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Abstract. The existing method for evaluating the derating characteristics is generally carried out with the use
of a thermal cyclic chamber based on manufacturer requirements as there are no international standards pertaining to this characteristics test. This paper proposes an alternative test method which is developed for
manufacturers and test laboratories across the world which can easily be adopted because of its advantages like
low cost in terms of investment, practicality, accuracy and less time-consuming. The proposed alternate method
for the temperature derating test is validated by carrying out the test on a three-phase 60 kW grid tie solar PV
inverter with input DC MPPT voltage of 850 V. The experimental analysis and results show that during the
power- temperature derating process, the variations in input DC voltage, output AC voltage, frequency, power
factor, and voltage harmonics are constant. The variations were observed in the output AC current and input DC
current showed a similar pattern by having maximum value during maximum continuous power delivery period
i.e. 66 kW active power output and starts decreasing to 43 kW till the inverter tripped. It is concluded that the
temperature difference (DT) between the external ambient air temperature and the internal ambient air temperature plays a major role in the power-temperature derating process of an inverter.
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1. Introduction
With the increasing demand to utilize the potential of
renewable energy resources in India for energy security,
grid-connected solar photovoltaic (PV) systems have
become the best alternatives for large-scale solar power
plants. The heart of grid-connected solar power plant
operation is the performance of grid tie inverter. The
inverter will operate only when the grid is alive and its
main function is to convert the solar input from photovoltaic modules to output AC power for grid supply. In
solar power plants, the major losses are due to Solar PV
array losses i.e. thermal capture loss and miscellaneous
capture loss (array capture loss), and system losses caused
by inverter [1, 2]. One such loss from the inverter is due to
power- temperature derating characteristic of the inverter
wherein the inverter runs at lower power when the internal
circuitry components face high internal temperature.
The power-temperature derating aspect of solar inverters
is important as most of the inverters are in general installed
in rural locations of India with large land areas subjected to
*For correspondence

