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 
Abstract—Synchronous reluctance motors (SynRMs) are 

gaining in popularity in industrial drives due to their permanent 
magnet-free, competitive performance and robust features. This 
paper studies the power losses in a 90 kW converter-fed SynRM 
drive by a calorimetric method in comparison of the traditional 
input-output method. After the converter and the motor were 
measured simultaneously in separate chambers, the converter 
was installed inside the large-size chamber next to the motor and 
the total drive system losses were obtained using one chamber. 
The uncertainty of both measurement methods is analyzed and 
discussed.  
 

Index Terms—Calorimeter, converter, efficiency, electric 
drive, induction motor, measurement, synchronous reluctance 
motors power loss, temperature, uncertainty, variable speed 
drive, voltage-source converter. 

I. INTRODUCTION 

LECTCRIC MOTORS form the most important type of 
load  in the industry, consuming about 65–70% of the 

electric energy [1]. Hence, thermal and efficiency issues are 
among the hot topics in the electrical machines and drives 
community [2].  
In general, the electric motor efficiency is continuing to 
improve and this poses new challenges to the motor loss 
determination. New and more efficient constructions have to 
be verified by measurements. The usage of permanent 
magnets is rising the machine efficiency [3], but due to high 
prices, supply problems and temperature dependence of 
permanent magnets, there is a high demand for magnet free 
motor such as switched reluctance (SRM) [4] and SynRMs. In 
principle, the SynRMs represent an established and mature 
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technology, but the modern frequency converter control may 
lead to new features and properties of the motor. 

Synchronous reluctance motors establish a promising 
technology with potentials to replace permanent-magnet 
synchronous motors (PMSMs) and induction motors as the 
main motor in industrial variable-speed applications. The 
SynRM rotor has neither windings nor magnets, thus 
improving the rotor reliability and eliminating the reliance on 
rare-earth-based permanent magnets. A high-inductance-ratio 
rotor structure is manufactured from punched or laser-cut 
electric sheets attached on a shaft.  

 Here, the losses of the converter and converter fed 
synchronous reluctance motor is obtained with two totally 
independent measurement systems. The losses of the both 
methods are compared and uncertainty is analyzed. For the 
first time it is showed that the calorimetric measurement 
system is also applicable to larger motors with reasonable 
measurement time. The calorimetric measurement results are 
further verified with the test sequence where the frequency 
converter losses are measured simultaneously with the SynRM 
in another calorimeter. To examine the reliability of the loss 
measurement results, the converter and the motor were then 
installed in the same chamber, and the nominal point 
measurement was repeated. The motor loss behavior is further 
studied by using a second converter with a slightly modified 
construction and measurement setup to show the significance 
of voltage sensing point in the variable speed drive system 
measurement.   

This paper is organized as follows. Section II clarifies the 
need for other loss measurement method than commonly used 
input-output- method. The section III provides an introduction 
to the calorimetric measurement system used here.  In Section 
IV, the laboratory measurements are carried out, and the 
uncertainty of the both measurement methods is analyzed in 
Section V. Section VI presents the loss measurement results 
with a modified converter. In Section VII, the total drive 
system losses are evaluated. Finally, Section VIII discusses 
the significance of the results, and Section IX concludes the 
paper. 

II. CHALLENGES IN LOSS MEASUREMENTS 

At the moment, there here is no official measurement 
methods or standard for the efficiency determination of the 
SynRM nor other types of converter fed machines. The IEC 
has launched 2013 a technical specification for converter-fed 
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induction motor testing [5], [6]. There is an ongoing 
development of IEC 61800-9-2 that includes the testing 
methods and efficiency classes for converters and converter-
machines systems. There are two alternative methods that can 
be used to determine the losses of a SynRM and other 
electrical machine types. The both methods are applicable to 
all direct-on-line or converter fed machines. The first is 
referred to as an input-output method and the second a 
calorimetric method. In the input-output method the losses are 
simply the difference between the measured input ൫ iܲnput൯ and 

output power ൫ oܲutput൯ as follows 
 

୪ܲ୭ୱୱ,୧୭ ൌ iܲnput െ oܲutput (1)
 

