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Abstract—The frequency converter driven IM can be used as a
reference for the efficiency level of a drive system. In here, the
losses and efficiency of a 75 kW IE3 -rated modern squirrel-cage
induction motor are investigated experimentally. First, the result
of IEC loss segregation with sinusoidal supply is used to create a
reference point. Secondly, five different commercially available
voltage source converters are used to drive the same motor in 30
measurement points up to the rated speed and torque. The losses
and  efficiencies  are  analyzed  with  torque  values  of  10%,  25%,
50%, 75% and 100% of the rated torque of the motor and supply
frequency values of 10%, 25%, 50%, 75%, 90% and 100% of the
rated motor frequency. The results are presented as frequency –
torque maps and the loss values are given as Table values. Three
of these converters show very similar performance from the
energy efficiency point of view. The input-output method is used
to determine the losses of the motor and converter.

Keywords—AC machines, efficiency, induction motors, losses,
pulse-width-modulation, voltage source converter.

I. INTRODUCTION

There is an urgent need to gather information and to identify
the losses and efficiencies of the electric drive equipment to
understand the energy saving potential of the devices.
Calculations using theoretical equations and component
parameters are commonly used in the loss and efficiency
determination of the converters. The most important practical
methods are the method based on input and output power
measurement, and the calorimetric method. In case of rotating
electrical machines, finite element analysis and indirect
efficiency determination are used in addition to those used for
converters.

The indirect determination of the electric machine’s
efficiency using the segregation of losses -method has been
studied extensively in the literature by different authors [1],[2].
The indirect method is originally intended only for induction
machines, but the method has been also been adapted for
permanent magnet synchronous machines [3],[4]. Calorimeters

have been constructed and used to obtain the losses of the
converters and electrical machines, but they have not become
popular because of the problems that are typically associated
with them – the complexity of the system and a rather long time
needed in measurements [5].

Three different methods; input-output, calorimetric, and
calculation are used in [6] to obtain the losses of a voltage
source converter. However, in practice the calculation
procedure is only available for converter manufactures and the
calorimetric method needs highly skilled technicians and
special arrangements. Thus, the only practical method to study
the losses of an electrical drive system in multiple measurement
points is the input-output method.

Because of the variable speed operation, it is not enough to
know the motor losses and efficiency in a single operating
point, but the losses must be identified in a large number of
operating points that are typically used in variable speed
applications. An efficient way to illustrate and compare the
losses and efficiencies of the devices is to use efficiency iso-
lines or contour plots [7] that illustrate the losses in a frequency-
current or in a speed-torque plane.

In here, a single 75 kW squirrel-cage induction motor is
measured in 30 operating points below the rated speed and rated

Fig. 1. The measurement points and the order of the measuered operation
points.
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torque using five different commercial converters. The losses
and efficiencies are analyzed with torque values of 10%, 25%,
50%, 75% and 100% of motor rated torque and supply frequency
values of 10%, 25%, 50%, 75%, 90% and 100% of rated motor
frequency.

II. EXPERIMENTAL TESTS

A similar procedure, that is used in [8] to compare the losses
of a 15 kW induction motor with sinusoidal supply and
frequency converter supply, is used here. The results in [8]
showed that the additional harmonic losses created by the PWM
supply are a function of the excitation frequency and load torque.
The harmonic loss dependency is further demonstrated in [9]
using IEC segregation of losses method. However, in [8] the
harmonic losses were measured using increased converter
terminal voltage to remove the effect of overmodulation, field-
weakening and missing PWM-voltage pulses from the results.
This leads to lower additional harmonic losses, especially at the
rated operating point. Here, all the measurements are performed
with a fixed grid voltage level that is equal to the motor rated
voltage, 400 V RMS.

