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Abstract
This paper deals with the effect of voltage subharmonics on power losses and heating of an induction motor. 
An increase in power losses in stator and rotor windings and their impact on windings temperature is presented 
for subharmonics of various frequencies. The results of this study’s investigations are provided for subhar-
monics occurring as a single power quality disturbance and combined with voltage deviation. The appropriate 
electromagnetic computations were performed with the finite element method, and thermal ones – with an 
analytical method.

Introduction

In a power system, miscellaneous power quality 
disturbances occur, exerting a noxious effect on var-
ious elements, including induction motors (de Abreu 
& Emanuel, 2002; Tennakoon, Perera & Robinson, 
2008; Gnaciński, 2009; Sürgevil & Akpnar, 2009; 
Emanuel, Langella & Testa, 2010; Zhao, Ciufo 
& Perera, 2014; Ghaseminezhad, Doroudi & Hos-
seinian, 2016; Gnaciński & Pepliński, 2016; Ghase-
minezhad et al., 2017a; 2017b; Gonzalez-Cordoba 
et al., 2017; Zhao et al., 2017; Ghaseminezhad et 
al., 2019; Gnaciński, Hallmann & Pepliński, 2018; 
Zhang, An & Wu, 2018; Gnaciński et al., 2019). 
One of the most detrimental power quality distur-
bances is voltage subharmonics (subsynchronous 
interharmonics) – voltage components of frequency 
less than the fundamental one. Voltage subharmon-
ics disturb work of synchronous generators, light 
sources, transformers and control systems (Sürgevil 
& Akpnar, 2009; Emanuel, Langella & Testa, 2010). 
In induction machines, voltage subharmonics can 

result in the local saturation of a magnetic circuit, 
fluctuations of electromagnetic torque and rotation-
al speed, an increase in currents and power loss-
es, windings overheating, thermal loss of life and 
vibrations (de Abreu & Emanuel, 2002; Gnaciński, 
2009; Sürgevil & Akpnar, 2009; Emanuel, Langel-
la & Testa, 2010; Stumpf et al., 2010; Ghasemine-
zhad, Doroudi & Hosseinian, 2016; Ghaseminezhad 
et al., 2017a; 2017b; Ghaseminezhad et al., 2019; 
Gnaciński, Hallmann & Pepliński, 2018; Gnacińs-
ki et al., 2019). It should be noted that even seem-
ingly inconsiderable subharmonic contamination 
may exert a harmful effect on induction motors. For 
example, according to de Abreu & Emanuel (2002), 
a voltage subharmonic of value and frequency equal 
to 0.25% and 10% of the fundamental voltage com-
ponent, could reduce the operational life of 100-HP 
induction machine by 17%. Further, a voltage sub-
harmonic of value 0.2% may result in excessive 
vibration level (Gnaciński et al., 2019).

Voltage subharmonics originate from work 
of non-linear receivers, such as arc furnaces and 
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inverters (Bolen & Gu, 2006; Sürgevil & Akpnar, 
2009; Basic, 2010; Soltani et al., 2017; Soltani et al., 
2018). They are also produced by renewable sourc-
es of energy (Bolen & Gu, 2006; Agrawal, Mohanty 
& Agarwal, 2015; Karimi et al., 2016; Kovaltchouk 
et al., 2016; Xie et al., 2017; Elwira-Ortiz et al., 
2918). Additionally, significant values of subharmon-
ics can occur in the output voltage of some invert-
ers (Stumpf et al., 2010; Stumpf, Jardan & Nagy, 
2012). It should be noted that periodically voltage 
fluctuations are interconnected with the presence 
of subharmonics and interharmonics (Tennakoon, 
Perera & Robinson, 2008). Voltage fluctuations are 
caused by renewable sources of energy and work of 
high-power loads such as arc furnaces, rolling mills 
and railway traction (Bolen & Gu, 2006; Sürgevil 
& Akpnar, 2009; Xie et al., 2017). Furthermore, low 
power receivers may lead to voltage fluctuations 
(Bolen & Gu, 2006).