While in the calorimetric method the losses of the device are 
determined from the dissipated heat inside the chamber using 
the air flow and heat losses through the chamber walls 

 

୪ܲ୭ୱୱ,ୡୟ୪ ൌ mܿpΔݍ ୟܶ୧୰ ൅ ܷ୵ୟ୪୪ܵ୵ୟ୪୪Δ ୵ܶୟ୪୪ (2)
 
where ݍm is the mass flow rate, ܿ୮ the specific heat capacity 

of moist air, Δ ୟܶ୧୰ the temperature difference of moist air 
between the inlet and outlet tubes, ܷ୵ୟ୪୪ the overall heat 
transfer coefficient of the chamber, ܵ୵ୟ୪୪ the area of the 
chamber walls, and Δ ୵ܶୟ୪୪ the temperature difference across 
the chamber walls.  

Both methods have their benefits and disadvantages, but 
they can be used also simultaneously as in this paper. The loss 
uncertainty in the input-output method is approaching infinity 
when the efficiency is approaching unity, therefore the 
reliability of the input-output –method is a concern when the 
device efficiency high such as in the case of converters [7].    

Further, independent measurement methods make it 
possible to compare the uncertainties of the measurement 
methods. There are multiple reasons why the synchronous 
reluctance motor is an interesting test case for the loss 
measurements and efficiency determination. The measurement 
accuracy of the motor electric input power is affected by the 

PWM voltage waveform and the inherently low power factor 
of the SynRM [8] while the calorimetric measurement method 
is not affected by the same factors than the input-output 
method.     

The loss measurement uncertainty is reduced when the 
whole drive system is evaluated instead of the individual 
devices, the system efficiency is lower than the efficiency of 
the individual devices and there is no longer a need to measure 
the problematic PWM waveform electric power.   

III. CALORIMETRIC CONCEPT 

An overview of various loss measurement techniques for 
power electronics systems is given, the electrical methods are 
introduced briefly, and sources of measurement errors are 
discussed in [9]. Calorimetric systems are divided into four 
categories: open, closed, balance, and series types in [10]. 
Different kinds of calorimeters are constructed to determine 
the losses of electrical devices. These calorimeters can be 
divided into two basic types; open type with air as a coolant 
[11]–[14] and close type with water as a coolant [15]–[17]. 
Lately, the calorimetric systems have been mainly used to 
verify the losses of high-efficiency converters and a concern 
of electric power measurement accuracy with distorted 
waveforms is highlighted [18]–[21]. The calorimetric 
construction used in this study is a scalable, open- and 
balance-type calorimeter. The utilized concept has been used 
both for converter and motor measurements as presented in 
[22]–[26]. The concept has been verified to be an accurate and 
viable alternative to loss determination of variable-speed 
drives.  

Here, two calorimeters were used simultaneously to obtain 
both the frequency converter and SynRM motor losses. A 
medium-size calorimeter that is capable to measure the heat 
losses up to 3 kW and has the internal dimensions of 1.0 m ൈ 
1.0 m ൈ 1.0 m (݈ ൈ ݓ ൈ ݄) was used to obtain the frequency 
converter losses. A large-size calorimeter that can measure 
heat losses up to 30 kW was used to obtain the motor losses. 
The internal dimensions of the large size chamber are 2.0 m ൈ 

 
Fig. 1.  Overview of the measurement setup and instrumentation. In the first measurement set, the converter output terminals were used as a voltage sensing 
points and in another set the motor terminals was used.  
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2.0 m ൈ 2.5 m. The basic construction is a sealed box 
insulated with at least 100 mm thick polyurethane plane 
insulation. 

The chamber exhaust blower that removes the heat losses 
from the calorimetric chamber is driven by a vector-controlled 
frequency converter with a speed feedback. The radial blower 
is located at the bottom of the chamber. The inlet tube is 
located at the top of the chamber. For the balance test, a basic 
steel-grid-fixed resistor is applied as a heater. The heater is 
also applied when the chamber is heated before the 
measurements.  