The measurement setup consisted of a 75 kW induction
machine, a 200 kW line converter controlled IM to create the
load torque and five different frequency converters, Fig. 1. The
manufacturers of the frequency converters are all well-known
globally active companies and the converters are intended to be
used in dynamic industrial processes rather than in pump or fan
applications. The converters’ continuous power ratings are
90 kW for converters A, C, D and E and 110 kW for B. A
converter with 90 kW rated power is typically used in these
kinds of applications to supply a 75 kW motor to provide the
required extra current handling capability for a dynamic use.
Therefore, the converters B can be considered to be slightly
overrated and it has a minor influence on converter losses, but it
does not have an effect on the motor loss analysis.

In this comparison, all the measurement conditions have
been kept as similar as possible. The measurement instruments
are same, the same grid supply is used, same cables have been
used to connect the motor to converter and same load torque
reference values have been used in all the measurement points.
The only difference in the measurement setups is the converter.
All the converters have been running with default factory
settings; the only parameter that has been adjusted is the slip
compensation, which has been disabled during the tests.

A semiautomatic system is used in these measurements and
all the measurement series have been exactly similar, to keep the
motor thermal conditions as realistic as possible. The series have
been started with a heat run test at the motor rated operating
point (Point 1). When the motor has settled in the thermal
equilibrium the first data are recorded, then load torques have
been measured in descending order of 75%, 50%, 25% and 10%
(Points 2, 3, 4 and 5).  The motor has operated in these load
points for five minutes and during this time 100 samples with 1-
second interval using 500 ms measurement window are
collected. The 90% frequency points have been measured
starting from 100% torque down to 10% similarly in descending
order (Points 6-10). After 90% frequency points, the motor has
been driven with 75% frequency and 75% load torque (Point 11)

for 30 minutes to stabilize the thermal condition close to normal
condition when operating in this region. After this stabilization,
other load points have been measured in descending order using
five minutes per operating point (Points 12-15). The same
procedure is also used for all remaining points. The
measurement points and the order of the operating points are
illustrated in Fig. 2.

The electric quantities were measured with Yokogawa
WT1600 power analyzer that was equipped with Hitec Zero-
Flux CURACC current measuring system. HBM T12 digital
torque measurement system with rated torque of 1 kNm, that is
in good agreement with the motor rated torque of 482 Nm, was
used for measuring the mechanical torque and operating speed.
All measurement data were gathered digitally with a
LabVIEW™ interface on a PC.

The measurement uncertainty of the used experimental setup
is analyzed in [10] for 15 kW, 37 kW and 75 kW converter-fed
induction motors. The aforementioned analysis resulted in the
combined loss measurement uncertainty of 30% to 5% for 75
kW motor at the different operating points. The highest
measurement uncertainties are found at low load points and the
lowest values of uncertainty are found near the rated point. The
combined loss uncertainty includes both the type A (data
variation) and type B uncertainties (measurement instruments)
at 95% level of confidence (coverage factor k = 2).

The rated efficiency of this motor is 95.7%. Partial load
efficiencies are 95.8% with ¾ load and 95.3% with half load.
Thus, the motor is IE3 -rated and is achieving the best efficiency
at 75% load point. First, the motor was tested with a sinusoidal
supply using IEC segregation of losses procedure.  The motor
efficiency was 96.4% in these tests  remarkably higher than the
efficiency in the rating plate. It can be expected that the motor
will also have the best efficiency at 75% load when driven by
the converters. Because some people are more interested in
efficiencies rather than losses, in Figs. 3-7, both the losses and
efficiencies are given as isolines. The converters are labelled in
the figures simply as Converter A, Converter B, Converter C,

Fig. 2. The measurement points and the ordinals (1–30) of the measuered
operation points.



Converter D and Converter E and the converter and motor losses
and efficiencies are illustrated in the Figs. 3,4,5,6 and 7,
respectively.

 The isolines are maybe not the best way to illustrate the
losses and efficiency accurately in all the measurement points.
However, from the isolines, it is easy to see the overall behaviour
of the losses and compare the losses to another isoline map over
a wide operation region. For further use, the loss values given in
Figs. 3-7 are tabulated in Tables in Appendix.