Although voltage subharmonics can have a harm-
ful impact on various elements of a power system, 
power quality standard does not impose a limitation 
on them. For example, in the standard EN 50160 
Voltage Characteristics of Electricity Supplied by 
Public Distribution Systems (EN 50160:2010) has 
the following statement regarding subharmonics 
(understood as subsynchronous interharmonics), 
and interharmonics as “the level of interharmonics 
is increasing due to the development of frequency 
converters and similar control equipment. Levels 
are under consideration, pending more experience.” 
Therefore, there is a need to carry out an in-depth 
investigation concerning the harmfulness of voltage 
subharmonics. The results of investigations carried 
out on an induction machine under subharmon-
ics were presented in (de Abreu & Emanuel, 2002; 
Gnaciński, 2009; Sürgevil & Akpnar, 2009; Eman-
uel, Langella & Testa, 2010; Stumpf et al., 2010; 
Ghaseminezhad, Doroudi & Hosseinian, 2016; 
Ghaseminezhad et al., 2017a; 2017b; Ghasemine-
zhad et al., 2019; Gnaciński, Hallmann & Pepliń-
ski, 2018; Gnaciński et al., 2019). However, none of 
these papers address the impact of voltage subhar-
monics on each power losses component. Moreover, 
the effect of each power losses component on wind-
ings temperature has not been analyzed. The purpose 
of this paper is to analysis power losses in stator and 
rotor windings under positive-sequence subharmon-
ics and their impact on additional machine heating. 
The presented results of investigations are based 
on field electromagnetic computations and analyti-
cal thermal calculations. The scope of this study is 
limited to low-power totally enclosed fan-cooled 

cage induction motors driving loads of high inertia 
moment.

Electromagnetic model

Electromagnetic calculations were performed 
with the finite element method. The machine mod-
el was implemented in ANSYS Maxwell environ-
ment.

The numerical computations with finite element 
method are based on the solution of the time-depen-
dent magnetic field and movement equations:
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where:
Hc – permanent magnet coercive,
v – velocity of moving part,
A – vector magnetic potential,
V – electric potential,
υ – reluctance,
Js – source current density,
J – moment of inertia,
σ – electrical conductivity,
Tmloss – torque corresponding to mechanical losses 

inside a machine,
Te – electromagnetic torque,
Tl – load torque,
β – angular acceleration.

The applied mesh consists of roughly 22,000 
elements (Figure 1). The model was identified for 
an induction cage machine type TSG 100L-4B, of 
rated power 3 kW, rated current – 6.9 A, rated rota-
tional speed – 1415 rpm and moment of inertia – 
0.0082 kg·m2. It should be noted that this motor has 
comparatively strongly saturated magnetic circuit 
and is particularly sensitive to overvoltage.

In order to validate the model, the results of 
numerical calculations are compared with empirical 

Figure 1. Applied mesh
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data. The measurement stand consists of the induc-
tion cage machine loaded with a DC generator, 
a multi-machine system for subharmonics and inter-
harmonics generation based on (Ho & Fu, 2001) and 
power quality analyzers – a PC based one and a DSP-
based power quality estimator-analyzer (Tarasiuk, 
2011), worked out in Gdynia Maritime University 
for commercial purposes and certified by Polish 
Register of Shipping. The schematic of the laborato-
ry stand is shown in Figure 2. Exemplary spectrums 
of the motor current under subharmonics, obtained 
on the basis of computations and measurements, are 
shown in Figures 3–6.
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Figure 5. Spectrum of the supply current for voltage con-
taining subharmonic of frequency 35 Hz and value 2.5% U1, 
determined on the basis of FEM calculations. The frequency 
components are related to the rated current
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Figure 6. Spectrum of the supply current for voltage con-
taining subharmonic of frequency 35 Hz and value 2.5% U1, 
determined on the basis of measurements. The frequency 
components are related to the rated current