direct and indirect sunlight. In general, when the inverter
senses high operating temperatures it tends to reduce its
rated power output, by reducing the output current. This
process of power reduction is referred to as ‘‘temperature
derating’’ in inverters. The inverter is a major component of
photovoltaic (PV) systems either autonomous or grid connected. It affects the overall performance of the PV system.
Any problems or issues with an inverter are difﬁcult to
notice unless the inverter shuts down.
Derating protects sensitive components and prolongs
their lifetime. When the temperature drops, the inverter
increases power output automatically [3]. In normal operation, inverters operate at their maximum power point. At
this operating point, the ratio between PV voltage and PV
current results in the maximum power point. The maximum
power point changes constantly depending on solar irradiation levels and PV module temperature [4]. Electric current at the input DC side and AC output side from the
inverters generate heat in the conductor through which it
ﬂows. The basic formula to calculate the rate of heat generation, or power dissipation is:
P = R 9 I2, where P stands for output power (measured
in Watts or kiloWatts), R (Ohm) is the resistance of the
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conducting wires both AC and DC sides of the inverters and
I (Ampère, or Amps) the current at output phases of the
inverter. Temperature derating occurs for various reasons,
including the following [5]:
1. The inverter cannot dissipate heat due to unfavourable
installation conditions.
2. The inverter is operated in direct sunlight or at high
ambient temperatures that prevent adequate heat
dissipation.
3. The PV array and inverter are mismatched (power of the
PV array compared to the power of the inverter).
4. If the installation site of the inverter is at an unfavourable
altitude (e.g. altitudes in the range of the maximum
operating altitude or above Mean Sea Level). As a result,
temperature derating is more likely to occur since the air
is less dense at high altitudes and thus less able to cool
the components.
5. A constantly high DC voltage (V_MPP) is present at the
inverter.
The concept of temperature derating in grid-connected
solar photovoltaic inverters is that the output power or
current is reduced to safe operating output power after it
reaches a particular temperature. This test is designed to
determine the current carrying capacity of an electro-mechanical component [6]. Practically, the loads can be
unbalanced and also can draw non-sinusoidal currents. Both
of these load types will affect the inverter performance and
can lead to inverter switch overheating. The IGBT-based
inverters need current-derating due to thermal loading [7].
The use of IGBTs in the inverter for switching is a good
idea for central inverters due to the involvement of high
power and high current, but in the case of micro and string
inverters, the IGBT’s are less preferred in comparison to
MOSFETs. Thermal derating allows temperature management of the inverter’s critical components while at the same
time continuing to generate power. The inverter’s thermal
derating algorithm designed by respective manufacturers is
one of the reliability features implemented on these
inverters. This algorithm makes sure that the temperature
margins of critical components are never exceeded so that
their expected life can be reached. Since the inverter continues to generate power as long as it can manage its
internal temperature, it can achieve a higher yield [8].
Besides the performance of the PV modules, inverter efﬁciency is also a critical factor that greatly inﬂuences the
system performance; therefore, its actual behaviour needs
to be evaluated. Furthermore, the temperature-dependent
performance of the inverter is also worth investigating
because the efﬁciency of electronic devices including the
inverter also depends on the operating temperature [9–12].
In 2014, Sandia National Laboratories, U.S.A have
conducted temperature testing on microinverters and it is
understood that the effect of temperature on microinverters
performance is very minimal but it is not to be ignored as it
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affects the whole PV system efﬁciency [13]. Also, the
inverter efﬁciency falls about 1% for about every 12°C rise
in ambient temperature. This explains why the inverter
efﬁciency is about 1% lower in the afternoon than in the
morning [14]. By this protection feature, i.e. power derating; the components within the inverter are getting protected by not crossing their operating temperature limits as
speciﬁed by manufacturers and designers to comply with
their requirements for safety and protection. In general, the
inverter manufacturers will offer their temperature derating
curves with respect to operating power or current.
Accredited test laboratories should conﬁrm the curves
match their claimed derating curves. This test on inverters
will add to the existing list of quality control measures
implemented for the inverter testing as this type of test is
not been included in any standards, procedures, etc.
In India, the plans and schemes to boost the growth of
renewable energy are increasing day by day. The impact of
increased renewable energy-based systems like solar, wind,
biomass, electric vehicles, etc. on the existing grid of India
will be very high and could lead to grid instability
and insecurity. Among the renewable energy sources, solar
energy is most readily available, low maintenance, nonpolluting, and the earth gets about 3.8 9 1024 Joules of
solar energy on average which is 6000 times greater than
the world consumption. India, being a tropical country with
latitude lying between 7 and 37 is blessed with enough solar
irradiation and sunny days (1600e2000 kWh/m2 & 250e300
sunny days). The government of India (GoI) is obliged to
reduce its greenhouse gas emissions under the Conference
of the Parties (COP), in Paris, France [1, 15, 16]. We know
that India is having huge RE potential especially the solar
potential, the locations for solar PV power plant installations are spread wide and the climatic conditions are hot,
dusty, waterless, and humid. Because of the said conditions,
the possibility of RE systems failing is higher in comparison to other parts of the world. Grid Connected Solar
Photovoltaic inverters are always part of the ’RE systems
which are connected to the grid.
Based on the discussions with the inverter manufacturers,
suppliers, distributors, and skilled installation workers,
inverter failures are one of the major parts of grid-based RE
systems. Whether it is microinverter or string inverters or
central Inverters, the failure is majorly from the inverter
components. The major component failure observed is
MOSFETs and IGBTs. The temperature derating curve of
an inverter is therefore based on the operating temperature
limits of the MOSFETs or IGBTs used in the switching
circuits of the inverters. Common problems of MOSFETs
and IGBTs failure are because of their thermal run-away
characteristics [17–20]. To cool the switching circuits, the
heat sinks are designed to cater their heat and send it out or
by providing industrial-grade fans to suck the heat out of
the inverter like in central inverters. In micro inverters and
string inverters, the heat sinks to dissipate heat are provided
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inbuilt and is either part of the body at the bottom or side of
the inverters.
In this paper, a three-phase 60 kW grid connected solar
photovoltaic string inverter of Chinese manufacturer is
tested for its temperature derating with the proposed test
procedure and the curve is then veriﬁed with the manufacturer declared temperature derating curves at input
operating DC voltage of 850 V (Maximum MPPT Operating Voltage). Since the temperature derating behaviour of
a three-phase grid tie solar photovoltaic inverter for PV
systems has not yet been reported, in this study we have
investigated the performance of a 60 kW grid-connected
inverter manufactured in China. The conclusions of this
study will be useful for predicting the performance and loss
of the inverter during exposure to high extreme
temperatures.
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the temperature as per the controlled program provided by
us. This method is evaluated by setting/programming
temperature and humidity parameters in the thermal cyclic
chamber control panel and then observing its behaviour and
withstanding capability. By using the thermal cyclic
chamber which will be located in few test laboratories or
big company manufacturing or R&D units, this method
becomes costlier in terms of investment at the manufacturing base or a third-party laboratory. In India, the
inverters are installed in rural areas which are prone to high
irradiation from the sun which makes it more difﬁcult to see
or achieve uniform or same temperature at the surface,
internal or external of the inverter. The advantage of the
existing method is that it is easy to perform, applicable to
all types of inverters, and concludes the results of temperature derating characteristics if a thermal cyclic chamber is
available with manufacturers. The disadvantage of the
existing method is in terms of cost only (ﬁgure 1).