 The function of an electric drive system is to convert
electrical energy into mechanical energy and thus the energy
efficiency examination is expressive as a function of the speed
and torque that result in mechanical energy.  Figs. 3-7 help to
conclude that when examining the losses as a function of the
excitation frequency (speed) and torque, the converter losses
depend heavily on torque but only slightly on frequency. In
addition, the converter losses are inversely proportional to the
motor speed.

III. MOTOR LOSSES

In Fig. 8, the relative motor losses difference compared to
the motor losses when fed with converter A are given

= , , ,

,
× 100% (1)

where ,  is the motor loss with converter A and
,  is the motor loss obtained with converters B, C, D and

E. Thus, a positive sign in Fig. 8 indicates a better performance
than with converter A in the corresponding point and a negative
sign a worse performance from the energy efficiency point of
view.

 Converter B performs only slightly better at the full torque
points with converter output frequencies of 37.5 Hz, 45 Hz and
50 Hz but at 12.5 Hz, T=25%; 5 Hz, T=10%; and 12.5 Hz,
T=10% points the motor losses are more than 2% lower. In the
normal operating region, the performance of converter B is
similar with converter A. At the low frequency points with high
loads, the motor losses are up to 4% higher than with converter
A. Overall the performance of these converters is very even.

 With converter C, the motor losses are 1-2% lower at points
with 100% load torque and converter output frequencies of 12.5
Hz to 37.5 Hz, but the motor losses are around 4% higher at the

Fig. 3. Converter A, a) Converter losses, b) Motor losses, c) Converter
efficiency, d) Motor efficiency.

Fig. 4. Converter B, a) Converter losses, b) Motor losses, c) Converter
efficiency, d) Motor efficiency.

Fig. 5. Converter C, a) Converter losses, b) Motor losses, c) Converter
efficiency, d) Motor efficiency.



rated point. With converter C, at the low torque points the motor
losses are lower than with converter A. The difference is
greatest, over 4%, in the 10% torque point at 25 Hz and at
10% 25% torque points at 37.5 Hz 45 Hz.

 When using converter D, the motor losses are at the same
level in the rated operating point and the losses are lower in the
high torque points with output frequency more than 12.5 Hz. At
the 25 Hz, T=100% point, the motor loss difference is more than
4%. However, at the low torque load points with 50% or less

torque, the motor losses are remarkably higher than with the
converter A, up to 35% higher at 5 Hz, and torque value of 10%.

 The motor loss difference between converters A and E
depends heavily on the converter output frequency but very
weakly on the torque. Almost 5% difference near the rated
operation point is remarkable and converter E performs similarly
as converter A in the middle of the frequency –torque plane. At
5 Hz output frequency, the motor losses are more than 10%
higher than with converter A with 100% torque and around 9%
higher with 25% torque.  Overall, the motor loss differences can
be considered significant, since the two-level voltage source
converter is, in principle, a very mature device.

 The increase in the motor losses will always have a follow-
up effect. Losses increase the motor and converter current and
thus increase the current dependent resistive losses in the
converter. The factors that affect the motor losses most are the
modulation method, the switching frequency, and the
fundamental wave voltage amplitude that is used to drive the
motor. Different converters have dissimilar hardware design that
affects the maximum voltage that is available for the inverter
bridge. The utilization ratio of DC-link voltage is also a function
of the modulation method. The voltage losses in the input choke
will decrease the intermediate circuit voltage and typically, DC-
choke voltage drop is smaller than three-phase choke at the grid
side. When using a DC-choke, more DC-voltage is available,
and the linear modulation region can be extended beyond 45 Hz.
Therefore, there is more voltage available also in the rated
operating point. A higher DC-voltage leads to a lower current
value and lower resistive losses in the whole drive system.

IV. CONVERTER LOSSES
 The converter losses are typically only one third or one
fourth of the whole drive system losses. The converter relative
losses are calculated similarly as the motor losses when using

Fig. 6. Converter D, a) Converter losses, b) Motor losses, c) Converter
efficiency, d) Motor efficiency.

Fig. 7. Converter E, a) Converter losses, b) Motor losses, c) Converter
efficiency, d) Motor efficiency.

