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Abstract—This paper presents an energy efficiency 

analysis of a 37 kW standard squirrel-cage induction 
motor under sinusoidal and non-sinusoidal supply. The 
motor losses are analyzed using the conventional IEC loss 
segregation method and also numerically modeled using 
finite element simulations. The measured and simulated 
loss components are compared with three different 
modulation methods. The overall simulated losses are in 
good agreement with the measured ones, but there exist 
differences in the loss components.  
 

Index Terms— AC motors, induction motors, magnetic 
losses, numerical simulation, power semiconductor 
switches pulse-width modulation converters, variable-
speed drives (VSDs) 
 

I.  INTRODUCTION 
OLTAGE source converter is the most common type of 
converter in the industrial motor applications. The two-
level voltage-source converters have been used since the 

1970’s to supply induction motors in variable speed 
applications. In the near future induction motor drives 
equipped with pulse-width-modulated (PWM) converters will 
also have their own efficiency classification as well as an 
internationally accepted measurement method to determine the 
losses [1]. There are two different measurement methods 
suitable for determining the total losses of all electrical motor 
types; the input-output method and the calorimetric method. In 
the first one the losses of the motor are simply the difference 
of the electrical input power and the mechanical output power. 
Because of the measurement device properties the input-
output method becomes relatively inaccurate when the 
efficiency is approaching unity or the electrical waveforms are 
heavily distorted. The calorimetric method is slow, complex 
and troublesome to arrange and it can, therefore be used only 
in special cases [2],[3]. The problem of the aforementioned 
methods is that they can only be used to obtain the total losses 
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of the machine. The result includes both the electromagnetic 
and the mechanical losses.  The most commonly used method 
to segregate the losses is given in IEC standard [4] and a 
similar procedure is used also in IEC Technical Specification 
[5] to extract the harmonic losses from the total losses. 
Another way to analyse the loss components and to increase 
the knowledge on where the losses take place is to use 
analytical equations or finite element (FE) analysis. The FE 
analysis is more time consuming but more precise and 
includes the effects of the machine geometry, but naturally it 
cannot include all the non-idealities of the real machine. 

In this paper, we compare the loss segregation procedures 
IEC 60034-2-1 Edition 2 of [4] and IEC 60034-2-3 TS [5] to 
detailed FE analysis of the different loss components. The aim 
is to numerically check the validity of the standardized loss 
segregation methods. A 37 kW four-pole, 400 V, 50 Hz 
induction motor is used as the test machine. The name plate 
values of the motor are given in Table I. For the simulations, a 
2D FE model is used that was created using detailed 
information provided by the motor manufacturer. The FE 
model is coupled to a dynamic iron-loss model which accounts 
for the hysteresis, eddy-current and excess losses in the core 
laminations. To include the time harmonics created by the 
PWM-supply to the FE-analysis, voltage waveforms recorded 
from the machine terminals are used to supply the model. 
Another but more exhausting method would be to model also 
the converter and its control system and couple it to the FE-
software [6]. The new European Standard [7],[8] gives 
reference motor losses which are equal to IE2-class motors 
added with 25 % of harmonics losses created by PWM-supply. 
We are still waiting for the official standard IEC 60034-2-3 
[9] and there still exists arguing about what should be the 
correct operational point for a PWM-fed machine type testing. 
Here, 400 V converter input voltage is used. It equals the 
motor nominal voltage and it is the most used voltage level in 
European industrial applications and gives the most realistic 
loss results in the case of converter fed induction motors. A 
problem, however, is related to this voltage supply; because of 
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TABLE I 
TEFC MOTOR PARAMETERS FOR DELTA CONNECTION 

Variable Value 
Power,  (kW) 37 
Current,  (A) 65.4 
Voltage,  (V) 400 
Torque,  (Nm) 239 
Frequency,  (Hz) 50 
Speed,  (rpm) 
Efficiency,  (%) 

1482 
94.9 (IE3) 

 



0278-0046 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2555278, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 
the voltage drop and the modulation principles the motor will 
operate in field weakening at its rated 50 Hz frequency in 
converter supply. 