2. Methodology
2.1 Existing method

2.2 Proposed alternate method

Presently, there are no evaluating test procedures or test
standards to check and verify the temperature derating of
photovoltaic inverters which are provided by the inverter
manufacturers in their operating instructions or installation
manual. The existing method of checking the temperature
derating adopted by the inverter manufacturers to an
approximation is by using a thermal cyclic chamber. The
procedure is to keep the inverters inside the thermal cyclic
chamber and monitor the inverter’s current or power level
variations. During the testing, the temperature inside the
chamber will be controlled by the control panel of the
thermal cyclic chamber and likewise, the inverter will also
be supplied by solar panels or its equivalent simulation
tools like solar PV simulator or programmable DC source
and connected to grid load at the output side for gridconnected PV inverters.
Every thermal cyclic chamber will have a control panel
with a display and programmable graphical user interface
(GUI) by which we can program the temperature inside the
chamber with respect to time. In general, the temperature is
varied from negative temperature to positive temperature
values depending on the inverter capability of operation. In
this case, the temperature of the inverter’s surface, inside
ambient and external ambient will be almost equal because
of their presence inside the thermal cyclic chamber which
we control/ vary as per rated operating temperature values.
In general, during the test, only the chamber temperature is
set as per the operating temperature range provided by the
manufacturer which is monitored and observed along with
its power output which may not lead to a more exact result.
This is because, even though the inverter while operating
inside the chamber will have a little bit of increase in its
temperature near to the components like MOSFETs,
IGBTs, Heat sinks, etc., the chamber will try to condition

This method of determining the characteristic of temperature derating in an inverter will be more advantageous,
more practical, and more accurate. The existing method
uses only one point of measurement of temperature in and
around the inverter under test because of its presence inside
a controlled thermal cyclic chamber.
The temperature sensors at point A for capturing the
variation in external ambient temperature (or air temperature) as described in ﬁgure 2 were placed just 10 cm above
the top surface of the inverter and not touching the inverter
or the enclosure. The position is selected because the
enclosure covering the inverter will be just 15 cm to 20 cm
above the top surface of the inverter. In the case of internal
ambient temperature measurement, point B is chosen such
that the heat dissipation is likely to be more inside the
inverter i.e. near the control board or MOSFET’s or IGBT’s
with heat sinks. Even this point of measurement is in the air
without touching any component inside the inverter. This
point of measurement is important because the temperature
sensor inbuilt within the inverter as designed by the manufacturer is being housed near MOSFET’s or IGBT’s.
Temperature sensors will be placed on the following points
as mentioned below: Point A: External ambient (air) temperature sensor- placed
10 cm above the top surface of the inverter.
Point B: Internal ambient (air) temperature sensor- placed
just near to control circuit board.
Point C: Surface temperature sensor placed on the top
surface of the inverter.
By following this method, the temperature at points A, B,
and C as shown in ﬁgure 2 above will have different values
while the inverter is operating (active). But in the case of an
existing method, the temperature of the inverter at similar
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Figure 1. Existing method of testing temperature derating characteristics of solar PV inverter.

Figure 2. Proposed alternate method of testing temperature derating of solar PV inverter.

points A, B, and C in ﬁgure 1 will have almost the same
values of temperature because of the conditioning of the
thermal cyclic chamber. The proposed alternate test procedure will apply only small-scale inverters like

microinverters and string inverters. But the existing method
applies to all types of inverters like microinverters, string
inverters, and central inverters for their temperature derating test. The alternate method is evaluated by allowing the
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Table 1. Comparison of the existing and the proposed method of evaluating power-temperature derating of inverter.
Existing Method
Advantages
Lesser heat leakage because of the use of thermal cyclic
chamber
Easy to vary the ambient temperature around inverter as per
requirement using the control panel of thermal cyclic chamber
No need for an extra temperature sensor to measure ambient
temperature
Applicable to all types of inverters
Disadvantages
Difﬁcult to perform the test as compared to the proposed
method
Need of thermal cyclic chamber, thereby leading to more cost
of testing and higher investment
A possible inﬂuence of the set value of the ambient temperature
of the thermal cyclic chamber on the internal and heat sink
temperatures while inverter operation

inverters to reach their maximum temperature during the
derating and then the corresponding component temperatures are observed. The proposed method applies to only
micro and string inverters because of their fewer dimensions and weight. In the case of central inverters which are
having large dimensions, the packing will have an enclosure made of wooden plates (a lot of gaps between each
wooden plate) with large dimensions which are difﬁcult to
lift and use as an enclosure. The investment required for the
proposed method is nil as there is no involvement of the
thermal cyclic chamber. In the case of central inverters, the
evaluation is performed with an inverter inside the thermal
cyclic chamber i.e. existing method. The thermal cyclic
chambers for testing central inverters will need an investment of a minimum of Rs. 300 lakhs as central inverters are
having large dimensions and the chambers need to be
bigger to accommodate these inverters. The existing
method will involve a huge cost to test central inverters and
the return of an investment will be 15 years if the central
inverter submitted for evaluating derating is 2 Nos per year
with the cost of testing Rs. 10 lakhs per inverter. Table 1
provides the comparison of the existing method and proposed alternate method for evaluating power-temperature
derating of solar PV inverters.

