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Abstract

A calorimeter test bench for the efficiency and power loss determination of power electronic variable
speed drives is presented. The balanced calorimetric setup with air as the cooling medium is proposed
to test small electronic drives for AC motors in a power range from 1 kW up to 7,5 kW. The construction,
the required measurement equipment, the measurement procedure and especially the measurement
results and uncertainty are important aspects of this test bench and are discussed in this paper. The
device under test is a 2,2kW drive which is measured using both the input-output method and the
calorimetric method. The test results are compared and conclusions are made concerning usability,
repeatability and accuracy of the test bench. The overall goal is to further examine and optimize the
calorimetric approach and to be able to obtain more accurate and comparable test results of very high
efficient frequency converters. This setup reaches an uncertainty of £2,39% or +1,48W on the power
loss at full load and speed using the calorimetric method.

Introduction

Variable speed drives come with very high efficiency values which makes it particularly difficult to
accurately measure their low power losses. To address the efficiency of these converters or Complete
Drive Modules (CDM), the IEC has developed the international standard IEC 61800-9-2 Ed. 1.0 b:2017

[1].

Three types of testing of CDM for IE classification are mentioned in the standard, i.e. the single
component loss determination, the well-known input-output approach and the calorimetric
measurement methodology. With the single component loss determination method, the loss is
calculated. Detailed information on the components inside of the drive should be provided by the
manufacturer to calculate the power loss, but this is usually not the case. This method is also called the
semi-analytic model approach. The input-output method measures the electrical power extracted from
the grid and the electrical output power delivered by the drive by using high end power analyzers. The
last method mentioned in the standard is the calorimetric method which determines the power loss by
measuring the heat loss or power dissipation of the CDM.

In the IEC 61800-9-2 standard, constant uncertainty is assumed for the single component loss
determination and the calorimetric measurement [1]. The uncertainty of the single component loss
determination method depends on the datasheet of the CDM which can be unavailable or not accurate.
The uncertainty of the input-output method rises exponentially with respect to the increasing efficiency
[1]. These aspects make the calorimetric approach attractive to overcome the uncertainty problems
when accurate measurements of very high efficiency drives (>97%) are required.

Calorimeter concept

The calorimetric measurement is a straightforward measurement method in which the losses are
determined by measuring the heat loss of a device under test (DUT). The DUT is mounted in an
insulated box which is heated up due to the power loss of the DUT. By measuring temperature changes,
the amount of power or heat is determined as shown in (1). The power is absorbed by a cooling gas or
liquid. The absorbed power (P) is thus equal to the mass flow rate () multiplied by the average specific
heat of the liquid or gas (cp) and the difference of temperature between the inlet and outlet (AT).
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P = 1ic, AT (1)

Different calorimetric concepts have been developed to be able to measure power electronic variable
speed drives with a high accuracy [2]. There are two main approaches, i.e. direct and indirect
calorimetry. Direct calorimeters measure the heat directly by measuring the parameters in (1) while
indirect calorimeters determine the power loss indirectly by implementing an auxiliary heater. All of the
types are explained in [2]. These types each have their own advantages and disadvantages but to
achieve effective measurements with a calorimeter three main requirements must be met: a steady
mass flow is needed, heat leakage has to be minimized and the coolant temperature has to be
measured or controlled [2].

In this paper an air-cooled indirect balanced calorimeter test bench is introduced. The measurement
consists of two tests: the main and balance test. During the main test, a DUT is powered and heating
up the chamber. The balance test requires an additional heater. In this test the power of the heater is
adjusted to achieve the same temperature rise of the coolant as during the steady state in the main test
[3]. Both tests are performed in the same calorimetric chamber. Therefore this chamber contains both
the DUT and the heater. The biggest advantage of this method is that the coolant properties do not
change much because the main and balance tests are executed sequentially. Hence, measuring the
coolant properties is not critical anymore. The measurement of electric DC power is easier than
measuring the coolants properties which makes indirect calorimeters as the balance type interesting.
However, due to the variation of the specific heat capacity when barometric pressure and air humidity
change, the accuracy of the power measurement could be influenced [4]. This is taken into account in
the test bench construction.