II.  STANDARD LOSS SEGREGATION 
According to [4] induction motor losses can be divided in 

five parts; stator copper losses, rotor copper losses, iron losses, 
mechanical losses and additional load losses. These loss 
components can be denoted as “conventional” or 
“standardized” loss components and the additional load losses 
includes all other losses that cannot be modelled using the 
analytical equations. These conventional loss components 
cannot be considered as an absolute truth, but the calculation 
procedure is well known, generally accepted and understood 
in the community of electrical machine experts. In the 
following, all the quantities are assumed to represent steady-
state values at the end of the heat-run rest, if not mentioned 
otherwise. 

A. Stator copper losses 
The stator copper losses are calculated according to the IEC 

norm by using the test resistance H and current H values  
 

= 1.5 H H = 3 H, (1) 
 
where H is the stator phase current and H is the winding line-
to-line resistance. Naturally this gives the same result as the 
latter part with the phase resistance Rph. There are a few 
different ways to determine the test resistance, but according 
to IEC it is the DC-resistance of the stator winding at the 
temperature equal to thermal equilibrium reached at the end of 
the heat run test. This indicates that according to IEC norm 
skin- and proximity-effect-caused losses are included in the 
additional load losses. In the case of a PWM-fed machine a 
better approximation could be achieved by using AC-
resistance instead.  

B. Rotor copper losses 
The rotor winding losses are slip ( ) related and are 

typically calculated with the well know equation 
 

r = ( 1 s Fe) , (2) 
 
where 1is the electric input power,  is the stator winding 
losses, Fe is the iron loss from the no-load test and s is the 
slip. This equation has an inherent mistake in itself as it 
ignores the additional losses, which naturally are included in 

1. The mistake is, however, negligible as the slip s as the 
multiplicator of the small error is also small.  

C. Iron losses and mechanical losses 
The constant losses are defined by subtracting the stator 

resistive losses s,0 from the electric input power 0 during the 
no-load test 

c = 0 s,0 = fw + Fe (3) 
 
that is equal to the friction and windage losses fw and iron 
losses Fe. The friction and windage losses are calculated from 

four or more constant loss points between approximately 60 % 
and 30 % of voltage by developing a curve against no load 
voltage squared ( ) and extrapolating to a zero voltage. The 
iron losses are calculated using the no-load test voltage points 
from 90% to 110% of rated voltage.  A curve of         
 

Fe = c fw (4) 
 
against no load voltage ( 0) is created. The iron losses are 
determined in the inner voltage point i that takes the resistive 
voltage drop in the primary winding into account and is 
calculated as 

i = cos + sin . (5) 

Naturally, (5) is, in theory, valid for sinusoidal supply and 
ignores the frequency effects on the phase resistance. In a 
typical case the stator resistance per-unit value is in the range 
of 0.02. If the resistance factor is small the mistake made here 
in the inner voltage is also negligible, typically less than 1 %.  

One of the problems in the comparison of the calculated 
and measured losses is how to determine the mechanical 
losses accurately [10]. The mechanical losses are dependent 
on complicated aerodynamic friction phenomena [11] which 
depend on the rotational speed. Also the amount of lubrication 
grease in the bearings has an impact. Friction losses tend to 
vary as a function of time. Mechanical losses are temperature 
dependent as has been shown e.g. in [12]. The mechanical 
losses are removed from the measured losses and we can 
assume that they remain constant because the temperature and 
rotational speed of all analyzed points are relatively close to 
each other. Here, the value of 152 W is used for friction and 
windage losses and can be considered a as a “hot machine” 
value [12]. The loss has been calculated based on the 
retardation test.  

D. The additional load losses  
The additional load losses are often referred as “not clearly 

known” losses that include e.g. the extra losses caused by the 
current linkage harmonics created by stator windings, 
permeance harmonics produced by stator and rotor slots, 
saturation harmonics from core laminations and the extra 
losses caused by the difference of AC and DC resistance. In 
the IEC standard the additional load losses are evaluated 
calculating the residual loss ( Lr) at each load point of the 
load curve test.  