3. Experimental Validation
The proposed method suggested in this paper is being
validated with an experiment on a three-phase 60 kW, 1100
V grid connected solar photovoltaic inverter having 4
MPPT strings. The nominal rated input voltage of the
inverter is 850 V, the rated input current is 114 A combining all 4 MPPT strings consisting of 6 positive and
negative terminals. The output phase voltage of the inverter
is 230 V per phase (with 50 Hz frequency) and the rated

Proposed Method
Advantages
Easy to perform the test as only an enclosure is needed (which is
supplied by all manufacturers of inverter that is used for packing)
No need for a thermal cyclic chamber, thereby leading to less cost
of testing and lower investment
Automatic rise of ambient, internal, and heat sink temperatures
No inﬂuence of external temperatures like the use of thermal cyclic
chamber on internal and heat sink temperatures of the inverter
Disadvantages
Possible heat leakage because of improper covering of enclosure
around the inverter
Difﬁcult to vary the ambient temperature around inverter as per
requirement
Not applicable for central inverters

output current is 86.6 A per phase (or line current)
(ﬁgure 3).

3.1 Proposed method’s procedure
1. Connect the inverter to DC source (Solar array or battery) at the input side and AC output to grid or load
(single or three-phase).
2. Set the voltage level and current level in the input side at
nominal operating values (as mentioned by the
manufacturer).
3. The inverter shall be placed inside an enclosure which
makes the ambient temperature rise.
4. Place the temperature probes/ sensors on a minimum of
three point’s viz. space inside of the inverter without
touching any component, heat sink, and a point less than
10 cm from the inverters surface.
5. Connect the temperature sensors to a data logger or
temperature meter to record the rise of temperature and
power parameters (voltage, current, and power at AC
side).
6. Switch on the DC source and grid or load.
7. Once the inverters reach the continuous power output
level, start the measurement/ logging.
8. Plot the curve: Power output vs Temperature.
9. The main point of temperature measurement is the
internal ambient temperature as the inverter’s ambient
sensor is provided inside the inverter.
The major difference between the proposed test procedure
and the conventional or existing test procedure is the use of
a thermal cyclic chamber to control the temperature or
simulation of external ambient temperature around the
inverter. Step No. 3 of the proposed test procedure will be
different by replacing the word ‘‘enclosure’’ with ‘‘thermal
cyclic chamber’’.
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Figure 3. Images of three-phase 60 kW grid tie solar PV inverter used for temperature derating test.

4. Experimental results and discussion
4.1 Power and temperature analysis
The proposed method is validated using an experimental
test set-up as shown in ﬁgure 4. The test setup is a state-ofthe-art and unique facility in India at Energy Efﬁciency and
Renewable Energy Division of CPRI, Bengaluru. The test
set-up consists of AMETEK Programmable DC Source
(Solar PV Array Simulator) of 1000 V, 750 kW at the input
side, RS540 Grid Simulator of 540 kVA capacity at output
AC side, 20 channel Hioki make temperature data logger

and 7 channel Yokogawa make (Model: WT5000) power
analyzer. An enclosure of 20 mm thickness was used to
cover the inverter for making the temperature rise during
the running condition. The input of the inverter is connected to the Solar PV array simulator (programmable DC
source) to provide a DC voltage of 850 V DC via solar PV
proﬁle. Solar PV proﬁle with a maximum power of 66 kW
with 100% MPPT at the input DC side is considered as
shown in ﬁgure 5 (a). The output side is connected to a
three-phase AC grid simulator system. The inverter will
turn on only when it is connected to the grid; therefore, they

Figure 4. Experimental test set-up for temperature derating test.
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Figure 5. a IV Curve characteristics proﬁle of a Solar PV Module. b Irradiation and temperature proﬁle of a typical solar day of
Bengaluru, India.

are called grid-connected inverters. The temperature of
each point (total of 3 points) under consideration showed
results as expected with different values like in practical or
ﬁeld operating conditions. A complete solar day for Bengaluru, India is considered from morning 8.30 am to evening 4.30 pm. But only a few hours in that duration we
would be getting higher solar irradiation. On a typical day
in Bengaluru, India, it is observed to have high solar irradiation from 11 am to 4 pm which is having a duration of 5
hours. Assuming the maximum radiation variation is less
than 10% during these 5 hours, the experiment is carried
out for 5 hours from 11 am to 4 pm. This period is programmed in the solar simulator at the input end so that the
inverter is operating in the same practical condition as it is
operating in the ﬁeld of a solar photovoltaic power plant.
The irradiation and temperature proﬁle of a typical day
along with the IV curve characteristics of the Solar PV
Module is shown in ﬁgure 5 (b). The use of both the IV
curve characteristics and the irradiation and temperature
proﬁle is carried out simultaneously using a Solar PV array
simulator considering the time duration from 11 am to 4
pm. Also, another condition for this method is that it is
applicable only for microinverters and string inverters only.
For central inverters, the packing is not easy and generally
not done due to its large area and volume. In the case of
microinverters and string inverter, the enclosure to cover
the inverters is easily available to perform the test. But for
central inverters, we need to conduct this test in environmental chambers only and arrive at an approximate result.
This test cannot be conducted on-site/ in-ﬁeld of solar
power plants as the minimum temperature value will be
around 45°C due to normal climate conditions which are
available in Bengaluru, India location. This test needs to be