A-class PT-100 temperature sensors with four-wire 
compensation circuits are applied to measure the temperatures. 
The inlet and outlet temperatures ( ୧ܶ୬ and ୭ܶ୳୲) are averaged 
from four sensors that are located in the inlet and outlet tubes. 
The tubes have a mixer (blower in the outlet) to equalize the 
temperature inside the tube before the temperature sensors. 
The inside temperature distribution of the chamber ( ୧ܶ୬ୱ୧ୢୣ) is 
measured from a grid of 12 sensors in the medium-size 
calorimeter and from 16 sensors in the large size calorimeter. 
One sensor is used in the medium-size calorimeter and four in 
the large-size chamber (in the center of each wall) the outside 
temperature distribution of the chamber ( ୭ܶ୳୲ୱ୧ୢୣ) There are 
diffuser plates in the front of the inlet and outlet tubes to 
remove direct heat radiation to the tubes. This removes the 
effect of the locations of the heat sources in the chamber on 
that proportion of the heat power that is transferred by the air 
flow. Therefore, the location of the heat source is only 
affecting that proportion of the losses that are a result of the 
heat leakage through the walls. All the measurements, 
controls, algorithms, and data processing are implemented to a 
control computer via a LabVIEW interface. Fig. 1 illustrates 
the experimental setup of the calorimeter.  

In the motor setup, the extra shaft piece with support 
bearings makes it possible to use the jaw coupling with 
insulation to block the conduction losses through the shaft and 
breach the insulation in the wall with a tight fitting. To prevent 
heat leakage through motor bed, in the heated stand there are 
four 10 W power resistors installed in each of the motor 
supports together with two Pt-100 temperature sensors. The 
first temperature sensor is located in the top of the iron 
cylinder and another one vertically in halfway between the 
insulation. By adjusting the resistor power with a 
programmable DC-power supply the temperature difference 
between the sensors can be set to zero and no heat flux is 
presented in the supports. 

IV. LABORATORY MEASUREMENT 

The electrical input power was measured using a Yokogawa 
WT1600 power analyzer equipped with a high-precision Hitec 
CURACC current measurement system. The voltages were 
recorded from the frequency converter terminals. The currents 
were measured right outside the calorimeter chamber of the 
converter. The rotational speed and the shaft torque were 
measured with a 1000 Nm HBM T12 torque transducer. 

The nominal values of the motor under test are given in 
Table I. The measurement points are presented in Fig. 2 as a 

frequency-torque plane with relative shaft powers. The target 
of these measurements is to define the total drive system 
losses. The electric input and output powers of the frequency 
converter are measured with a power analyzer and the 
mechanical power and speed with a torque transducer. 
Measurement point 1 (nominal power point) is measured twice 
with a slightly different measurement system configuration. 
Two calorimeters are used to obtain the frequency converter 
and motor losses simultaneously in measurement points 1, 5, 
6, 7, and 8. In measurement points 2 to 4, only the motor 
losses are obtained with the calorimeter. 

A. Measured Frequency Converter Losses 

The frequency converter losses are much easier to 
determine with the calorimeter than the motor losses because 
only the power cables have to be led through the insulated 
chamber, and the ventilation blower can be driven easily with 
an external DC power supply. In this case, the frequency 
converter blower rotates at the full speed during the main and 
balance tests. The frequency converter loss results are given in 
Fig. 3.  

The results of the frequency converter loss measurement by 
the two measurement methods agree well with one another. 
The calorimetric and input-output loss results in  measurement 
point 1 are from different heat runs, but the frequency 
converter output power difference between the two runs is 
70 W and the current difference 0.1 A, so the loss results are 
fully comparable. In measurement point 5 there is no clear 
indication of why there is a larger difference in loss results 
than in the rest of the points. 

B. Measured Motor Losses 

The basic idea of the balance-type calorimeter is to define 
the heat losses of a device by a balance test of a reference 
heater. During the balance tests, the motor is rotated with the 
load machine in the same direction and with the same speed as 

 
Fig. 2.  Measurement points in the frequency-torque plane. 