As mentioned in [2], the heat leakage through the walls of the box should be minimized. To minimize
the heat leakage, thick insulated walls can be used to construct the box. However, due to thick insulation
the thermal mass of the setup increases resulting in a longer time to reach a thermal equilibrium. [5].
One of the main disadvantage of calorimetric measurement is the test duration. So this aspect should
be considered carefully. Equation (1) is expanded when the heat leakage is added to the formula, shown
in (2)

Piosspyr = M * Cp * AT + Pyqys (2
with Pwais the power loss through the walls.

In the balance calorimeter concept, the mass flow rate (m), the average specific heat capacity (cp) and
temperature difference (AT) are not used to calculate the power loss of the device under test (Ppur).
The power of the resistive heater (Preater) replaces the first part in (2) which results in (3) when
calculating the power loss of the DUT. Notice that equation (3) is only accurate when the thermal
conditions during the main test are identical compared with the balance test. A compensation power
(Pcomp) can be added to (3) when there are differences in specific heat capacity during the thermal
equilibria of the main and balance tests, resulting in (4). The difference in heat leakage through the
walls (Puditwais) should be added to (3) because the power leakage is almost never exactly the same
during the main and balance test due to fluctuations of the ambient air temperature. If the heat leakage
would be constant during the whole measurement, the power loss of the DUT should be equal to the
heater power.

Ploss,DUT = Pheater + Pdiff,walls (3)

The heater can be used during the main test to increase the power in the box and thus decrease the
measurement rate. The loss of the DUT is equal to (4) if every power is added to the power loss equation

Ploss,DUT = Pheater,bal - Pheater,main + Pdiff,walls + Pcomp (4)

With Pheater,bal and Pheatermain the power dissipated by the heater during the balance and main tests,
Puittwats the difference in power leakage through the walls and Pcomp the compensation power due to
variation of the thermal equilibria during the whole measurement.

To determine the efficiency with a calorimetric measurement, (5) is taken into account.

Npur =

Pout _ Pin_Ploss,DUT (5)
Pin Pin



with Pin the power input extracted from the grid, Pout the output power delivered to the motor and Ploss put
the power loss of the device under test.

Test bench setup

In this paper a balanced calorimetric setup with air as medium is proposed to test small electronic drives
for AC motors in a power range from 1kW up to 7,5kW. An efficiency and power loss determination is
performed on a 2,2kW drive using the input-output and calorimeter method. These measurements are
executed simultaneously in order to compare the results.

Figure 1 shows a schematic overview of the test bench. The variable speed drive on the drive side of
the setup is measured by the input-output method with a PM6000 power analyzer. Thus, the input power
extracted from the grid and the output power delivered to the drive motor are measured.
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Figure 1: balance calorimeter test bench setup

The calorimetric measurement is performed at the same time. This setup consists of several parts
(Fig.1). The box is constructed from insulation plates of 200 mm thick made out of polyurethane (PUR)
with a thermal conductivity value (A) of 0,022 W/mK and a thin layer of aluminum on both sides. These
plates have three benefits i.e. the insulation value is very good so heat leakage is minimized, the plates
are rigid and it is easy to make a box out of it and the aluminum layer increases heat conduction and
the temperature is better distributed along the surface of the inside walls [2]. The outer dimensions of
the box are 1,08 m x 1,08 m x 1,28 m. The volume of the box has to be chosen so that it is large enough
for the DUT, a heater, additional fans, temperature sensors and extra room for air displacement.

There are two holes in the box for the air inlet and outlet tubes with diameters of 40 mm for the inlet and
125 mm for the outlet, positioned in such a way that the distance of the airflow is as long as possible in
the chamber. The inlet tube is located in the upper deepest corner of the box and the outlet tube is
located in the lower corner near the front opening. This is to prevent separation of the air into layers of
different temperature [3].



The inlet air is sucked out of a large basement because the air properties vary less than in the laboratory
where the calorimeter is placed. In this setup the air properties are assumed to be constant but if
variations in temperature occur, a compensation power is added to the power loss. The outlet air is
blown into the ambient which causes the laboratory to warm up and thus causes instabilities in the
power leakage through the walls. Therefore, the difference in power leakage during the main and
balance tests is also added to the power loss, as seen in (3).

The temperature of the inlet and outlet air is measured with four temperature sensors each. The average
of those four sensors is then used to calculate the mean inlet and outlet temperature. The inside
temperature, on the other hand, is measured by a grid of six sensors while the ambient temperature is
measured with one sensor outside the calorimeter. All of the temperature sensors used in this setup
are A class, four wire pt100’s with a tolerance of +0,15°C.