carried out for their temperature range as declared by the
manufacturer. The temperature sensors of 3 Nos. are of
thermocouple T –type having a measurement range up to
200°C. The timelines of both the power analyzer and the
temperature data logger were set to the same values so that
after the test, the logged data shall be matched with the
respective timelines to plot the temperature derating with
respect to the power output. Three cases of studies are
considered to check the variation of power output with
respect to three different temperature points under consideration. For all cases, the test is started when the temperature is at 20°C and the power output is 110% so that we
can cover more temperature ranges. The overall temperature range considered is 20°C to 105°C.
4.1a: First case.External ambient (air) temperature
sensor is placed 10 cm above the top surface of the inverter.
Figure 6 provides a variation of power output with
respect to the external ambient (air) temperature (blue
colour). The external ambient temperature is just 10 cm
above the surface of the inverter. When the temperature
reaches 45°C, the power output starts derating slowly till
the inverter gets cut-off (tripped) at 71.2°C. At this temperature, the power output observed is 75.3%.
Until the external ambient (air) temperature of the
inverter reaches 45°C, the inverter delivers continuous
active power of 66 kW (i.e. 110% power level). The power
curve follows the equation (1) as shown below: P ¼ 179:36  2:52 Te

ð1Þ

where P = output power (kW), Te = External ambient
temperature (°C), Power constant: 179.36 kW, Slope or
coefﬁcient: - 2.52 kW/°C
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Figure 6. Power derating curve with respect to temperature for three-phase 60 kW grid tie solar PV inverter.

The range for which the Te in the equation (1) mentioned
above holds true is 45°C B Te B 71.2°C.
4.1b: Second Case: Internal ambient (air) temperature
sensor is placed just near to control circuit board.
Figure 6 provides a variation of power output with
respect to the internal ambient (air) temperature (grey
colour). The internal ambient temperature is measured
near the control board containing the MOSFETs. When
the temperature reaches 65°C, the power output starts
derating slowly till the inverter gets cut-off (tripped) at
104°C. At this temperature, the power output observed is
81%. This temperature measurement is vital for the
design of the controller during temperature derating.
Typically, the temperature sensors in the inverters are
placed on the MOSFETs or space near to the MOSFETs
so that thermal run-aways of the MOSFETS could be
prevented.
From ﬁgure 6 we can observe that the inverter trips when
the internal ambient (air) temperature reaches 104°C and
the power output is at 81% i.e. 48.6 kW. It can also be
observed that the power output of the inverter is continuous
till the temperature of the internal ambient (air) temperature
reaches 65°C. The internal ambient (air) temperature sensor was placed inside the inverter closer to switching circuits containing the MOSFETs with heat sinks and not
touching any components. The maximum continuous power
output is 66 kW I.e. 110% rated power. Until the internal
ambient (air) temperature of the inverter reaches 65°C, the
inverter delivers continuous active power of 66 kW (i.e.
110% power level). The power curve follows the equation
(2) as shown below:
P ¼ 176  1:69 Ti

ð2Þ

where P = output power (kW), Ti = Internal ambient temperature (°C), Power constant: 176 kW, Slope or coefﬁcient: - 1.69 kW/°C
The range for which the Ti in equation (2) mentioned
above holds true is 45°C B Ti B 85.65°C.
4.1c: Third Case: Surface temperature sensor is placed
on the top surface of the inverter.
Figure 6 provides a variation of power output with
respect to the inverter’s surface temperature (orange colour). The surface temperature point is measured on the top
enclosure (metal). In general, the inverters are having 6
surfaces/ sides viz. top enclosure, 3 sides, a connection side
where input and output wires are connected, and heat sink
side. In this case, for all the sides of the inverters, the
temperature points were measured initially before ﬁnalizing
the surface point. The temperatures of all the sides of the
inverter are showing the same reading with 0.1% variations
and out of which the top surface temperature is highest.
Also, the highest temperature was measured at the top
enclosure of this inverter. But the temperature points considered are best suited for this inverter and may vary
depending on different types of inverters due to their design
variations. The temperature points of the heat sink surface
and top enclosure showed similar values with less difference between them. Therefore, the surface of the top
enclosure was chosen to be appropriate for evaluation.
When the temperature reaches 458C, the power output
starts derating slowly till the inverter gets cut-off (tripped)
at 86.2°C. At this temperature, the power output observed is
73.7%. Until the surface temperature of the inverter reaches
45°C, the inverter delivers continuous active power of 66
kW (i.e. 110% power level). The power curve follows the
equation (3) as shown below:-