 
Lr = s r Fe fw, (6) 

 
where  is the mechanical shaft power. The residual losses 
are expected to be a function of torque squared and the 
additional loss value is obtained using the linear regression 
analysis. There are a few different methods to determine the 
stray losses experimentally, but the results obtained with 
different methods are not in good agreement [13]. 

III. MODULATION METHODS 
Different converter power-stage switches’ modulating 

methods produce different kinds of voltage waveforms and 
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spectra to the motor terminals. Various different modulation 
methods have been proposed in the literature and good 
explanations of the modulation methods can be found e.g. in 
[14] and [15]. Here, three commercial converters that utilize 
the three different modulation methods were used. The three-
phase voltage waveforms were captured and true IGBT 
switching instants were extracted from the data to compare the 
motor losses against the true switching frequency. Here we 
have to distinguish between the terms carrier frequency and 
switching frequency. The switching frequency is the number 
of the switching instants at some time interval and the carrier 
frequency is the fixed frequency that defines the potential 
switching instants. In the carrier based modulation the carrier 
frequency is therefore the maximum switching frequency and 
true switching frequency is often smaller than that. The 
modulation or control methods are denoted here as 1: direct 
torque control (DTC), 2: space vector modulation (SVM) and 
3: symmetrical two-phase modulation (DPWM). The methods 
are introduced here only briefly. The measured voltage and 
current waveforms are shown in Fig. 1 in the time domain and 
in the Fig. 2 in the frequency domain from the motor nominal 
load point. Since the focus in this paper is not on the 
modulation methods, the converter is denoted here only as a 
voltage supply for motor. It can be examined from Fig. 1 that 
the SVM and DPWM modulators creates very similar 
waveforms in this operating point. The motor terminal voltage 
is also shown in the stator coordinates to show the modulation 
depth and modulating waveform, Fig. 2. The measured stator 
voltage is filtered only for illustrative purposes with a 4th order 

low-pass filter with a cut off frequency of 500 Hz to reveal the 
modulation waveform. The 500 Hz cut off frequency may not 
be optimal, but that is used also in [5] and when the same 
filtering frequency is used for all methods, it is valid for 
comparison. The filtered voltage waveform in stator 
coordinates can be used to compare the state of the machine 
with different voltage supplies. When observing the total 
losses of the machine in Fig. 4, it can be seen that a higher 
fundamental voltage leads to lower losses and the role of the 
voltage harmonics is actually minor. It can be easily seen in 
Fig. 2 that the DTC converter produces the lowest amplitudes 
for low level (up to 10) harmonics in this case. The data in the 
frequency domain is calculated using DFT with a rectangular 
window that is synchronized with the fundamental frequency 
[16].  

A. Direct Torque Control (DTC) 
Direct torque control (DTC) is one type of PWM control 

strategy which can be considered as an alternative for vector 
control technique. DTC was proposed for AC drives by 
Depenbrock and Takahashi in the 1980s [18], [19]. It has the 
advantages of fast torque response, simple design and 
robustness against motor parameter variations. The variable 
switching frequency and high torque ripple may be in some 
cases regarded as drawbacks of the classical DTC. Direct 
torque control has been a topic of numerous scientific works 
over the past two decades; the switching frequency of the 
DTC is analysed in [20] and [21].  Numerous improvements in 
the classical DTC have been proposed for instance in [18]-
[27]. From the harmonic loss analysis point of view, the DTC 
is a really interesting control method, since it does not have a 
constant switching frequency similar to the more commonly 
used carrier based methods, such as the SVM. Also, the fixed 
time step realization used here with 25 µs time steps gives the 
upper limit of 40 kHz to the frequency band of the electric 
power that has to be observed. The main principle of the DTC 
is to control the torque and the modulus of the stator flux 
linkage directly by controlling the inverter switches using the 
outputs of the hystereses comparators and selecting the correct 
voltage vector from the optimal switching table [28]. The 
estimate of the stator flux linkage vector s,est is calculated 
with the integral  

s,est = ( s s)d , (7) 

where  is the voltage and s is the measured current vector. 
The calculation is performed in a two-axis reference frame 
fixed to the stator coordinates. The estimate of the 
electromagnetic torque is calculated from the estimated flux 
linkage components and the measured stator currents in the 
reference frame as 

e,est =
3
2 s s s s  

(8) 