Other parts in the calorimetric setup are the inside fans and the exhaust blower. 12 VVdc fans are placed
in the box to mix the air in such a way that the temperature is homogenous in the whole box. The inside
fans are enabled during the main and balance test.

To move the air through the inlet tube, the calorimetric chamber and the outlet tube, an exhaust blower
is attached to the outlet tube. When the blower in the outlet tube exhausts the air, a small vacuum
occurs inside the chamber and therefore the air is circulating from the basement into the chamber and
out into the ambient [5]. The blower is an electronically commutated motor of 85 W, powered by the grid
of 230 Vac. The nominal rotation speed is 3200 rpm with a mass flow rate of approximately 415 m3/h.
The blower speed is controlled by an analogue signal of 0-10 V.

During the balance test a heater is needed which is a resistor in this setup. There is a heat sink mounted
on top of the resistor to improve the heat transfer to the air. The 6,8Q resistor is powered by a controlled
DC voltage of 0-65 V. Therefore the maximum possible heat dissipation is 500W which defines the
range of the calorimeter in theory. In practice, the range is around 350W due to the maximum flow rate
of the air in the setup.

In figure 1 the load side of the test bench can be seen as well. If the drive motor is connected to the
load motor, the motor-generator cycle is complete and multiple setpoints can be measured.

Measurement procedure

A thorough measurement procedure (Fig. 2) is proposed to achieve accurate and reproducible results
with the calorimetric test bench. The balance type of calorimetry consists of a two-step measurement
procedure, i.e. the main and balance test phase. Before efficiency or power loss determination tests of
a drive can be performed, the DUT is be mounted. Then the setup must be calibrated in order to
accurately determine the power leakage.
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Figure 2: the flowchart of the measurement procedure

During the calibration, a constant amount of power is dissipated in the box by the heating element while
a high end power analyzer with a basic uncertainty of 0,02% measures the input power. Both the inlet
and outlet tubes are stuffed with insulation material. Thus, the heat circuit of the box is a closed circuit
and the heat can only be lost through the walls of the calorimeter. The power loss through the walls
(Pwats) is equal to (6).

Pyans = UwausSwanusATwaus (6)

Uwais is the overall heat transfer coefficient of the chamber. This coefficient depends on the insulation
thickness (d) and the thermal conductivity (A) of the applied insulation material, as seen in (7).

A
Uwaus = 1 (7

The surface area of the calorimetric box is Swais and ATwais is the temperature difference between the
inside temperature of the chamber and the ambient temperature. The overall heat transfer coefficient
of the chamber and the surface area are assumed to be constant. Therefore, if the temperature over
the wall is measured, the power leakage can be calculated. A calibration should be performed to
determine the correlation between the temperature over the walls and the power leakage.



The difference in temperature over the walls of the calorimeter with respect to the heater power is seen
on the calibration curve (Fig. 3). The curve is obtained by performing a linear fit on the results. The
linear equation of the curve is used to determine the power leakage when the temperatures are
measured, as shown in equation (8). The worst case or maximum error on the linear fitis 0,76 W.

Pyaus = 0,707 x ATyqus — 1.77 ®)
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Figure 3: calibration curve of the calorimeter setup

The start of the actual measurement is the next step in the flowchart (Fig. 2). The initialization and main
test are performed first. The calorimeter has a specific thermal mass which increases the measurement
rate. During the initialization, the heating element produces extra heat in the calorimeter to decrease
the test duration and overcome the thermal inertia problem. In practice, the heater produces 400W the
first 10 minutes of the test. After the initialization, the DUT, inlet and outlet tubes, the perforated plate,
cables and insulation are heated up.

While the initialization is performed, the main test is already executed simultaneously. The DUT is
powered on and the drive motor is controlled with a constant speed and loaded by the load side of figure
1. The drive is heating up the air inside the box because of its power loss. During the main test, the
exhaust blower speed is PID controlled to reach a constant outlet air temperature of 40°C. The blower
sucks air into the inlet tube, through the calorimeter and out into the ambient. To maintain a minimum
air circulation through the setup, the lower limit of the rotation speed is set on 15% of the maximum
speed.