Fig. 8. The relative motor loss difference compared to motor losses when
driven with Converter A.



the different converters. The relative converter loss compared to
converter A is

= , , ,

,
× 100%, (2)

where ,  is the converter A losses and , , the converter B,
C, D or E losses. The relative losses are given in Fig. 9.
 Overall, the relative variation in converter losses is much
larger than in the motor losses. The difference between converter
A and converter B losses is a function of the output frequency.
The losses of converter B are higher with high frequencies and
lower with small frequencies than with Converter A. With the
output frequency of 37.5 Hz, the losses are even.

 The loss difference of converter C behaves very similarly as
the losses of converter B but the difference to converter A is
lower at low frequencies than with converter B.
 Converter D losses are smaller throughout the frequency –
torque plane. The difference to the losses of Converter A is also
a function of the output frequency similarly as with Converter
B. The biggest differences can be found at motor’s rated
operating point, where the difference is slightly over 20%

 Converter E losses are 14% 42% smaller than the losses of
converter A depending on the operation point. The difference to
converter A is a function of load torque (current).

 The converter loss comparison shows that the converters
have very different hardware designs and/or operation
principles.  When examining the converter losses, it should be
kept in mind that the converter power rating is 110 kW for
converter B and 90 kW for other converters.

V. DRIVE SYSTEM LOSSES
 The most important objective is naturally to minimize the
energy consumption of the whole drive system. Again, converter
A is used as a reference and the losses are compared against the
drive system losses when converter A is used to supply the
motor. The relative drive system loss compared to the drive
system with converter A is

= , ,

,
× 100%, (3)

where ,  is the drive system losses with converter A and
,  the drive system losses with converter B,C,D or E. The

drive system losses are simply the difference of converter
electric input power and mechanical power. The relative drive
system difference compared with drive system losses obtained
using Converter A is illustrated in Fig. 10. It can be examined in
Fig. 10 that the drive system losses are almost even when
converters A or B are used even though there was a large
difference in the converter losses in Fig. 9.

 The drive with Converter C uses more energy at some
operating points than the drive with Converter A, especially near
the rated load point and above 25 Hz with low load torque
values. However, converter C performs better than converter A
at low frequency and high torque operating points.

The drive system loss difference between converters A and D
is a function of power. At the rated operating point, the drive
system losses are more than 6% lower with converter D than

with converter A and the difference decreases towards zero
when moving to the operating points of 12.5 Hz 37.5 Hz at
50% load torque, then the difference changes to negative and
decreases to 25% near zero speed and load.

The drive system loss difference with converter E is not a
big surprise since converter E stands out clearly from the group
when the converter losses were compared in Fig. 9. In the drive
system losses, the difference is not so large anymore, but still
the losses are 4%-12% lower than with converter A.

VI. MOTOR LOSSES COMPARED TO SINUSOIDAL
SUPPLY

The direct-on-line fed motor losses can be used as a
reference for the converter-fed motor losses. The motor losses
and the corresponding temperature rise are well-known within
the motor manufacturers and they are used as a design target for
the motors. Here, the converter-fed motor losses are presented
as relative values compared to the rated operating point with
sinusoidal supply, Fig. 11. Since, the motor losses when
supplied with converter A or B are almost similar, only motor
losses  with  converters  A,C,D and E are  presented  in  Fig.  11.
The relative proportions presented in Fig. 11 can be easily used
to estimate the induction motor losses in different operating
points, since usually the sinusoidal supply losses are known.