TABLE I 
MOTOR NAME PLATE VALUES 

Winding connection Δ 

Nominal power, ୒ܲ (kW) 90 

Nominal current, ܫ୒ (A) 202 

Nominal voltage, ܷ୒ (V) 370 

Nominal torque, ୒ܶ (Nm) 573 

Nominal frequency, ୒݂ (Hz) 50 

Nominal speed, ݊୒ (rpm) 1500 
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the main test to keep the ventilation conditions in the 
calorimetric chamber equal in both tests. This, naturally, 
means that there is a certain amount of friction loss present in 
the chamber. The measurement system is presented in Fig. 1 
and its operation is described in [26]. 

The accurate determination of friction and windage losses is 
crucial for the accurate calorimetric total loss determination of 
the motor, because the motor has to keep running during the 
balance test. The reference power during the balance test is the 
sum of the DC heater power and the friction and windage 
losses. Hence, the error in the friction and windage losses is 
also present in the total loss of the motor. 

The friction and windage losses constitute a relatively large 
proportion of the losses of a high-efficiency machine, and they 
are temperature dependent [31]. In this study, the cold 
machine friction and windage losses were examined. The 
friction and windage losses are over 10% of the total motor 
losses. The calorimetric measurement system cannot be used 
to obtain the friction and windage losses because of the 
possible changes in the air circulation inside the measurement 
chamber. Consequently, they have to be measured by some 
other method and are a major uncertainty contributor. 
Moreover, the friction and windage losses have to be 
examined carefully when the measured losses are compared 
with the simulated ones. 

Two alternative and independent methods were used to 
obtain the friction and windage losses. The friction and 
windage losses at different speeds were obtained by mounting 
a 100 Nm HBM T12 torque transducer and rotating the motor 
with the load machine (Fig. 1). After the total friction and 
windage losses of the system were obtained, the jaw coupling 

was uncoupled and the friction losses of the support bearings 
were measured accordingly. The results of the friction and 
windage loss measurements are presented in Fig. 4. The 
machine temperature in the test is the same as in the balance 
tests (around 35 °C. A no-load retardation test was made to 
verify the friction and windage losses. The retardation test was 
performed after the end of balance test to provide exactly 
same machine conditions also for this test. The two tests are 
totally independent of each other; the uncertainty of the first 
method comes from the torque transducer, and in the second 
test from the rotational speed meter, time, and inertia of the 
machine. The friction and windage losses as a function of 
rotational speed are presented in Fig. 5. 

The friction and windage loss curves obtained by both 
methods have similar shapes, but the one obtained from the 
retardation test is much smoother. It is obvious that the 
retardation test is a more feasible and accurate method to 
determine the friction and windage losses as a function of 
rotational speed than the torque transducer. The torque 

Fig. 3.  Frequency converter loss results.  

Fig. 4.  Friction and windage losses. The total curve presents the cold 
machine friction and windage losses together with the support bearing losses.
The support losses refer to the support bearing losses. 

Fig. 5.  Friction and windage losses and the defined 20% uncertainty band as 
a function of rotational speed obtained by a torque transducer and from the
retardation test. 
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transducer accuracy is related to the full (nominal) range of 
the transducer, and therefore, when small values are measured, 
the accuracy is limited. Furthermore, the use of very small 
torque transducers raises a problem in the mechanical 
installation, and the transducer has to be protected against 
overtorque during acceleration and deceleration. On the other 
hand, the speed of the decelerating machine is easily measured 
with a one-second interval by inductive or optical sensors or 
even by hand-held tachometers. Naturally, the accuracy of the 
friction and windage losses obtained by a retardation test 
depends on the accuracy of the inertia value of the machine. 
The visual inspection of the results in Fig. 5 shows that the 
assumed 20% uncertainty in the friction and windage losses is 
reasonable. 

In the calorimetric loss measurement analysis, the support 
bearing losses have been removed from the friction and 
windage loss measurement results. The friction losses of the 
support bearings have also been removed from the input-
output motor losses. Both losses are given in Fig. 6. 