In the DTC there is no fixed switching frequency but the 
average switching frequency is controlled with flux linkage 
and torque hysteresis bands. The hysteresis bands are 
controlled by the reference switching frequency to achieve the 
desired average value. In the DTC, there is no predetermined 
switching pattern either, and the harmonic contents of the 
voltages is not known beforehand. The difference between 

 
(a) 

 
(b) 

 
(c) 

Fig.  1. One fundamental wave period of the measured current (left 
axis) and line-to-line voltage (right axis) waveforms as a function of 
time in the motor nominal load point (a) Direct torque control (b) Space 
vector modulation. (c) Symmetrical two-phase modulation.  
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standard PWM methods and the DTC lies in the switching 
mode; in the classical PWM, the switching follows a 
sequential pattern, while in the DTC method, the switching is 
controlled by torque and flux linkage errors. As a result, the 
DTC method should ensure simultaneous minimization of 
both the pulsation and switching frequency. The above 
features are necessary to improve not only the technical 
properties of the drive (i.e. decrease of speed pulsation) but 
also its economic characteristics, as the switching frequency 
influences the power losses, and hence, the inverter efficiency. 

B. Space Vector Pulse Width Modulation  
The space vector modulation (SVM) is one of the 

modulation techniques that are used together with vector 
control. SVM can be considered as a standard for switching 
power converters [29]. In the space vector PWM the output 
voltage vector ( )can be written as  

 
( ) = + + + , (9) 

where the t are the turn-on times of the vectors,  is the 
sampling time and subscripts 0 and 7 refer to zero vectors and 
a and b in the two adjacent voltage vectors in an arbitrary 
sector. Diverse SVPWM-schemes can be produced by 
distributing the zero vectors with certain ways. Here, the most 
common modulation is used where the zero vectors u0 and u7 
are both used in one switching sequence and distributed 
evenly [30]. The zero vector is chosen based on the least 
number of switchings to produce the corresponding zero 
vector. 

C. Symmetrical Two-Phase Modulation 
The vector control is also utilized with the symmetrical two 
phase modulation. That is one of the discontinuous modulation 
methods (DPWM).  Some references denote the modulation 
method as DPWM1 method. In symmetrical two-phase 
modulation to avoid unnecessary switchings and to improve 
the converter efficiency, one of the three phases is clamped by 
60 degrees either to the lower or upper DC bus, and only two 
phases are switched. In theory, the two-phase modulation 
provides a 33 % reduction in the effective switching frequency 
and switching losses compared with the standard SV-PWM. 
The modulation method has a high current harmonic content at 
a low modulation index.  

IV. MEASUREMENTS 
The experimental tests were performed using the state-of-

the-art equipment and a computer aided data acquisition with 
truly digital communication. The measurement data is directly 
read from the measurement instrument in digital format 
without any additional conversions. The electrical input power 
was measured with Yokogawa PZ4000 power analyzer which 
was equipped with a 500 kHz bandwidth Zero-Flux current 
measurement system and the mechanical power was gathered 
with HBM T12 torque transducer using CAN-bus. The total 
measured losses with the three different modulation methods 
are presented in Fig. 4 together with sinusoidal supply losses. 
It can be examined that the absolute wattage difference is 
increasing between the sinusoidal and PWM-supply when the 

load is increased. The motor losses are very close to each 
other with all three modulation methods. The truly utilized 
switching frequencies are gathered in Table II. In Fig. 3 the 
THD50 that includes the first 50 harmonics values of the 
voltage and current are given. The THD values of the 
measured voltage and current waveforms in the different load 
points in Fig 3. are calculated according to “IEEE Standard 
519 – IEEE Recommended Practice and Requirements of 
Harmonic Control in Electric Power Systems” [31] and are 
scaled with a fundamental wave amplitude. It can be examined 
from Fig. 3 that the voltage THD values of the both carrier 
based modulation methods are very close to each other and the 
THD of the DTC voltage is much higher than the ones with 

