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Abstract: This paper investigated the losses and thermal characteristics  
of induction motors operated from pulse width-modulated (PWM) voltage 
supply in comparison to that operated from sinusoidal voltage supply. It was 
concluded that due to the abundant harmonics in the PWM waveforms, 
significant losses are induced in the motor by the inverter supply. The 
temperature ascends correspondingly. Switching frequencies of the PWM 
inverter at 3.5 kHz to 9 kHz were investigated to evaluate their effect on the 
excessive losses. Experiments were conducted with no load and with load 
conditions. The losses and thermal characteristics were calculated using  
finite-element analysis (FEA) and validated by the experiments. 
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1 Introduction 

The induction motor design requires a reliable estimation of the losses and corresponding 
temperature-rise, especially when the induction motor is driven by a pulse  
width-modulated (PWM) inverter (Uddin and Nam, 2008; Park et al., 2008; Bradley  
et al., 2008; Roshen, 2007; Yang et al., 2007). Inverter driven induction motors provide 
many advantages, such as wide speed range, and large torque capability over a wide 
speed range, etc. However, the abundant high frequency harmonics in the output voltage 
of the PWM inverter will induce additional losses (Liu et al., 2008; Khluabwannarat  
et al., 2007; Boglietti et al., 2010; Adley et al., 2008; Lee et al., 2004; Thammarat et al., 
2005; Cao et al., 2010). These additional losses can be significant and are present in  
the stator winding, stator core, and rotor core. These losses further increase the 
temperature-rise within the induction machine (Mendes et al., 2008; Demetriades et al., 
2010; Karagol and Bikdash, 2010). Consequently, the motor de-rates in performance. 
Therefore, the optimal design of an induction motor requires the consideration of thermal 
characteristics that provides improved efficiency and power density (Boglietti et al., 
2002; Benhaddadi et al., 1997; Boglietti et al., 1994). 

Previous studies have showed that the losses in an induction motor would increase 
when the motor is driven by PWM inverter. This paper performed a quantitative study on 
an induction motor. This paper investigates the losses and corresponding thermal 
characteristics of an induction motor driven by a sinusoidal and a PWM supply, 
respectively. The no load and loaded induction motor losses are first computed and 
analysed by using a time-stepped finite-element method (FEM). The losses of concern 
are copper losses in the windings and iron losses in the stator and rotor cores. The impact 
of the inverter on losses and thermal performance between the aforementioned two 
conditions is presented. Furthermore, switching frequencies of the PWM inverter are 
investigated to evaluate their effect on the losses. An equivalent thermal model was 
obtained including all the sources of losses in the motor. Using such a model the 
temperature profile of the motor is drawn from the FEM simulation. Experiments were 
carried out to validate the calculations on a 3 hp induction motor with a PWM inverter 
and a three-phase sinusoidal voltage source. 

2 Harmonics in the PWM supply 

PWM inverters are used widely to operate electrical motor. The rich harmonic contents in 
the output voltage of the PWM inverter induce additional losses in the motor. The bipolar 
PWM inverter induces more iron loss than unipolar PWM inverter (Khluabwannarat  
et al., 2007). 
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Figure 1 shows the basic principle of unipolar PWM. The output voltage can be 
written as follows (Halasz et al., 1996): 
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and 

V = ±Km + n >0 the order of harmonics 

ω1 angular velocity of the fundamental component 

t time 

A amplitude of the reference wave (A ≤ 1) 

K = 2, 4, 6 positive even integer 

n = ±1, ±3, ±5 positive or negative odd integer 

Jn first-kind Bessel function of the n order 

m ratio of the frequencies of the carrier and reference waves 

φ angle between the carrier and reference waves. 

The output voltage of bipolar PWM contains the fundamental voltage, carrier  
frequency-related harmonics and other high frequency harmonic voltages. The general 
Fourier series of the output voltage is given as (Liu et al., 2008), 

( ) ( )
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n n n
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= = + = +∑ ∑ ∑  (3) 

where ω is fundamental angular frequency, n is the order of harmonics, Vn is the 
amplitude of the nth harmonic, an and bn are the Fourier coefficients, φn is the phase angle 
of the nth harmonic. 