It should be noticed that the drive and load motor should also reach a thermal equilibrium. Therefore
during the beginning of the test, the power loss of the DUT varies. The settling time of the electric motors
is much smaller than the settling time of the calorimeter, hence, this is neglected.

After a while the exhaust blower speed settles (Ansiower < 20 rpm) while the DUT is losing a constant
amount of power and the outlet air remains equal to 40°C (AToutet < 0.1 °C). The rotation speed of the
blower is fixed. A steady state or thermal equilibrium is reached. The inside and ambient temperature
should also be stable to ensure a constant thermal condition of the calorimeter. 15 minutes of the
thermal equilibrium are saved and analyzed before the main test is finished. Data points are saved
every 10 seconds.

The second phase of the measurement is the balance test. The blower is rotating at fixed speed which
is the value obtained from the thermal equilibrium during the main test. The outlet temperature setting
value remains 40°C. Next, the DUT is switched off and the heating element should then produce enough
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heat to achieve the same thermal conditions as during the main test. The power source of the heater is
controlled during the balance test with a PID controller. Therefore, the heater is actually mimicking the
DUT while the PID controller is searching for the same amount of power that the DUT was dissipating
during the main test. When the temperatures and heater power are stable, the power source control of
the heater is fixed and a new thermal equilibrium is achieved. The balance test is finished. The thermal
conditions of both the main and balance test should be compared to conclude if the measurement has
been successful. If necessary, a compensation power should be implemented to correct the results.

If the power loss of a DUT is very low, an extra power can be produced during the main test with the
heater. Hence, the duration to reach the thermal equilibrium decreases but the uncertainty rises
because the heater power has to be measured during both the main and balance test. The power loss
of the inside fans is neglected because the fans are enabled throughout the whole measurement.

Measurement uncertainty

The measurement uncertainty of the input-output measurement method depends completely on the
uncertainty calculation of the power analyzer. During the measurements in this paper, the PM6000 of
Voltech is used with a base accuracy of 0,02%. Compared to the input-output method, the uncertainty
determination of a calorimeter is not so obvious.

The main interesting subject about the calorimetric concepts is the uncertainty of the measurement.
The goal of this method is to achieve a higher accuracy compared with the direct method, especially
when high efficiency devices are tested. As mentioned in [7], there is no standard method to calculate
the uncertainty of calorimetric measurements. Therefore, comparing results of publications about this
type of calorimetry is difficult. Also, a clear explanation of how the uncertainty should be calculated is
not found. Hence, in this paper the uncertainty calculation of a measurement is explained clearly.

The measurement uncertainty consists of two types, e.g. the A-type and B-type uncertainties [8]. The
A-types occur because of fluctuations in the measured values. They are derived from the standard
deviation (s) of the mean (x). If the standard deviation is low, the variations on the mean are small and
thus more accurate results are obtained. To calculate the standard A-type uncertainty of a
measurement, equation (9) is implemented

AF,(x) = Tz 9)
with n the amount of readings and AFa(x) the A-type absolute fault of the mean.

The A-type standard uncertainties are included in the results but not shown in detail.

B-type uncertainties depend on other causes than the A-type uncertainties as the uncertainties due to
the measurement instruments and other parameters. In this balance calorimeter setup, the accuracy
depends on the uncertainty of the temperature sensors and the power analyzer. The uncertainty due to
the change of the air properties between the main and balance test is implemented in the uncertainty
calculation. The humidity and pressure are not measured, therefore, the uncertainty of the air variation
only depends on the temperature sensors. This could decrease the measurement accuracy [3].

The temperature sensors are accurate up to £0,15°C. The uncertainty of the reading is also equal to
+0,15°C which makes the total uncertainty of the temperature measurements equal to (10)

AFy(T) = J ("jfl_zc)z +(0,15°C)? (10)

where ns is the number of sensors. The uncertainty of the different temperature measurements are
found in table 1.



Table 1: accuracy of the temperature measurements

Temperature Measurement | Number of Sensors | Uncertainty

Inlet 4 AF(Tinet) = 0,17°C
Outlet 4 AF(Touter) = 0,17°C
Inside 6 AF(Tinsice) = 0,16°C
Ambient 1| AF(Tambien) =0,21°C

To measure the DC power dissipated by the balance heater, the PM6000 power analyzer is applied.
(11) is used to calculate the total uncertainty on the measured power loss of the DUT while (12) shows
the uncertainty equation for the efficiency determination. It is important to notice that the accuracy of
the efficiency determination also depends on the input power measurement, as seen in (5).