 
(a) 

 
(b) 

 
(c) 

Fig.  2. The measured voltage waveforms presented in frequency 
domain (left) and in the stator coordinates (right). (a) Direct torque 
control. The fundamental RMS phase-voltage value is 212.1 V. The 
round locus shows that DTC keeps the voltage fairly sinusoidal. The 
spectrum is spread over a wide frequency band that is typical for 
stochastic DTC-modulation. (b) Space vector modulation. The 
fundamental phase voltage RMS value is 219.4 V. The carrier 
frequency and side bands are seen from the spectrum. (c) 
Symmetrical two-phase modulation. The fundamental phase voltage 
RMS is 225.3 V. The carrier frequency and its side bands are seen in 
the spectrum. Both latter modulation methods go in overmodulation 
resulting in more or less hexagonal voltage loci. 
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carrier based modulation.  The current THD values are at the 
maximum with 25 % of the load and they are decreasing as the 
load is increased.      

 It is easily seen in Table II results that even when in the 
carrier based modulation carrier frequency is 4 kHz, in reality 
the number of switching instants are far away from 4 kHz, 
near 2 kHz or lower.  The theoretical value for PWM is 4 kHz 
and DPWM 2.66 kHz but when there is not enough voltage to 
be utilized, the short periods in the switching pattern are not 
realized. Therefore, there are switching patterns that include 
only one active vector instead of two active vectors and zero 
vector. Overmodulation is the main explanation for the low 
switching frequency compared to the carrier frequency.  It can 
be seen from Fig. 1. that there are long periods without any 
switching instants. On the other hand, in DTC the average 
switching frequency is controlled with the torque and flux 
hysteresis bands and therefore it is almost constant with all 
loads. The consequence of switching frequency can be also 
seen from the right column Fig. 2. with DTC and with 
remarkable higher true switching frequency the modulating 
waveform looks more circular than with the carrier-based 
modulation and lower switching frequency. When examining 
the voltage spectra in the Fig. 2 and the overall losses in Fig. 
4, it can be concluded that when the motor is fed with very 
different waveforms, but still the losses can be very close to 
each other. 

V.  NUMERICAL SIMULATIONS 
The motor is simulated with a 2-D FE model based on a 

magnetic vector potential formulation. The FE mesh with 2nd 
order triangular elements is shown in Fig. 5 (a). The field 
equations are coupled to circuit equations of the stator 
windings. The rotor cage is modelled by choosing the bar 
potential differences as the state variables and writing circuit 
equations for the bars and the end-rings (p. 40-44 of [32]). 
Analytical methods have been used to estimate the stator end-
winding inductance as well as the inductance and resistance of 
the rotor end ring (p. 80-81 of [33]). The stator winding is 
supplied with the measured voltage waveforms, and the stator 
current and current density of the rotor bars are solved 
together with the field. The stator copper losses are calculated 
from the phase currents using the measured stator winding 
resistance and temperature. Otherwise, the FEM model is not 
tuned, but the same calculation parameters are used for all 
modulation methods. However, individual stator winding 
strands are not modelled and thus possible conductor skin 
effect or losses caused by circulating currents are not included 
in the solution. In a winding manufactured of round enamelled 
wires with small diameter this is not a large source of error. 

The iron losses are included in the FE solution using the 
method described in [34]. The loss model is based on solving 
the flux-density distribution in the thickness of the core 
laminations taking into account the skin effect of the eddy 
currents. The model is able to describe the arbitrary time-
variation and rotation of the flux-density vectors in the core. A 
single valued BH-curve is used during the simulation, and the 
hysteresis and excess losses are calculated in the post 
processing using a vector Preisach model and a dynamic 
excess-loss model. The magnetization curves used for the core 
material are given in Fig. 5 (b).  

