
the operating temperature [6–9]. Since the temperature-
dependent behavior of the inverter for PV systems has not yet
been reported, in this studywehave investigated performance
of a high-efficient grid-connected inverter installed in Thai-
land, in particular with respect to the temperature effect. The
findings of our work are expected to be useful information for
energy yield prediction and loss analysis of the PV systems,
especially in high temperature regions.

2. System Installation and Monitoring

The 2.24 kWp grid-connected PV system has been installed
at National Science and Technology Development Agency
(NSTDA), Pathumthani province, Thailand—latitude
14∘ 4 46N, longitude 100∘ 36 4 E—in March 2010,
supplying electricity for load of the office building. This PV
system consists of tandem amorphous silicon (a-Si:H/a-
Si:H) prototype modules manufactured by NSTDA. The
characteristics of the PV modules, inverter, and the PV
system in this study are described in Table 1.The PVmodules
have been installed in an open rack at a tilt of 14∘ facing
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Table 1: PV module and system characteristics.

Item Details

Module

Type Thin film a-Si
Peak power output 40W
Peak power voltage 47.5 V
Peak power current 0.84A

Temperature coefficient for power −0.20%/∘C
Area 1.2m × 0.65m (0.78m2)

Inverter
Type Single-phase string, transformer based, grid-connected

Nominal output power 5 kW
Maximum efficiency 96%

System

Number of modules 56 (8 modules/string, 7 strings)
Nominal power output 2.24 kW
Peak power voltage 380V
Peak power current 5.89A

Figure 1: PV test site at NSTDA, Thailand.

South, as shown in Figure 1. An automatedmeasuring system
was constructed to collect data of the system, that is, system
output, module temperature (𝑇

𝑚
), ambient temperature (𝑇

𝑎
),

and in-plane solar irradiance, at 1min interval. The collected
data from 5 AM to 7 PM during the period of 7 months
(from October 2010 to April 2011) was used for the system
performance analysis in this study.

3. Results and Discussion

The DC output power as a function of the solar intensity
and a variation of the module temperature are shown in
Figure 2. It can be seen that the module temperature was
about 30∘C under the irradiance of lower than 250W/m2 and
then gradually increased with increasing irradiance, rising
to 60∘C at the irradiance of 800–1000W/m2. It should be
noted that in this test site the average module temperature
ranged from 42∘C to 47∘C, rarely being 25∘C or lower during
the operating hours. Figure 3 indicates a linear relationship
between the DC output from the PVmodules (inverter input
power) and the AC output from the inverter. The inverter
started to produce the AC output at the DC output power
of about 58W, suggesting energy consumption of 58W at its
operating mode.
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Figure 2: Relation of solar irradiance to PV output power and
variation in module temperature.
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Figure 3: Relation between input and output power of inverter.

Interestingly, it was found that the actual maximum
efficiency of the inverter strongly depended on the ambient
temperature. As shown in Figure 4, the inverter efficiency
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Figure 4: Relation between inverter efficiency and ambient temper-
ature.
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Figure 5: Average inverter efficiency of two different operating
conditions: 𝑇

𝑎

< 37∘C and 𝑇
𝑎

> 37∘C.

(𝜂ivt) reaches its maximum value of 96–96.5% when the
ambient temperature is below 37∘C and shows 2.5% drop
when the temperature increases above 37∘C—under the same
solar irradiance of 1000–1100W/m2. An obvious difference in
the inverter efficiency of two different operating conditions,
of which 37∘C is set as a borderline, is displayed in Figure 5. In
both cases the inverter efficiency similarly tended to remain
constant when the AC output power exceeded 1500Wor 27%
of the inverter’s rated capacity; however, the difference in the
inverter efficiency of these two different temperatures was
obvious.

It is well known that the characteristics of the inverter
are dependent on the temperature of the electronic circuit—
temperature inside the inverter case. Although we did not
collect continuous data of the temperature inside the inverter,
we occasionally checked it and found its relation to the
ambient temperature. The inverter temperature is always
higher than the ambient temperature. During the day time,

a temperature difference of about 10–14∘C is found when
the ambient temperature rises higher than 32∘C.This implies
that the ambient temperature of 37∘C corresponds to the
inverter temperature of about 47–51∘C. The grid-connected
inverter in this study is a single-phase string inverter with
transformer. It contains 3 major parts; Maximum Power
Point (MPP) tracking, bridge, and transformer. Among these
three parts, bridge is the part that is the most sensitive
to the operating temperature because it contains switching
devices. The temperature effects possibly can be mitigated
by optimizing inverter topology and its internal design. A
separation of different types of components into different
temperature zones within the inverter’s overall enclosure is
concerned to be an effective way. This approach is generally
utilized in low frequency transformer-based inverter design
[10]. Since transformer causes heating and also induces power
loss, development of a transformerless inverter is likely to be
preferable in respect to the temperature effect. Additionally,
an efficient cooling system is essential to maintain perfor-
mance and extend lifetime of the inverter.