Figure 1 Unipolar PWM 
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The bipolar PWM output wave contains carrier frequency-related harmonics with 
modulation frequency-related sidebands represented as mfc + nf1, where m and n are 
integers and the sum of the integers is an odd integer, fc is switch frequency and f1 is 
reference wave frequency. Compared with bipolar PWM, equation (1) shows that 
unipolar modulation technique does not produce harmonics of the order Km (K is odd 
integer) or harmonics with orders Km ± n (K is odd integer). This results also can be 
apparently observed from Figure 2, which shows the harmonics spectrum of two PWM 
output voltages for f1 = 60 Hz, fc = 6,000 Hz and amplitude modulation ratio M = 0.9. 
Therefore, in this paper the unipolar PWM is used to drive the induction motor. 

Figure 2 Harmonic spectrum of PWM vaveforms, (a) bipolar PWM (b) unipolar PWM  
(see online version for colours) 
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3 Test motor and experiment bench 

The experiment was carried out on a 3 hp induction motor. The motor is a four-pole,  
60 Hz, 208 V, Y-connected, three-phase induction motor. Figure 3 shows the  
cross-section of the machine. The machine has a double layer three-phase stator winding, 
36 slots in the stator and 24 slots in the rotor. 

Figure 3 Experimental induction motor (see online version for colours) 
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The experiment bench is shown in Figure 4, which includes the power supply, a unipolar 
frequency converter, power analyser, induction motor, DC generator, and DC electronic 
load connected to the output of the DC generator. The solid line shows the induction 
motor is operated by the sinusoidal supply directly and the dotted line means the motor is 
driven by the PWM inverter. The power analyser is used to capture the line voltage and 
phase current. 

Figure 4 Experiment bench (see online version for colours) 

 

The input power of the induction motor can be obtained directly from the power analyser. 
Both no load and load tests were performed. Moreover, no load tests with a fundamental 
frequency of 60 Hz and switching frequency ranging from 3.5 kHz to 9 kHz were carried 
out to evaluate the influences of switching frequency on the additional losses. 

4 Numerical simulation 

To understand the mechanism of the additional losses, a two dimensional (2D) FEM was 
developed to compute the losses depicted in Figure 3. And a three-dimensional (3D) 
FEM model was also set up to estimate the thermal profile within the motor, as shown in 
Figure 5. 

Figure 5 Thermal model (see online version for colours) 
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4.1 Sinusoidal supply 

The values of the sinusoidal voltage waveform and torque used for the experiments are 
also used in the 2D finite-element analysis (FEA) model for loss calculations. The losses 
in the stator winding, stator iron, rotor iron can be obtained through the 2D FEA directly. 

4.2 Thermal simulation 

The losses are assigned into individual components of the machine thermal model to 
estimate the temperature-rise of the machine. In order to develop an accurate thermal 
model, the conduction, convection, and radiation behaviour within the machine were 
considered. 

5 Comparison between empirical and simulation results 

The simulated iron losses are described in Figure 6 and Figure 7 for sine and PWM 
supply respectively and concluded in Table 1. The iron loss with load condition is twice 
the iron loss at no load operation with a sinusoidal supply. When driven by the inverter, 
the iron loss with a load is 1.5 times greater than the iron loss with no load. 