Usually, the thermal equilibrium in the motor measurements 
is assumed to be achieved when the motor temperature rise 
rate is below 2 K/h. The tested machine in free air reaches the 
2 K/h temperature rise rate in four hours and 1 K/h rise rate in 
five hours, respectively. When the machine is installed inside 
the calorimeter, the 2 K/h temperature rise rate is reached after 
2.5 hours and 1 K/h after 3.5 hours. Here, the measurement 
results are gathered after seven hours during a full thermal 
equilibrium, when the temperature rise rate is below 0.1 K/h. 
The nominal point of the motor was measured twice. In the 
first run, the voltage was sensed from the converter terminals 

and in the second run from the motor terminals. In the second 
heat run, the loss difference between the two methods was 
only 2 W. In all other points, the voltage has been sensed from 
the converter terminals, and the motor losses also include the 
cable losses. The voltage measurement point was chosen this 
way, because the cable losses constitute a smaller part of the 
motor losses than the converter losses. It must be noted that 
the accuracy of the both methods is reduced in partial load 
conditions. A 1500 W bias power (resistor heater) was used in 
all other points than the nominal load point to increase the 
system losses to a more suitable power level for the 
calorimetric measurement system. 

C. Cable Losses 

The total length of the cables from the converter to the 
motor is 11.2 m. The first cable section is 8.5 m long 670 
mm2 (2 per phase), which is extended with a 2.7 m long 120 
mm2 cable. The cable losses are estimated by applying the 
method presented in [27] to calculate the cable losses. The 
measurement points are repeated and the cable losses are also 
measured using a WT1600 power analyzer, which is equipped 
with six power modules. The voltage is sensed directly from 
the converter (power modules 1 to 3) and the motor terminals 
(power modules 4 to 6) using the power analyzer input 
modules. The corresponding phase current message from the 
current measurement system is fed to the power modules. 
Thus, the power modules 1 and 4, 2 and 5, and 3 and 6 
measure the same currents. There was no detectable current 
difference between the corresponding power modules. The 
power difference between the cable ends gives one estimate of 
the cable losses. Naturally, the uncertainty of this kind of a 
measurement is very large, yet adequate to yield the motor 
loss difference when the frequency converter or motor 
terminals are used as voltage sensing points. The difference 
between the calorimetric and input-output loss measurement 
and the calculated and measured cable losses are presented in 
Fig.7. The cable losses are presented as a function of motor 
current, and it should be kept in mind that the fundamental 
wave frequency is different for the different load points and 

Fig. 6.  Main caption. (a) Measured motor losses with the input-output and 
calorimetric methods. (b) Difference between the obtained loss results. 

Fig. 7.  Cable losses. 
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may have an effect on the cable losses.  
The measured negative cable losses indicate erroneous 

measurement results. Therefore, another nominal point 
measurement was conducted (200 A current), where all power 
analyzer channels were used to measure the same PWM power 
at the motor terminals. The difference in the two power figures 
was only 9.6 W, and thus, it cannot be explained by the 
differences in the power modules of the power analyzer. 
Further investigations and measurements have to be made to 
determine the exact source of this phenomenon. 

D. Total Drive System Losses  

The uncertainty of the input-output loss determination is 
reduced when the total drive losses instead of the motor or 
converter losses are examined. The drive losses in Fig. 8 are 
given without the cable losses, which have been removed from 
the loss results. 

V. UNCERTAINTY ANALYSIS 

The uncertainty sources in the calorimetric measurement are 
different from the input-output measurement. The calorimeter 
can only measure the static operating point losses, and 
therefore, also the measurement values (electric and 
mechanical) that are used to obtain the loss results are 
calculated from 100 measurement values taken from 20 s 
intervals. Ten smallest and ten largest values are removed, and 
the average of the remaining 80 values is used. The power 
analyzer update is 5 s and the sample rate is 200 kilosamples 
per second. 

The target of these measurements was to determine the 

losses of the motor and the converter. Hence, it is reasonable 
to give a combined standard uncertainty, where the component 
uncertainties are combined to yield an overall uncertainty. In 
this case, the components are the input and output powers of 
the frequency converter and the motor, and the combined 
standard uncertainty is the device loss uncertainty. It is very 
unlikely that both input and output power measurement errors 
are at their extreme values with the same sign, and therefore, a 
more realistic estimate is obtained by the root sum square 
(RSS) method, where the total uncertainty is the square root of 
the sum of squares of the input and output power standard 
uncertainties. 