Sådhanå (2021)46:117
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P ¼ 139:06  1:62 Ts

ð3Þ

where P = output power (kW), Ts = Surface temperature
(°C), Power constant: 139.06 kW, Slope or coefﬁcient: 1.62 kW/°C
The range for which the Ts in equation (3) mentioned
above holds true is 65°C B Ts B 104°C.
4.1d: Fourth Case: Comparison of measured and manufacturer declared rated power.
For better validation of the proposed test method, rated
output power measured must be compared with the inverter’s data sheet provided by the manufacturer is imminent.
Apart from the three cases as discussed in sections 4.1a,
4.1b and 4.1c, the fourth case provides the variation of
manufacturer declared rated output power of inverter with
respect to the external ambient temperature (yellow colour)
as shown in ﬁgure 6. It can be observed that the 60 kW
inverter is supposed to operate at full power (100%) up to a
temperature of 50°C, and further, it has to derate with 2.4
kW per degree centigrade and shall produce 60% of rated
output power until external ambient temperature reaches
60°C. With further increase in temperature beyond 60°C,
the inverter has to derate to 0% (shut-down).
Another important point of observation is that the rated
output power of the inverter needs to deliver 100% power at
50°C which this inverter can just deliver it. This performance criteria for grid-tie inverter in solar power plants has
been imposed by certain state governments of India during
their tendering process for implementing a solar power
plant in their respective states. With the presence of tropical
climatic conditions in India, the rise of ambient temperature
beyond 50°C is common as compared to other foreign
countries. Most of the inverters supplied or installed in
India do not provide 100% power output at 50°C. Figure 7
provides better clarity on this aspect by comparing measured and manufacturer-declared active/ real power values
with respect to external ambient temperature. When
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comparing with the measured value (blue colour), the
performance of the inverter has exceeded the manufacturer’s stated performance. It can be observed that the
inverter is delivering 110% rated output power up to a
temperature of 45°C instead of 25°C as stated by the
manufacturer. The difference of 10% power output level is
observed from 35°C to 45°C. To meet the requirements in
tenders ﬂoated by various state/ central governments of
India, the inverter meets the criteria of delivering 100%
power output at 50°C like the inverter considered in this
paper. Immediately after crossing the temperature of 50°C,
the inverter starts to derate with 1.4% per centigrade instead
of 4% as stated in the inverter data sheet provided by the
manufacturer. Similarly, an 18% power output deviation is
observed when the external ambient temperature is at 60°C
and the power derates to 0% after reaching a temperature of
71.2°C. The inverter performs better even in terms of
higher temperature operation by reaching 70°C in comparison to the manufacturer stated limits of 60°C.
In all three cases apart from the manufacturer declared
curve, the derating of power with respect to temperature is
linear. The faster derating is observed from the view point
of external ambient air temperature. This means that the
external ambient air temperature plays a major role in the
power-temperature derating process along with internal
ambient air temperature. Also, if an inverter of the solar
power plant derates in the middle of its operation, the
power output delivery will be reduced. The major parameters which are affected due to temperature derating of
inverters are power output of the plant, energy generated
from the plant, and revenue earned during the supply of
power to the grid. In general, the solar power plants will be
on megawatts (MW) scale and hence lower power output
from the solar power plant will cause lower revenue generation. The power reduction from 110% power output to
60% power output, the power output difference is 50%
leading to a 50% loss in revenue. Each inverter has its own
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Figure 7. Comparison of measured and manufacturer declared rated power output.
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design and control program with respect to the derating
process. In this study, we observed that the inverter derates
from 110% power output level to 75% power output level
linearly (difference of 35% i.e. 21 kW). Considering 1 MW
solar power plant containing 17 Nos. of 60 kW inverters
having the capability to generate 4000 units (4000 kWh)
per day (1440000 units per year) and tariff rate is Rs. 5 per
unit, the revenue earned per year is Rs. 12.24 Crores, if
there are no faults or problems, happen in the solar plant.
Concerning the inverter under consideration and assuming
4 hours of derating (8 hours of the total duration of sunlight
in a sunny day), delivering power until shutdown in a day
and loss of 1428 units per day (17 Nos. 9 21 kW 9 4
hours), the loss in revenue earned per year from the 1 MW
solar power plant will amount to Rs. 5.12 lakhs. The above
explanation is just a mere example of the effect of powertemperature derating characteristics of a 60 kW inverter in
a 1 MW solar power plant. If high rating inverters like
central inverters having capacities in the range of 0.5 MW
to 4.5 MW, the effect of temperature derating is very high
and the loss in revenue could be huge.