Figure 6 Iron losses from simulation for sine supply, (a) no-load (b) with-load (see online 
version for colours) 
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Figure 7 PWM losses from simulation, (a) no-load (b) with-load (see online version for colours) 

 
(a) 

 
(b) 

Table 1 Losses from simulation 

No-load (W) Load (W) 
 

PWM Sine 

 

PWM Sine 
Iron loss 88.5 53.9  130.0 118.6 
Copper loss 139.5 50.1  150.1 113.7 

All the losses from experiments are shown in Table 2. Under no load operation, the iron 
loss with PWM supply is 104 W, a 48.2 W increase over the iron loss when operated 
from sinusoidal supply (55.8 W). However, when the motor is attached to the load, 
additional iron losses are induced by the harmonics in the PWM supply, with iron loss at 
139.1 W or only 31.1 W more than the sinusoidal iron loss (108 W). 
Table 2 Losses from experiments 

No-load (W) Load (W) 
 

PWM Sine 

 

PWM Sine 
Iron loss 104 55.8  139.1 108 
Copper loss 133.7 58.8  148.9 124.5 
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The test results are consistent with the simulation results at fixed switching frequencies. 
In order to understand the impact of switching frequency on the additional losses, tests 
have been conducted using several different switching frequencies (3.5 kHz to 9 kHz) for 
the PWM inverter. The results are shown in Figure 8. The total losses decrease 
proportionally with the increase of frequency, which is consistent with prior work (Liu  
et al., 2008; Khluabwannarat et al., 2007). 

Figure 8 Loss with different switching frequencies (see online version for colours) 

 

The 3D FEM thermal model of the motor is developed as shown in Figure 5. Assigning 
all the losses into the 3D FEM model and setting the necessary boundary conditions, the 
temperature profile of the motor is obtained after simulation. Figure 9 shows the 
temperature distribution in stator with no load in sine supply. Table 3 and Table 4 show 
the entire temperature of the motor from simulation and measurement. Infrared radiation 
thermometers are used to measure the temperatures at points 1 to 7. The locations of test 
points are shown in Figure 10 except point 1, which is in the centre of outer surface of 
housing. 

Figure 9 Temperature distribution in stator (see online version for colours) 
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Table 3 Temperature profile with no load 

Experiment (°C) Simulation (°C)  

Sine PWM 

 

Sine PWM 

point 1 31.4 40.9  30.3 37.3 
point 2 36.9 42.4  34.7 38.7 
point 3 38.2 47.1  35.6 45.6 
point 4 39.5 52.7  36.3 49.3 
point 5 40.2 51.1  43.3 47.3 
point 6 39.6 49.7  34.4 45.4 
point 7 50.8 55.7  53.6 53.6 

Table 4 Temperature profile with load 

Experiment (°C) Simulation (°C)  

Sine PWM 

 

Sine PWM 
point 1 34.2 41.8  32.7 37.7 
point 2 41.4 47.8  37.9 42.9 
point 3 47 52.8  44.6 50.6 
point 4 50.8 57.2  49.7 53.7 
point 5 60.5 63.9  55.5 56.3 
point 6 59.9 63.3  52.3 55.3 
point 7 67.6 71.7  63.6 66.7 

Figure 10 Inside view of the experimental motor (see online version for colours) 

Point 2Point 3

Point 4Point 5Point 6Point 7
 

It can be seen from Table 3 and Table 4 that the temperature-rise of the induction motor 
is significantly higher when driven by PWM inverter than driven by sinusoidal power 
supply. It therefore concludes that for induction motor design, it is important to consider 
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the additional losses generated due to the harmonics in the PWM supply and possible 
excessive temperature-rise inside the machine. Extra caution needs to be given to 
applications which experience wide ambient temperature ranges, such as the ones used in 
hybrid electric vehicle. 

6 Conclusions 

In this paper, the impact of an inverter on the losses and thermal characteristics of 
induction motors has been investigated. The PWM supply induces additional losses, 
which were manifested as a temperature-rise within the motor. Furthermore, the 
proportion of losses due to the PWM harmonics experiences a reduction from no load to 
load operation. The overall losses slightly decrease as higher switching frequencies in the 
PWM supply are adopted. The temperature-rise due to the additional losses is substantial 
compared to the machine operated from sinusoidal sources. We hope to provide some 
guidelines in induction motor design through the investigation of this paper when 
considering the loss and thermal issues. 
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