VI. RESULTS AND DISCUSSION 

A. Total Losses 
The measured and simulated total electromagnetic losses 

are compared in Fig. 6. With DTC supply, the simulated and 
measured total losses correspond well in Fig 6 (a). Slightly 
lower losses can be observed in the simulations at no-load 
condition and with the 25 % load, but with higher loads the 
simulated losses match well with the measured ones. Very 
similar behaviour is observed at PWM supply in Fig. 6 b). 

TABLE II 
THE TRUE SWITCHING FREQUENCIES (HZ) OF THE ANALYZED WAVEFORMS. 

Load DTC PWM DPWM 
115% 2985 1735 1554 
100% 2980 1744 1582 
75% 3005 1675 1524 
50% 2986 1644 1540 
25% 2993 1600 1494 
0% 2999 1998 2007 

 

Fig.  3. THD values of the measured voltage and current with different 
PWM supplies as a function of motor load. 

 
Fig.  4. Overall measured losses of the 37 kW induction machine with 
different modulation methods compared to sinusoidal supply. The 
overall losses includes the friction and windage losses. 



0278-0046 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2555278, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

As seen in Fig. 6 c), at DPWM supply, the simulated and 
measured total losses are less coherent than with the DTC or 
PWM supply. Also, in this case the simulated losses are 
greater than the measured ones in the no-load and low load 
points. It should be pointed out that the same measurement 
protocol with the same measurement instruments and settings 
were used in all measurement points and from the 
measurement accuracy point of view, the DPWM supply is the 
most demanding one. 

In the following sections the different components of the 
motor losses are analyzed. The measured losses are segregated 
by using the equations presented in Section II and they are 
compared with the components obtained with FEM analysis. 
The results of the analytical equations based on measured 
results are labeled in the Figs. 6 to 9 with “Anal.” and the 
results obtained with finite element analysis with “FEM”. 

B. Stator Losses  
The stator copper losses are related to the resistance value 

of the stator winding and RMS current flowing in the 
windings and they should remain almost similar with all 

 
(a) 

(b) 

Fig.  5. (a) The 2nd-order FE mesh and (b) magnetization curves 
used in the simulations. 
 

 
(a) 

 
(b) 

 
(c) 

Fig.   6. Comparison of the measured and simulated total 
electromagnetic losses with (a) DTC, (b) PWM and (c) DPWM 
supplies. The measured total electromagnetic losses is obtained by 
subtracting the mechanical output power and the friction and windage 
losses of 152 W from the electric input power. 
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voltage supplies. The determined stator copper losses are 
given in Fig 7. The torque producing fundamental voltage 
amplitude applied to the motor terminals is smaller in the 
converter supply than with the sinusoidal supply, and thus the 
stator current and the stator copper losses are higher. The 
measured stator copper losses are calculated by using the 
corrected DC-resistance value according to the measured 
winding temperature and measured current. To get a more 
realistic approximation for the Joule losses, the AC-resistance 
should be used. The AC resistance can be calculated using 
different methods [35] and would allow accounting for the 
variation of the resistance due to the proximity and skin 
effects in the copper losses [36]. However, a winding 
manufactured with thin round enameled wires does not have 
significant extra AC-losses at these frequencies. 

C. Iron Losses 
We can assume that the magnitude of the conventional iron 

losses (traditional iron losses that are related to the 
fundamental wave magnetic flux) is similar with sinusoidal 
supply and with PWM-supply. The term conventional iron 
loss is very well explained in [37]. The measured and 
simulated iron losses are shown in Fig.  8. The measured iron 
losses are defined based on measured fundamental wave 
voltage at each load point. The increased measured iron losses 
due to PWM-supply will be considered in the residual losses 
part. The total iron losses calculated with the FE model 
increase with the loading, which supports the conclusions 
drawn in [38]. When the iron losses are determined in the 
inner voltage point according to IEC with a sinusoidal supply 
equal the motor rated voltage, the iron losses would be 425 W 
(labelled “IEC” in Fig. 8). The measured fundamental wave 
iron losses are decreasing as the fundamental wave voltage is 
decreasing due to increased resistive voltage drops in the 
converter with higher loads. The simulated iron losses behave 
very similarly with all the voltage supplies, even though the 
voltage spectrum is very different for DTC and carrier based 
modulation (Fig. 2.). The simulated iron losses are much 
higher than the analytically calculated based on measurements 
as expected, since the losses simulated with FEM include also 
the iron losses created by harmonics due to PWM. In the 
nominal load point the simulated iron loss is around 640 W 
which is 50 % higher than with sinusoidal supply according to 
IEC. The high increase in losses with converter supply can be 
a result of the high leakage reactance that are a result of the 
motor high-efficiency design.   