A. Electric Power Measurement 

The Hitec Zero-Flux current measurement system with 
600 A peak (424 A RMS) capability sensors is used for the 
current measurement. The AC accuracy for this kind of 
current output type sensors is 0.01% of reading + 0.002% of 
range, and the phase displacement is below 0.01°. The current 
measurement system gives a 0–1 A current signal that is read 
by the power analyzer. In these measurements for the nominal 
load point with a 200 A current, the total current uncertainty 
of the current measurement system is 0.014 A RMS, which 
results in a 12 W uncertainty in the total electric power of 
93.51 kW. The phase displacement adds a 15 W uncertainty to 
the power value when the power factor is 0.74.  

Fig. 8.  Total drive system losses. (a) Measured with the input-output and 
calorimetric methods. (b) Difference between the obtained loss results. Fig. 9.  Uncertainties. (a) Power measurement. The electric input and output 

powers are the frequency converter input and output powers measured with
Yokogawa WT1600 equipped with Zero-Flux current sensors. The shaft 
power is the combined uncertainty of the speed and torque measured with
HBM T12. (b) Loss measurement. Notation ‘I-O’ refers to the loss 
uncertainty obtained by the input and output powers, and ‘Cal.’ indicates the
calorimetric loss measurement uncertainty. 
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The electric power is measured with a three powers four 
wire (3P4W) configuration, and the voltage is measured 
against a virtual zero point. Even in the case of the PWM 
supply, over 98% of the active power is at the fundamental 
wave frequency, and it is thus reasonable to calculate the 
uncertainty based on the fundamental wave accuracies. The 
situation is similar also on the input side of the frequency 
converter.  

The basic one-year power accuracy of the Yokogawa 
WT1600 power analyzer is 0.15% of reading + 0.075% of 
range + the power factor error [28]. The Yokogawa accuracies 
are within the “guaranteed specification limits. Therefore, in 
the uncertainty calculation, the values can be treated as a 
rectangular distribution with a 100% confidence level. The 
current measurement errors have been added to the power 
analyzer error to get the total electric power uncertainty. The 
frequency converter input and output power uncertainty in 
each measurement point is given in Fig. 9 a). Basically, the 
uncertainties in the converter input and output powers are at 
the same level. For example, in the nominal load point, the 
highest uncertainty difference is a lower power factor on the 
motor side. 

B. Mechanical Power Measurement 

When measuring the shaft power, it should be kept in mind 
that the power is a product of speed and torque. The speed 
measurement system is totally different from the torque 
measurement system. Therefore, when the measurement target 
is the power, it does not suffice to analyze the torque 
uncertainty but also the uncertainty of the speed measurement 
has to be taken into account. Here, fully digital data transfer 
from the torque transducer to LabVIEW has been used, and no 
further uncertainties are produced by the voltage or frequency 
signal digitalization. The error sources in the mechanical 
power measurement are the influences of parasitic loads, 
repeatability, linearity, hysteresis, and the temperature effect 
on zero and span [29]. The speed and torque uncertainties are 
considered not to correlate. In the nominal point, the speed 
uncertainty is 0.23 rpm and the total torque uncertainty 
1.2 Nm. The mechanical power uncertainties ሺ mܲechሻ in each 
measurement point are given in Fig 9 a). 

C. Calorimetric Measurement Uncertainty 

The possible error sources in the calorimetric measurements 
are the differences in the air flow rates during the tests, heat 
and air leakages, and the reference heater power 
determination. Here, the uncertainty components of the 
calorimetric frequency converter measurement are a 10% 
uncertainty in the frequency converter blower power and a 
0.4% loss uncertainty that originates from the calorimeter and 
DC heater reference power. In the balance-type calorimeter, 
the heat leakage differences between the main and balance 
tests must be controlled. The main heat leakage source in the 
calorimetric motor measurement is the shaft and motor bed. In 
this case, a jaw coupling with polyurethane insulation is used 
to disconnect the heat leakage path of the motor shaft. The 
maximum temperature difference between the inside and 
outside shaft temperatures is detected and added as a source to 

the uncertainty analysis. The insulated and heated stand is a 
feasible solution to build a motor bed for the motor 
calorimetric measurement. Because no temperature difference 

Fig. 10.  Converter losses with measurement uncertainty bars.