4.2 Other electrical parameter analysis
In this section, we will consider voltage, current, power,
efﬁciency, losses, and energy variation during the powertemperature derating process. Although the power variations with respect to the temperature changes are analyzed,
the other electrical parameters analysis is needed to make
this process of derating more efﬁcient. This result can be
beneﬁcial to inverter designers, manufacturers, skilled
manpower used for installations and service providers. The
parameters which were constant or varied less during this
process are input and output voltage, output frequency,
output power factor, and total voltage & current harmonic
distortions. Since the inverter is a grid-tie SPV inverter, the
inverter design was made in such a way that the output
frequency was ﬁxed to 50 Hz ± 1 Hz. Also, the output
power factor observed was 1 pf ± 0.02 pf. Similarly, the
voltage and current harmonic limits were maintained at less
than 5% throughout the derating process. The said above
parameters are a must and required setting which needs to
be in-built in the design when the inverter is a utility-interactive type as mentioned in various national and international standards like IS/IEC 61683, IEC 61727, IS 16169/
IEC 62116, and IS 16221-1/IEC 62109-1 [21–25]. As the
voltage variation is negligible during the derating process,
the voltage harmonics variations are less than 3% on
average. But in the case of current harmonics, the current
harmonics were about 2.5% during the maximum continuous power delivery period of 66 kW till the external
ambient air temperature reached 458C. Once the inverter
started derating from 66 kW, the inverters current also
dropped to protect the inverter components thereby the
power is reduced. The current dropped but the current
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Figure 8. Voltage and current response during the temperature
derating of 60 kW grid tie inverter.

harmonics increased from 2.5% to 4.15% during the derating process. This behaviour of inverters is common i.e. to
have high harmonic currents during low current supply and
low harmonic currents during high current supply to the
grid system. During evaluating the temperature derating of
this 60 kW grid tie solar photovoltaic inverter, it is
observed that the output AC is constant with values of 230
V, 50 Hz (AC r.m.s. per phase). Figure 8 shows the variation of voltage and current during the temperature derating
of the 60 kW grid tie inverter. The output AC current from
the inverter under consideration ranges from 97.28 A to
63.39 A. Similarly, the input DC current values range from
81.52 A to 53.29 A. Both the currents are constant for a
certain duration of time during which the inverter output is
110% and then start derating till cut-off. The active or real
power and apparent power of the inverter follow a similar
pattern to the current variation shown in ﬁgure 8. Figure 9
shows the variation of real power, reactive power, and
apparent power of a 60 kW inverter during temperature
derating.
The real power variation is from 66 kW during the start
till 43 kW at cut-off. The reactive power varies from 4 kW
maximum during 66% power output till 2 kW at cut-off.
The average values of active power and reactive power
generated are 48.96 kW and 2.6 kVAr respectively. The
average energy generated from a 60 kW grid tie solar
photovoltaic inverter (SPV) inverter is 244.80 kWh during
the temperature derating. Figure 10 shows the variation in
inverter efﬁciency and losses during this temperature derating. It can be observed that the efﬁciency is less during
the 110% power output level for a short duration of time
and starts increasing slowly till cut-off. The efﬁciency
range variation is from 95.7% to 97%. The average efﬁciency is 96.1% and is indicated in blue colour as shown in
ﬁgure 10. The inverter efﬁciency is on par with other
similar inverters currently in the Indian market. As per
MNRE guidelines for inverters above 10 kW, the inverter
efﬁciency shall be greater than 95% [26]. This inverter’s
efﬁciency is observed to be always more than 95% and less
than 97% and didn’t cross this mark during the entire
operation. Also, the inverter losses are opposite to the
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Figure 10. Efﬁciency and loss variation during the temperature derating of 60 kW grid tie inverter.

pattern of efﬁciency and indicated in red colour which is
normal and similar to practical ﬁeld operating conditions.
The inverter losses are higher at 110% output power level
for a short duration and slowly decrease while temperature
derating till cut-off. The average energy loss for the inverter
is observed to be 9.1 kWh which is 3.27% of the actual
average active energy delivered. Both the inverter efﬁciency and losses are constant throughout the derating
process except for a small variation during maximum
continuous power delivery of 66kW. First observation is
that during this derating process, the active power output of
100% was maintained for 2 to 3 seconds only and at the
temperature of 508C, the inverter’s output power was
exactly 100% i.e. 60 kW. The inverter during the derating
time from 66 kW, the inverter is unable to sustain the 100%
power level for a certain duration and is available only at

the 508C point. As per the Indian requirement is concerned,
the inverter has to deliver rated power (100%) at 508C. This
inverter deﬁnitely qualiﬁes the requirement but it is on the
border. Therefore, the chances of the inverter failing are
more likely to occur during practical ﬁeld operating conditions in power plants. Secondly, from ﬁgure 8, the whole
process can be split into 5 sub-processes viz. the duration of
delivering 110% rated power is 45 minutes out of a total of
300 minutes; the duration of derating from 110% to 81.6%
(i.e. 49 kW) of the rated power is 45 minutes; the duration
of the stable period of 81.6% rated power i.e. 49 kW is 80
minutes; second derating duration of 20 minutes from
81.6% power level (i.e. 49 kW) to 71.6% power level (i.e.
43 kW) which is less in comparison to other sub-processes
of this behaviour and ﬁnally a duration of 90 minutes was at
a stable power level of 43 kW (i.e. 71.6% power level)
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Figure 11. Variation of temperature with time (testing duration).