The experimental results have revealed the temperature-
dependent behavior of the inverter and moreover clearly
pointed out negative impact of high temperature on the
inverter performance [7]. In high temperature regions, the
operating temperature of the inverter, thus, is a critical factor,
which should be concerned when analyzing the losses in the
PV systems.

Normalized frequency distributions of four different
inverter operating conditions are shown in Table 2. Here,
the input power of 27% of the inverter’s rated capacity and
the ambient temperature of 37∘C are used as borderline
conditions. It can be seen that the conditionswhose𝑇

𝑎
> 37∘C

(numbers 2 and 4) occupied 33% of the total frequency dis-
tribution, indicating relatively high possibility of undesirable
operating conditions for the inverter. Furthermore, the ideal
condition, normalized input power >27% and 𝑇

𝑎
< 37∘C,

occupied only 11%. In this test site the normalized frequency
distribution of the low input conditions (numbers 3 and 4)
was found to be as high as 80%.This was because the installed
PV module capacity was 2.24 kWp, only 45% of the inverter’s
rated capacity.

The monthly cumulative solar irradiance—which is here
denoted by solar energy received (𝐸

𝑟
)—and the monthly

average ambient temperature are shown in Figure 6.The aver-
age ambient temperature from October 2010 to December
2010 was found to be lower than 35∘C, while from January
2011 to April 2011 the temperature increased above 35∘C. In
this test site the 𝐸

𝑟
ranged from 5 to 6.5MWh, especially

being high in January. The monthly average inverter effi-
ciency, performance ratio (PR) of the PV modules, and PR
of the PV system are indicated in Figure 7. It is obvious
that the inverter efficiency was strongly affected by the
ambient temperature, that is, high efficiency during low-
temperature period and less efficient performance during
high-temperature months. The high average inverter effi-
ciency was observed in November and December, when
the average ambient temperature was lower than 35∘C and
their monthly cumulative irradiance was relatively high.
Since the inverter efficiency is directly proportional to the



4 International Journal of Photoenergy

Table 2: Normalized frequency distributions of four different inverter’s operating conditions.

Number Inverter’s operating conditions Normalized frequency (%)
Normalized input power (%) 𝑇

𝑎

(∘C)
1 >27 <37 11
2 >27 >37 9
3 <27 <37 56
4 <27 >37 24
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Figure 6: Trends of monthly solar energy received (𝐸
𝑟

) and average
ambient temperature (𝑇

𝑎

).

solar intensity, higher efficiency should be observed in the
month of higher irradiance; however, in January, the month
of the highest monthly cumulative irradiance, the inverter
efficiency was found to be relatively low. This was perhaps
due to high temperature in January, demonstrating the
temperature effects on the inverter performance. Although
the highest inverter efficiency was obtained in December, the
PR of the thin film a-Si:H modules significantly dropped,
which was likely to be caused by the red-shift spectrum
distribution during this period [11–14]. The PR of the PV
modules tended to recover in January; however, it was still
low due to high temperature during January 2011–April 2011,
which eventually resulted in the low system PR. According
to the results, the PR of the PV system depended on both
PV module and inverter performance, both of which were
strongly influenced by the operating temperature.

The output energy of the PV system can be expressed by
the following equation, which is the modified equation of a
method previously used for field-test analysis of PV system
output [15]:

𝑃out = 𝐾𝑇 ⋅ 𝐾ivt ⋅ 𝐾𝑒 ⋅ 𝑃in ⋅ 𝜂𝑠, (1)

where 𝑃out is AC output energy, 𝑃in is in-plane irradi-
ance, and 𝜂

𝑠
is conversion efficiency of the PV modules

under the standard testing conditions (STC)—irradiance of
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Figure 7: Trends of monthly inverter efficiency, PR of PV modules,
and PR of PV system.