Fig. 11.  Motor losses with measurement uncertainty bars. 

Fig. 12.  Drive system losses with measurement uncertainty bars. 
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between the main and balance tests were detected, the 
uncertainty of the motor bed can be neglected. A 20% 
deviation in the motor friction and windage losses is assumed 
and added to the total motor loss uncertainty. In the case of 
motor measurement, also a 0.7% additional loss uncertainty 
that originates from the calorimetric system is included [23]. 

Both the input-output loss measurement uncertainty and the 
calorimetric loss measurement uncertainties are gathered in 
Fig. 9. The uncertainty limits of the converter and motor loss 
measurements with the input-output method are larger than 
with the calorimetric method. The loss measurement results 
with the loss uncertainty limits are given in Figs. 10–12. In the 
frequency converter measurements, the calorimetric 
measurement results are always within the uncertainty limits 
of the input-output loss measurement. The converter losses 
measured by the input-output method are outside of the 
calorimetric loss uncertainty limits only in measurement point 
5. The motor losses obtained by the input-output method are 
within the calorimetric uncertainty limits in measurement 
points 1 and 6, but in the rest of the measurement points they 
are slightly outside the limits. If slightly higher cable losses 
are assumed, all the motor measurement results are within 
both uncertainty limits. With both methods, the total drive 
losses are within the uncertainty limits in measurement points 
1, 4, and 5 while the input-output loss measurement result is 
outside of the calorimetric uncertainty limits in points 7 and 8. 

VI. SECOND CONVERTER 

The first converter measurement results showed that the 
cable losses pose the main problem in the comparison of loss 
results between the two methods. Now, we can expect the 
calorimetric converter loss result to be very close to the input-
output loss result with this measurement setup, and therefore, 
the voltage is measured at the motor terminals. The cable 
losses can be determined by subtracting the calorimetric loss 
result from the input-output result. The motor is measured 

with the second converter in measurement points 1, 2, and 8. 
The input-output and the calorimetric loss measurement 
results are given in Figs. 13–15, which support the results 
obtained above.  

When inspecting the total drive system losses, the cables are 
outside of the calorimetric measurement, and thus, the 
calorimeter results do not include cable losses. The 
calorimetric total drive loss results are slightly lower than the 
results obtained by the input-output measurement. 

The converter loss results are now higher with the input-
output method than with the calorimetric method. The 
difference is not only from the cable losses. It appears that the 
power analyzer cannot accurately measure the converter PWM 
signal from the motor terminals. Obviously, there are reflected 
voltage pulses and possible standing-wave voltages at the 
motor terminals as a result of the PWM switching.  Fig. 13.  Converter. (a) Losses. (b) Loss difference. 

Fig. 14.  Test result for the motor. (a) Losses. (b) Loss difference. 

Fig. 15.  Drive system. (a) Total losses. (b) Loss difference. 
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VII. TOTAL DRIVE SYSTEM LOSSES 

It is challenging to verify the accuracy of the calorimetric 
method. In our case, after the converter and the motor were 
measured simultaneously in separate chambers, the converter 
was installed inside the large-size chamber next to the motor. 
The same cable was installed inside the chamber. Again, 
current sensors were provided between the converter and the 
motor to detect the variation in the motor operating point and 
to separate the losses between the motor and the converter. 
The tests were carried out in the nominal point. The 
measurement results are given in Table II. The key results 
from the nominal point measurement are repeated here for 
comparison. The new results with the both devices in the same 
chamber are indicated by a double asterisk. In the nominal 
load point, the difference between the two input-output loss 
measurements is only 19 W and between the two calorimetric 
loss measurements is 205 W. In the first run, where the 
converter and the motor are installed in separate chambers, the 
calorimeter cannot see the cable losses, but they are included 
in the second run. The cable losses (around 200 W) are not 
included in the calorimetric result of the first run but they are 
incorporated in the second run.  