which is the longest sub-process. From the said above, it
can be understood that the inverters temperature limit was
already reached when it started derating from 110% power
level. This limit was reached because the temperature of the
MOSFET’s / internal ambient air temperature in the
inverter has exceeded their operating conditions. Once the
limits are reached, to protect the components inside the
inverter, the current of the inverter gets reduced so that
power output is reduced thereby reducing the heat generation inside and outside. So the temperature limit of the
MOSFET to derate the inverter is 658C and the same can be
observed from ﬁgure 6.
Thirdly, there are two long duration stable sub-processes
having 80 minutes and 90 minutes duration. During these
stable periods, the internal ambient air temperature or the
MOSFET temperature changes are very minimal and are
6.758C and 0.38C respectively as shown in ﬁgure 11. A
similar pattern is also observed for the other two temperature points of measurements i.e. external ambient air
temperature and surface temperature. Because of this derating process, the inverter was able to deliver power continuously from 66 kW to 43 kW without any tripping or
fault occurrences.

5. Conclusion
In India, grid tie solar photovoltaic inverters are generally
located in hot regions where they are exposed to high
temperatures. To protect the critical components, present
within the inverter, the inverter needs to reduce its power
output and thereby prolonging the component’s lifetime. In
this paper, an alternate method is proposed for powertemperature derating characteristics of grid tie solar photovoltaic inverter and the method is evaluated using a 60
kW solar grid connected inverter. The advantage of the
proposed method is easy adaptability, low cost, and less

time-consuming. This method is applicable only for smallscale inverters like microinverters and string inverters.
During the evaluation of the 60 kW inverter, some observations and conclusions are provided. Until the external
(air) or surface temperature of the inverter reaches 45°C,
the inverter delivers continuous active power of 66 kW
(i.e., 110% power level). In the case of internal ambient
(air) temperature, until the inverter reaches 65°C, the
inverter delivers continuous active power of 66 kW (i.e.,
110% power level). Inverter trips when the external ambient (air) temperature and internal ambient (air) temperature
exceeds beyond 71.2°C and 104°C respectively. Also, the
output power at 50°C is slightly more than 100% rated
power which is one of the important parameters to be
observed. As mentioned earlier in this paper, in general, the
inverters are installed in hot regions of India and the temperatures are expected to cross 50°C i.e., external air/ambient temperature. During the power-temperature derating
process, the variations in input DC voltage, output AC
voltage, frequency, power factor, and voltage harmonics
are constant. The variations were observed in the output AC
current and input DC current showed a similar pattern by
having maximum value during maximum continuous power
delivery period i.e., 66 kW active power output and starts
decreasing till inverter is shut off. The voltage and current
harmonic distortion values are always less than 5%
throughout the derating period. The average energy loss for
the inverter is observed to be 9.1 kWh which is 3.27% of
the actual average active energy (244.80 kWh) delivered.
The average inverter efﬁciency is observed to be constant
and is 96.1%. Because of this derating process, the inverter
was able to deliver power continuously from 66 kW to 43
kW without any tripping or fault occurrences for a continuous duration of 5 hours. The results of the proposed
method show that the method is more practical than in onsite ﬁeld conditions in power plants and could be used by
the inverter manufacturers to better design their inverters to
make sure the components are protected due to exposure to
high temperature. To conclude, the inverters will not derate
fast and shut down if it is installed in a shaded or cool
environment and has sufﬁcient air space for better airﬂow.
Also, the temperature difference (DT) between the external
ambient air temperature and the internal ambient air temperature plays a major role in the power-temperature derating process of an inverter.

6. Future work
In India, a lot of grid-connected SPV inverters are installed
along with power plants and connected to the grid for
power generation and other beneﬁts. Power- temperature
derating characteristics of this inverter play a major role in
predicting the expected power from that inverter (or the
whole power plant). If the inverter does not provide the
necessary power or energy needed as required or predicted
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from that power plant, then the utilities cannot plan their
power distribution effectively. This will lead to grid stability, load imbalance, power loss, unnecessary shutdown,
faults, etc. During the evaluation of grid tie SPV inverter
for their power-temperature derating characteristics, the
following works will be considered in the future:
a. Analysis using different voltage levels like maximum,
nominal and minimum values for different period of the
solar day.
b. Transient studies like faults, low/high voltage ride
through, etc. during the derating process.
c. Stress level and reliability analysis of other inverter
components apart from MOSFETs.
d. Comparison and deviation analysis between laboratory
evaluation and on-site conditions.
Due to growing renewable-based power generating
plants in India, the grid can expect a lot of variations in the
generation from these power plants due to the varying
nature of sun, wind, etc. For better grid stability and
security in the nation, studies on the grid-connected SPV
inverters for their power- temperature derating is necessary.
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