AF(Ploss,DUT) = \/AF(Pheater,bal)z + AF(Pheater,main)z + AF(Pdiff,wa.lls)2 + AF(F‘comp)2 (11)

2
RF (Mpyr) = \[RF(Pin)z + RF(Pin - Ploss,DUT) (12)
The uncertainty of the heater power (Preater) iS calculated as stated in the datasheet of the PM6000.

Next, the uncertainty of the power leakage through the walls should be calculated which is not evident.
As shown in (6) the power loss depends on the overall heat transfer coefficient, the surface area and
the temperature difference of the walls. The overall heat transfer coefficient and the surface area are
assumed to be constant. The temperature difference over the walls however is not constant and is being
measured. To calculate the total power leakage, the calibration curve in (8) is taken into account. The
uncertainty is therefore not only depending on the error of the linear fit of the curve but also on the
uncertainty of the temperature difference measurement. Hence, the relative fault on the power leakage
is equal to (13)

RF (Pyaus) = \/RF(Curveerror)z + RF (AT yqus)? (13)

Hence, the uncertainty of the difference in power leakage through the walls of the main (Pwaismain) and
balance (Pwaisbal) test is equal to (14).

AF (Pairr waus) = AF Pwansmain)? + AF (Pyanspar)? (14)

If the thermal properties during the main and balance test are perfectly the same, the sum of the heater
and the difference in leakage power through the walls is equal to the power loss of the DUT but this is
never exactly the case [3]. The variation of humidity, pressure or temperature changes the specific heat
capacity. As seen in (1), variations of the specific heat have an influence on the absorbed power. The
percentage variation due to the temperature change is measured and therefore the variation on the
power is calculated. This results in a compensation power (Pcomp) Which is usually small. Hence, the
uncertainty of Pcomp is almost negligible.

Thus, the absolute fault on the power loss of the DUT can be calculated with (11). The uncertainty
calculation is still not complete because the humidity and pressure of the inlet air are not measured but
these would be very small and can therefore be neglected, especially when the standard uncertainty is
multiplied with a coverage factor (k) [8]. The expanded uncertainty when a normal distribution is applied
with a coverage factor of two gives a 95% level of confidence that the error lies in that interval [10]. The
uncertainty on the power loss would then be equal to (15)

AF(Ploss,DUT) =k = \/AF(Pheater,bal)Z + AF(Pheater,main)z + AF(Pdiff,walls)Z + AF(Pcomp)2 (15)

with k the coverage factor.



Measurement results

Two tests are executed and the results are processed. The first test is at the full load and speed and
the second test at 100% load and 25% speed. The input-output and calorimetric measurements are
performed simultaneously and compared. In figure 4, the temperatures, heater power, blower speed
and power leakage through the walls of the test at nominal load and speed are shown. The progress of
the measurement is clearly visible on these plots with at first the initialization (1), then the main test (2)
and at last the balance test (3).
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Figure 4: blower speed, heater power, leakage power and temperature plots of 100% load and
100% speed test. The initialization (1), the main test (2) and balance test (3) are indicated on the
figure.

In table 2, the measurement results of the 100% load and speed test are shown. It is noticed that the
temperature rise of the air during both tests is almost identical while the temperature difference over
the walls changes. Therefore a difference in power leakage through the walls 1,44W is determined.
This difference is compensated when the results are processed in table 3. It should also be noticed that
the heater dissipates heat during the two measurement phases to decrease the test duration. An
uncertainty due to the extra heater power in the main test is added to the total uncertainty. There are
also variations in air temperature during the measurement. A compensation power of 1,27W is added
to the power loss.