VIII. DISCUSSION 

To sum up, it is questionable how accurately the motor 
losses should be measured for example in type testing. In our 
case, both methods could easily be applied to obtain the motor 
losses with the 15% loss tolerance given in [32]. There are 
numerous factors affecting the motor loss measurement 
results; for instance air temperature, humidity, density, and 
barometric air pressure affect the motor cooling system 
performance. The bearing lubrication and temperature have an 
effect on the friction losses. The thermal conduction paths 
through the motor bed and shaft can vary in different test 
places. It is thus obvious that accurate loss determination of 
high-efficiency devices is a challenging task. A heat source 
similar to a frequency converter can be easily constructed and 
used to mimic the frequency converter losses in a calorimetric 
measurement. A metal frame with a DC blower and resistors is 
a suitable heat source for calorimetric system calibration. 
However, because of the rotating mechanics, accurate 
verification of the motor measurement is more difficult. 
Further, although the calorimetric measurement method can be 

considered slow and laborious, it can be used to support the 
reliability of the input-output loss measurement.  

The PWM-fed induction motor as well other motor types 
should be easily measured with a similar accuracy as the 
SynRM presented here. The authors are of the opinion that 
with adequate equipment the input-output method can also be 
used in the type testing of PWM-fed motors with a reasonable 
accuracy. 

It should be kept in mind that the differences in the loss 
results presented here are actually quite small. In the nominal 
point, the 100 W loss equals to 0.1% of the input or output 
power. It is pointed out that the current operative IEC motor 
efficiency measurement standard [33] requires an 
instrumentation accuracy of 0.2% for the power measurement 
device for sinusoidal supply waveforms. 

IX. CONCLUSION 

The paper has presented a calorimetric system suitable for 
measuring motor losses directly up to the frame size 315. The 
input-output loss determination shows a good agreement with 
the calorimetric losses. The uncertainty limits of the input-
output loss determinations are large, but the results are 
surprisingly close to the calorimetric results, even though the 
SynRM has a low power factor and the supply waveform is 
distorted because of the PWM supply. With both measurement 
methods, the SynRM efficiency is slightly higher than 96.3% 
in the nominal point.  

The cable losses are in this case from 5 to 10% of the 
converter total losses. It was shown that the motor or converter 
loss results vary significantly when the voltage is measured 
directly from the converter or motor terminals; this difference 
cannot be explained by the cable losses only.  

A problem with the calorimetric motor measurement is the 
friction and windage losses; nevertheless, it was shown that 
the friction and windage losses obtained by the retardation test 
and the torque transducer are close to each other; nevertheless, 
the retardation test is more practical to use. 

 It is evident that the loss uncertainty of the input-output 
measurement can be high in the case of high efficiency 
devices. A small change in relative large input or output power 
value will lead to large change in relative small loss value in 
the case of high efficiency device. Therefore, other 
independent methods is needed to prove the results and to 
benchmark the input-output measurement system.  

The calorimetric measurement system is totally independent 
of the input-output loss measurement, and when the losses 
obtained by both measurement systems are within the 
uncertainty limits, we can expect the results to be close to the 
absolute losses. Uncertainties are always present in the 
measurements, but their sources can be controlled when 
known. Moreover, the uncertainty limits presented in this 
paper are reasonable. The calorimetric method will be of 
relevant more importance over the input-output method when 
the efficiencies of the motors are further increased. 

 
TABLE II 

MEASUREMENT RESULTS 
Measured 

point 
1 1* 

mܲech (kW) 90.03 90.05 

 ୫୭୲୭୰ (A) 199.4 199.6ܫ

ୡܶ୦ୟ୫ୠୣ୰ (°C) 35.0 32.7 

୧ܲ୭,ୡ୭୬. (W) 2158 2240 

୧ܲ୭,୫୭୲. (W) 3508 3445 

୧ܲ୭,ୢ୰୧୴ୣୱ. (W) 5666 5685 

ୡܲୟ୪,ୡ୭୬. (W) 2171 - 

ୡܲୟ୪,୫୭୲. (W) 3304 - 

ୡܲୟ୪,ୢ୰୧୴ୣୱ. (W) 5475 5680 
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