Thermal model

Let us denote the most exposed to overheating 
winding (under-voltage unbalance) as winding 1, and 
other windings – as winding 2 and winding 3. Under 
power quality disturbances and variation of the load 
torque, the steady-state temperature of end-windings 
(winding 1) of low-power, fully enclosed fan-cooled 

supplay voltage
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Figure 2. Simplified diagram of the measurement stand
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Figure 3. Spectrum of the supply current for voltage con-
taining subharmonic of frequency 15 Hz and value 2.5% U1, 
determined on the basis of FEM calculations. The frequency 
components are related to the rated current
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Figure 4. Spectrum of the supply current for voltage con-
taining subharmonic of frequency 15 Hz and value 2.5% U1, 
determined on the basis measurements. The frequency com-
ponents are related to the rated current
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cage induction motors can be estimated (Gnaciński, 
2009; Gnaciński & Pepliński, 2016) as:
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where:
ΔTw1 – the normalized maximal end windings 

temperature rise, that is a ratio of the end 
windings temperature rise in the hottest 
point, corresponding to the real working 
conditions and the nominal conditions 
(Δϑewnom);

wi – loss weight factors (Gnaciński, 2009) 
(LWL) – the assessed contribution of each 
power loss component to Δϑewnom;

ΔPi – power loss component in the working  
point;

ΔPiN – each power loss component in the nominal 
work conditions;

Δpw1 – the relative increase in power losses 
described with (5), for copper losses occur-
ring in winding 1;

kc, kt, w0, α – coefficients described in (Gnaciński, 
2009).

Eq. (2) describes the effect of variation of wind-
ings resistance on Joule losses, which leads to an 
additional increase in temperature.

A more detailed description of the applied ther-
mal model, as well as a comparison of thermal cal-
culations and thermal test, are provided in (Gnaciń-
ski 2009, Gnaciński & Pepliński, 2016).

For purposes of this paper, the increases in the 
following power losses components were taken into 
account: an increase in power losses in rotor wind-
ings (ΔpAl), stator windings (Δpw), rotor iron (ΔprFe) 
and stator iron (ΔpFe). The mechanical losses were 
assumed constant. The values of loss weight fac-
tors were determined with the method presented in 
(Gnaciński, 2009) and given in Table 1 (partially 
based on (Gnaciński, 2009)).

On the grounds of (3), the contribution of the 
increase Δpw in the end windings over-temperature 
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Figure 7. Applied equivalent thermal network
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(caused by power quality disturbances) was assessed 
with the following expression:
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where:
Δϑad – the additional increase in end windings 

temperature rise, caused by power quality 
disturbances.

In analogical method, the contribution of the 
increase ΔpAl in Δϑad (denoted as Δϑad Al) was esti-
mated. For the paper purpose, the increase Δϑad was 
calculated on the basis of the electromagnetic field 
model presented in section 2 and an equivalent ther-
mal network (Figure 7), described in (Gnaciński, 
Hallmann & Pepliński, 2018).

Results of investigations

Figures 8–11 present the results of investigations 
on power losses and heating of an induction machine 
under subharmonics. The appropriate computations 
were carried out for the load torque of its rated value, 
voltage subharmonic equal to 2% and the moment 
of load inertia corresponding to the moment of the 
DC generator coupled with the motor – that is for 
the moment of inertia 15 times larger than the motor 
moment.

The increases in power losses in stator and rotor 
windings (Δpw, ΔpAl, respectively) are shown in Fig-
ure 8, for the fundamental voltage component equal 
to Urat. The maximal value of the increase Δpw is about 
15%, which corresponds to circa 50 W. Further, the 
increase in ΔpAl is up by roughly 20% (35 W). Both 
the increases reach the maximum for the frequency 
fsh = 15–20 Hz, while for the frequency fsh = 40 Hz 
they are below 5%. Analogical characteristics for 
10% overvoltage combined with subharmonics are 
presented in Figure 9. Generally, overvoltage leads 
to a reduction in power losses in rotor windings.  