Table 2: measurement results of 100% load and 100% speed test

Main test Balance test Difference

Tintet (°C) 18,45 18,56 0,11
Toutiet (°C) 39,99 40,01 0,02
ATrise (°C) 21,54 21,45 0,09
Tinside (°C) 43,72 42,20 1,51
Tambient (QC) 22,40 22,93 0,53
ATwais (°C) 21,31 19,27 2,04
Pheater (W) 247,72 307,19 59,47
Pwaiis (W) 13,30 11,86 1,44
Pcomp (W) 1,27

Pinput (W) 2277,26

Poutput (W) 2209,87

In table 3, the measurement results of the two tests at 100% load and speed and at 100% load and
25% speed are shown. During the first test, the difference in power loss determined by both methods
is 5,21W. The efficiency difference is much smaller due to the fact that the input power is taken into
account when the efficiency is calculated. The difference in power loss of the second test is only 0,22W.
The uncertainty of the measured power loss with the calorimeter is remarkably much lower than when
the direct or input-output method is applied.

The uncertainty of the power loss determined with the direct method is 12,44W for the first test and only
1,48W when the calorimetric method is used. The uncertainty of the power loss with the direct method
in the second test is 3,80W and for the calorimetric result 1,42W. It should be noticed that the uncertainty
on the power loss determined by the calorimeter does not change much when the DUT is more efficient.
On the other hand, the input-output method is more accurate when the DUT is less efficient, as can be
seen in the results in table 3 [1].

The difference in uncertainty on the efficiency between both methods is not that large because the input
power is taken into account to calculate the efficiency value.

Table 3: measurement results of direct and calorimetric measurements

100% load, 100% speed 25% load, 100% speed
Value Uncertainty Value Uncertainty

Pin 2277,26 W +8,01 W 564,90 W + 3,07 W

Pout 2209,87 W +9,52 W 501,88 W +2,24 W
Input — output Pout-in,puT 67,39W | *12,44 W or 63,01 W + 3,80 W or
measurement + 18,46 % + 6,04 %

Noutiin 97,04 % + 0,56 % 88,84 % +0,70 %

Measurement 30 minutes 30 minutes

duration

Pheater,main 247,72 \W + 0,66 W 200,68 W + 0,58 W

Pheater,pal 307,19 W +0,75W 258,81 W + 0,68 W

Pheater 59,47 W +1,00 W 58,14 W +0,90 W

Padiff,walls 1,44 W +1,12W 1,68 W +1,10 W
Calorimetric Er. 1,27 W +0,02W 2,96 W +0,05 W
measurement

Ploss,put 62,18 W +1,48 W or 62,79 W + 1,42 W or

+ 2,39 % + 2,26 %

Ncalo 97,27 % + 0,51 % 88,89 % + 0,87 %

Measurement 8 hours 4 hours

duration
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It should be noticed that the measurement duration of the calorimetric tests is much longer than when
the input-output method is performed.

Conclusion

In this paper a calorimeter test bench for the efficiency determination of power electronic variable speed
drives is presented. This is an indirect balanced type with air as medium to test drives in a power range
from 1kW up to 7,5kW. First, a short introduction into the international standard IEC 61800-9-2 [1] is
given. Secondly, the calorimeter concept is explained according to the balanced type. The test bench
setup is also shown and discussed. Next, a flowchart with the measurement procedure is proposed to
obtain correct results. Afterwards a measurement uncertainty calculation is shown and at last two tests
are executed on the 2,2 kW drive and their results are presented.

The overall goal of this paper is to examine and optimize the calorimetric approach and to be able to
obtain accurate results. The construction of a calorimeter is an intensive and difficult job. Compared to
a power analyzer, it is cheaper in this power range but a lot of men hours are needed to finish such a
construction.

The calorimetric approach is very time-consuming compared to the input-output measurements but this
way of power loss determination is far more accurate when the power loss of a complete drive module
is determined for IE classification compared to the direct approach. The calorimetric setup reaches a
standard uncertainty of 2,39% or 1,48W on the power loss while the direct method reaches 18,46% or
12,44W during the same test on the same power loss. The accuracy of the calorimeter could even be
increased when the heater would not be enabled during the main test.

There can be concluded that an uncertainty calculation for calorimetric measurements is not evident to
execute because no standard method exists and comparing results with other publications is difficult.
Therefore in this paper a thorough uncertainty calculation is presented.

A disadvantage of this setup is the variation of the ambient temperature. The power leakage through
the walls varies due to this problem. The solution is to control the ambient air but this is not done yet.
In general, the variation of the thermal conditions creates the largest uncertainty. This can be solved by
measuring the air properties accurately and by controlling the inlet temperature of the air.
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