Another interesting comparison would be the comparison
with the sinusoidal supply losses in the whole frequency plane.
One that kind of comparison is carried out in [8] for a 15 kW
IM. However, the comparison is extremely difficult; the big
question in that kind of a comparison is what is the value that
will  be  kept  fixed?  In  the  comparison  presented  in  [8]  the
generator supply fundamental wave voltage amplitude was
carefully matched with the frequency converter supply’s
fundamental wave voltage amplitude.  However, the different
frequency converters are using different fundamental wave
voltages, especially close to the rated point and therefore the

Fig. 9. Converter losses in relation to Converter A losses.



comparison with the sinusoidal supply should be performed for
all the converters separately.  Even if a converter would use the
same reference value for the flux, the realized fundamental
wave voltage value might be different because of different
voltage losses (and estimation algorithms), switching frequency
and modulation methods. In addition, with the matched
fundamental wave voltage, the current is still different and
power factor might also be different. The current is increased as
a result of extra losses that are created by the converter supply
and the current value could also be influenced by a different
power factor in the tests, since the supply impedance together
with the motor impedance define the motor’s power factor. An
additional problem is formed by the increased temperature rise
because of the harmonic losses and naturally this results in a
different rotor winding conductivity and slip compared to the
case when using a sinusoidal supply.  It can be examined in Fig.
11, that at the rated operating point, the converter-fed induction
motor losses are 25% higher than with sinusoidal supply with
converter A and 33%, 26%, 28% and 25% higher with
converters B, C, D and E, respectively. This is already a
substantial overload for the motor and commonly the motor
cannot withstand this operating point continuously in rated
conditions (40 °C temp., 1000 m altitude). Extra losses may
increase the operating temperature in such a way that it
deteriorates the motor lifetime. Another interesting operating
point is 45Hz, T=100% that is chosen as a test point for the
energy-efficiency classification of converter-fed machines [11]
and is used to label the motor with different IE-classes. At this
point the loss increase is 16%, 14%, 17%, 21% and 15% with
converters A, B, C, D and E compared to the losses with 50 Hz
sinusoidal supply.

VII. LOSS COMPARISON WITH IEC61800-9-2
 In [12] the energy efficiency classes for power drive systems
(PDSs) are given. The IES classes of PDSs are defined in
relation to reference PDS losses. The IES1 class of PDS is

defined by the loss level of the reference PDS. A PDS shall be
classified as IES1 if its relative losses are within ±20% of the
value specified in the standard. A PDS shall be classified as IES0
if its relative losses are more than 20 % higher than the value
specified in the standard and similarly, a PDS shall be classified
as IES2 if its relative losses are more than 20% lower than the
value specified in standard. The reference PDS loss value for the
75 kW drive system is 10.4 kW losses at the rated operating
point. Thus, the PDS will be classified as IES1 if the losses are
between 8.32 kW and 12.48 kW, as IES0 if the losses are above
12.48 kW and as IES1 if the losses are below 8.32 kW. The
measured total drive system losses here were 5.06 kW, 5.34 kW,
5.10 kW, 5.00 kW and 4.74 kW with Converters A,B,C,D and
E. Therefore, this power drive system would be classified as
IES2 with almost 3 kW margin with any of these converters.
This indicates that the reference values of the present standard
are extremely loose.

VIII.CONCLUSIONS
 Here, an overview of the voltage source converter and
induction motor loss levels at the rated motor operating point
and with smaller torque and rotational speed values obtained
experimentally were given. The efficiencies of the voltage
source converters tested here were slightly over 98% at the
motor rated operating point. From the energy efficiency point of
view the choice of the converter can only have a marginal effect
on the total energy consumption of the drive system. A general
energy efficiency comparison is extremely difficult to perform
between different drive systems without knowing the operating
points and utilization times of these points in the final
application. Based on the presented results, no general guidance
can be given how to choose the most energy efficient device
without exhaustive experimental testing. However, the results
here can be kept as a reference what is the typical loss and
efficiency level of modern IE3 rated motor when supplied by a

Fig. 10. Relative drive system losses compared to Converter A. Fig. 11. Relative portion of the motor losses with different converters in
relation to the rated load point losses with the sinusoidal supply.



frequency converter. The average loss increase at the rated
operating point was 27% indicating that a drive system should
not be driven at this point. Luckily, the rated operating point is
rarely the point where the converter driven motor is used and if
constant 50 Hz 100% torque operation is desired the motor
should be direct on line. In such cases, the converter may be used
as a soft starter and should be bypassed when approaching the
nominal point.