Table 1. Loss weight factors of the investigated induction 
machine type TSg 100L-4B

Description Notation Value
LWL of rotor windings wAl 0.17
LWL of rotor iron (including stray losses) wrFe 0.03
LWL of stator windings, including:

– LWL of winding 1
– LWL of winding 2
– LWL of winding 3

ww

ww1

ww2

ww3

0.7
0.39
0.16
0.16

LWL of stator iron (including stray losses) wFe 0.08
LWL of mechanical losses wm 0.015
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Figure 8. Percent increase in power losses caused by volt-
age subharmonic of value 2% Urat; a – stator windings, 
b – rotor windings
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Figure 9. Percent increase in power losses caused by 10% 
overvoltage combined with voltage subharmonic of value 
2% Urat; a – stator windings, b – rotor windings
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Figure 10. Contribution of each power losses component in 
an additional increase in windings temperature Δϑad, caused 
by voltage subharmonic of value 2% Urat; a – power losses in 
stator windings; b – power losses in rotor windings
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Figure 11. Contribution of each power losses component in 
an additional increase in windings temperature Δϑad, caused 
10% overvoltage combined with voltage subharmonic of val-
ue 2% Urat; a – power losses in stator windings; b – power 
losses in rotor windings
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For this reason, the increase in ΔpAl is negative for 
some frequencies (Figure 9). Contrastingly, the 
increase in Δpw is up to about 45% (Figure 9).

One could expect that the increase in end wind-
ings temperature due to an increase in stator wind-
ings power losses should be proportional to its value. 
Similarly, the increase in end windings temperature 
due to an increase in rotor power losses can be 
expected too also be proportional. In the previous 
section, the relative increases in end windings tem-
perature due to an increase in power losses in wind-
ings and rotor are defined as contributions Δϑadw and 
Δϑad Al, respectively. Their values are presented in 
Figures 10 and 11 versus subharmonic frequency, 
for both considered supply conditions. For U1 = Urat 
(Figure 10) the contribution Δϑadw is up to 85% and 
for U1 = 110% Urat (Figure 11) is even greater. The 
contribution Δϑad Al does not exceed a dozen and so 
per-cent despite the fact that the increases in wind-
ings power losses and rotor power losses (expressed 
in watts) are of comparable values for U1 = Urat. 
The moderate effect of rotor power losses on stator 
windings temperature can be explained by the com-
paratively high value of thermal resistance between 
a stator and a rotor. In addition, some parts of heat 
occurring in the rotor flow out through endcap air to 
end shields and through a shaft. Consequently, the 
increase in stator windings power losses exerts a sig-
nificantly greater effect on end windings temperature 
than the increase in rotor power losses of the same 
value.

In summary, for the power quality disturbanc-
es under consideration, the investigated machine is 
overheated mostly by the increase in power losses 
in stator windings despite the fact that subharmonics 
cause a comparable increase in power losses in rotor 
windings.

Conclusions

For the investigated machine, voltage subhar-
monics caused comparable increases in power loss-
es in the stator and rotor windings. Further, in the 
voltage subharmonics combined with overvoltage, 
power losses in the rotor windings may be less than 
in nominal work conditions. For both the cases – 
voltage subharmonics occurring as a single power 
quality disturbance and combined with overvoltage 
– the reason why the machine overheated was almost 
exclusively because of an increase of power losses in 
stator windings.

The outcomes of this work should be useful 
for calculating the end-windings temperature of an 

induction machine supplied with voltage containing 
subharmonics. As power losses in rotor windings 
caused by subharmonics do not significantly affect 
stator windings temperature, rough assessment of 
this power losses component should not result in 
a decrease in accuracy of thermal calculations.
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