D. Rotor Joule losses 
The rotor winding Joule losses are formed by the currents 

in the aluminum rotor cage. The magnitude of the inductive 
current in the rotor depends on the rotor slip. The time 
harmonics in the air gap flux produce additional current 
components that create additional losses with distorted voltage 
waveforms. The measured and simulated rotor Joule losses are 
compared in Fig. 9. The measured rotor copper losses are 
overall smaller than the simulated ones. The measured rotor 
losses calculated based on analytical equations covers the 
extra losses that are due to the increased slip caused by extra 

losses and temperature rise in the rotor due to PWM but it 
does not include the harmonic losses that based on increased 
harmonic loss components in the air-gap flux. Small amount 
of rotor Joule losses are observed in results obtained with 
FEM even in the no-load condition. The analytical equations 
are based on the assumption that the rotor current is negligible 
but FEM calculation is based on more realistic condition 
where small loss producing current is flowing in the rotor bars. 

E. Additional load losses 
The additional losses are the part of the motor losses that 

are not included in other loss components. In finite element 
analysis there is no loss component that can be considered as 
“non-modelled” losses, since all losses are based on loss 
models that describe a certain phenomenon. The difference 
between the sum of all simulated loss components and 

Fig.   7. Stator copper losses calculated analytically based on the 
measurement results and simulated with FEM.  

Fig.  8.  Iron losses. The analytically calculated values include only 
the fundamental wave iron losses. The simulated values with FEM 
include the hysteresis, eddy current and excess losses. The 
difference between analytically calculated losses and the losses 
obtained with FEM can be considered as additional harmonic losses 
in the iron core caused by PWM- supply. The IEC labelled point 
shows the standard sinusoidal supply iron losses determined 
according to IEC 600034-2-1.     
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measured total losses and analytically calculated residual 
losses using measured values are presented in Fig. 10.    

VII. CONCLUSIONS 
The results here are based on only a single four-pole, 400 V, 

37 kW motor and further studies have to be performed to 
obtain a commonly accepted way to determine and 
characterize the additional harmonic losses created by a 
PWM-supply. The conventional loss components can be used 
to roughly estimate where the losses of the induction motor 
take place. The additional load loss component can be 
considered to include all the losses that are not included in the 
other conventional loss components and also the PWM-
created losses should be included in this part. When 
comparing the different modulation methods the switching 
frequency should be carefully analysed not to draw 
inconsistent conclusions based on wrong assumptions.  The 50 
Hz point is a rather complicated operating point for converter 

fed induction motor analysis and several factors are affecting 
the overall losses. Here, fixed converter input voltage was 
used and due to minor technical differences between the three 
converters that were used,  the fundamental wave voltages of 
the different modulation methods are not same and the results 
here cannot be directly use to rank the modulation methods. 
Based on the results in this paper, in type testing of the motors 
different modulation methods could be accepted since the loss 
tolerance of the IEC-efficiency classification is 15% (10% for 
larger machines) and generally speaking the effect of the 
modulation method on the motor losses is marginal. When 
considering the measurement accuracy of the different 
measurement systems that are used in the industry we cannot 
even expect that the few percent loss increase can be 
absolutely detected from the measurement results. The FE 
model gives convincing results and it can be rather easily used 
to extrapolate, interpolate and to segregate the motor losses in 
components.   
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