APPENDIX
 The losses presented in Figs 3.-7. are given here in form of
Tables. All the values given in the Tables are Watts. The
converter losses are given in the upper part of the Tables and the
lower part with greyed cells contains the motor losses.
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TABLE I LOSS RESULTS WITH CONVERTER A
Conv. A T=10% T=25 T=50% T=75% T=100%
f=50 Hz 364 490 728 1080 1519
f=45 Hz 345 446 671 992 1396

f=37.5 Hz 335 432 641 925 1287
f=25 Hz 321 396 584 841 1207
f=12.5 328 398 584 834 1120
f=5 Hz 294 363 534 771 1030

f=50 Hz 1237 1358 1795 2490 3541
f=45 Hz 1179 1316 1734 2393 3284

f=37.5 Hz 1073 1210 1613 2245 3113
f=25 Hz 867 1017 1409 2013 2832
f=12.5 587 721 1083 1637 2397
f=5 Hz 383 498 831 1379 2083

TABLE II LOSS RESULTS WITH CONVERTER B
Conv. B T=10% T=25 T=50% T=75% T=100%
f=50 Hz 349 458 719 1077 1553
f=45 Hz 358 464 695 1018 1400

f=37.5 Hz 345 438 654 958 1325
f=25 Hz 329 410 608 876 1198
f=12.5 315 372 554 781 1064
f=5 Hz 302 350 508 709 982

f=50 Hz 1243 1383 1821 2623 3784
f=45 Hz 1239 1375 1763 2371 3242

f=37.5 Hz 1128 1268 1654 2236 3072
f=25 Hz 911 1050 1415 1986 2756
f=12.5 607 736 1090 1622 2366
f=5 Hz 384 507 839 1383 2096

TABLE III LOSS RESULTS WITH CONVERTER C
Conv. C T=10% T=25 T=50% T=75% T=100%
f=50 Hz 365 465 697 1041 1478
f=45 Hz 357 456 688 1019 1421

f=37.5 Hz 352 444 655 958 1334
f=25 Hz 341 414 607 877 1200
f=12.5 314 388 534 772 1050
f=5 Hz 282 323 456 648 869

f=50 Hz 1237 1368 1797 2496 3568
f=45 Hz 1165 1301 1716 2384 3305

f=37.5 Hz 1068 1207 1616 2240 3117
f=25 Hz 851 998 1381 1993 2822
f=12.5 574 690 1084 1654 2426
f=5 Hz 369 504 866 1446 2156

TABLE IV LOSS RESULTS WITH CONVERTER D
Conv. D T=10% T=25 T=50% T=75% T=100%
f=50 Hz 238 328 525 808 1158
f=45 Hz 235 313 507 771 1098

f=37.5 Hz 220 302 506 770 1109
f=25 Hz 206 276 454 706 1001
f=12.5 195 236 400 620 895
f=5 Hz 179 207 354 578 856

f=50 Hz 1298 1434 1866 2569 3614
f=45 Hz 1259 1394 1813 2491 3425

f=37.5 Hz 1141 1262 1658 2288 3179
f=25 Hz 924 1030 1403 2002 2848
f=12.5 649 740 1096 1669 2486
f=5 Hz 467 543 900 1501 2356

TABLE V LOSS RESULTS WITH CONVERTER E
Conv. E T=10% T=25 T=50% T=75% T=100%
f=50 Hz 304 391 599 866 1201
f=45 Hz 335 395 606 869 1189

f=37.5 Hz 321 394 584 836 1149
f=25 Hz 324 397 563 836 1154
f=12.5 327 373 523 757 1062
f=5 Hz 350 372 507 722 1051
f=50 Hz 1288 1417 1827 2510 3535
f=45 Hz 1282 1422 1782 2394 3246

f=37.5 Hz 1179 1316 1670 2234 3051
f=25 Hz 993 1080 1415 1943 2710
f=12.5 739 820 1119 1621 2366
f=5 Hz 605 665 909 1429 2305
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