1000W/m2, module temperature of 25∘C, and air mass 1.5
global spectrum. 𝐾

𝑇
denotes a correction coefficient for

module temperature, which can be given by

𝐾

𝑇
= 1 + 𝛼 ⋅ (𝑇

𝑚
− 25) , (2)

where 𝛼 is a temperature coefficient for power of the PV
module, which is −0.20%/∘C in this case. 𝐾ivt is a correc-
tion coefficient for inverter performance. Here, the 𝐾ivt is
expressed by the following equation:

𝐾ivt = 𝜂
∘

ivt ⋅ 𝛼ivt = 𝜂
∗

ivt, (3)

where 𝜂∘ivt is the nominal maximum efficiency of the inverter,
𝛼ivt is a correction factor for inverter efficiency, and 𝜂∗ivt is
the actual efficiency of the inverter. It is well known that the
inverter efficiency depends mainly on the input DC power,
which corresponds directly to the solar irradiance, thus the
variation of the inverter efficiency can be presented in terms
of the solar irradiance. However, the inverter efficiency under
high-irradiance condition—irradiance >500W/m2—tended
to be saturated and remained constant; the correction factor
for the inverter performance is, therefore, presented as the
approximate equation (3). A correction coefficient for fac-
tors except module temperature and inverter performance,
which includes effects of shading, reflection, soiling, and
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Table 3: The monthly basis of irradiance, average ambient temperature, average module temperature, and correction coefficients.

Month Irradiance (MWh) Ambient temp. (∘C) Irradiance weighted
module temp. (∘C) 𝐾

𝑇

𝐾ivt 𝐾

𝑒

Oct. 10 5.398 30.6 47.5 0.955 0.898 0.807
Nov. 10 5.654 32.0 49.8 0.950 0.926 0.778
Dec. 10 5.926 33.4 49.7 0.951 0.935 0.761
Jan. 11 6.648 36.3 49.6 0.951 0.897 0.779
Feb. 11 5.398 37.6 49.2 0.952 0.873 0.788
Mar. 11 5.071 36.0 46.5 0.957 0.862 0.784
Apr. 11 5.795 37.4 49.2 0.952 0.870 0.783

degradation, is denoted by 𝐾
𝑒
. The 𝑃in, 𝑃out, 𝑇𝑚, and 𝜂

∗

ivt
were obtained from the field-test data, while the 𝜂

𝑠
and

𝜂

∘

ivt were known values; therefore, the 𝐾
𝑇
, 𝐾ivt, and 𝐾𝑒 can

be derived to evaluate the effects of module temperature,
inverter efficiency, and other factors on the PV system
performance.

We have derived the correction coefficients,𝐾
𝑇
,𝐾ivt, and

𝐾

𝑒
and summarized in Table 3. These correction coefficients,

whose value must be >0 and <1 can be used as primary
indicators of energy loss; thus, we can simply compare the
losses due tomodule temperature, inverter, and other factors.
It can be seen that the 𝐾

𝑇
did not show obvious variation,

while the 𝐾ivt tended to depend on the monthly average
ambient temperature. During high-temperature period, the
𝐾ivt was found to be small, suggesting a large amount of
energy loss of the inverter. Interestingly, the 𝐾

𝑒
in December

was obviously smaller than that of the othermonths.This was
perhaps due to increased spectrummismatch loss during that
period which resulted in the PR drop of the thin film a-Si:H
modules.

The efficiency of the inverter, needless to say, certainly
influences the total performance of the PV systems. The
temperature effects on the inverter is thus a meaningful
finding, and the quantitative analysis of this kind of loss
is useful for forecasting energy yield of the PV systems—
especially in high temperature regions. Although, at present
we have evaluated and analyzed the results of only one high-
efficient inverter, it is certain that high operating temperature
has negative effects on all inverters. However, the amount
of loss perhaps depends on inverter’s type and manufacture,
which is worth investigating further.

4. Conclusion

High temperature has negative impacts also on the perfor-
mance of the inverter, not only on the PVmodules. According
to our experimental results, the ambient temperature of
higher than 37∘C caused 2.5% drop in the inverter’s maxi-
mum efficiency. During high-temperature period, when the
monthly average ambient temperature was >35∘C, the PR
of the PV system was found to be low, which was likely
to be due to a large amount of loss arising from high
operating temperature. Consequently, in high temperature
regions likeThailand the effect of temperature on the inverter
performance cannot be neglected, and it must be taken into

account in the energy yield prediction or the loss analysis of
the PV systems.
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