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Abstract: Cyclic voltage fluctuations can be considered as a superposition of the fundamental 
voltage component, subharmonic and interharmonic components – that is the components of 
frequency less than the fundamental one or not being its integer multiple. A commonly 
occurring case of voltage fluctuations is square voltage modulation. This paper deals with the 
effect of square voltage modulation on the rotational speed of an induction motor. The results 
of the FEM computations are presented for a cage induction motor with a rated power 3 kW 
and various parameters describing the voltage modulation. 

Keywords: cage induction motor, finite element method, interharmonics, power quality, 
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1.  INTRODUCTION 

Voltage fluctuations are considered to be one of the most significant and common 
power quality disturbances [Bollen and Gu 2006; Ghaseminezhad et al. 2021a,b; 
Kuwałek 2021b; Patel and Chowdhury 2021]. They are defined as rapid changes in 
the rms values of a voltage. Cyclic voltage fluctuations can be treated as the 
superposition of the fundamental component along with the additional components 
– subharmonics and interharmonics, i.e. components with a frequency lower than the 
fundamental component and the component with a frequency that is not an integer 
multiple of the fundamental frequency [Gallo et al. 2005; Bollen and Gu 2006; 
Tennakoon, Perera and Robinson 2008; IEEE Standard 1453-2015; Ghaseminezhad 
et al. 2021a,b].  

In practice, it is equivalent to the occurrence of additional components in the 
voltage waveform [Gallo et al. 2005; Bollen and Gu 2006; Tennakoon, Perera and 
Robinson 2008; Ghaseminezhad et al. 2021a,b]. Depending on the phase angles of 
the subharmonic and interharmonic components, various cases of voltage 
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modulation can be distinguished, like amplitude modulation, phase modulation and 
intermediate modulation [Gallo et al. 2005; Bollen and Gu 2006]. 

The most common voltage fluctuations are probably rectangular, in voltage 
flickers [Kuwałek 2021a; 2022]. Of note, when the voltage modulating function does 
not have a sinusoidal waveform, it can be considered a superposition of the sinusoids 
with different frequencies, amplitudes and phase shifts [Ghaseminezhad et al. 
2021a,b]. 

The occurrence of voltage fluctuations is associated with the operation of time-
varying power consumers and renewable energy sources [Bollen and Gu 2006; 
Kovaltchouk et al. 2016]. Subharmonics and interharmonics disturb various 
elements of the power system – power electronic equipment, light sources, power 
and measurement transformers, automation systems, synchronous and asynchronous 
machines [Gallo et al. 2005; Testa et al. 2007; Tennakoon, Perera and Robinson 
2008; Ghaseminezhad et al. 2017a,b; 2021a,b; Gnaciński et al. 2019a,c; 2021; 
Gnaciński and Klimczak 2020; Hallmann 2020; Crotti et al. 2021; Gnaciński, Muc 
and Pepliński 2021; Zhang, Kang and Yuan 2021].  

In asynchronous motors they cause an increase in power losses and winding 
temperature, local saturation of the magnetic circuit, vibrations, speed and torque 
fluctuations [Tennakoon, Perera and Robinson 2008; Ghaseminezhad et al. 2017a,b; 
2021a,b; Gnaciński et al. 2019a,b,c; 2021; Gnaciński and Klimczak 2020; Hallmann 
2020; Gnaciński, Muc and Pepliński 2021; Zhang, Kang and Yuan 2021]. Of note, 
speed fluctuations results in the flow of additional current subharmonics and 
interharmonics [Tennakoon, Perera and Robinson 2008; Ghaseminezhad et al. 
2017a,b; Gnaciński et al. 2019a,b,c; 2021; Hallmann 2020].  

For example, both current subharmonics and interharmonics flow through 
windings of a motor supplied with a voltage containing interharmonics. In some 
cases the extra current components additionally boost the speed fluctuations, leading 
to resonance phenomena  [Gnaciński et al. 2019a,b,c; 2021; Hallmann 2020; 
Ghaseminezhad et al. 2021a,b]. It is also worth mentioning that the speed 
fluctuations (for example, caused by DC-link voltage fluctuations) may result in 
faulty operation of a frequency-controlled induction motor drive system [Zhang, 
Kang and Yuan 2021]. 

Voltage quality standards generally do not specify the permissible levels of 
subharmonics and interharmonics. [IEEE Standard 519  2020] provides only 
proposals for potential limit curves. In turn, the following comment is made in EN 
50160 [EN 50160 2010]: ‘levels are under consideration, pending more experience’. 
In summary, the determination of permissible  levels of subharmonics and 
interharmonics requires comprehensive studies on their impact on various elements 
of the power system. 

Previous works on asynchronous motors supplied with the voltage containing 
subharmonics and interharmonics mainly concerned the single voltage subharmonic 
or interharmonic [Tennakoon, Perera and Robinson  2008; Gnaciński et al. 
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2019a,b,c; 2021; Gnaciński and Klimczak 2020] or the sinusoidal modulation of 
voltage amplitude [Tennakoon, Perera and Robinson 2008; Ghaseminezhad et al. 
2017a,b; 2021a,b]. This paper presents the impact of rectangular voltage modulation 
on the speed fluctuations of a low-power induction motor. The scope of research was 
limited to amplitude modulation. 

2.  METHODOLOGY 

For this paper a two-dimensional finite element method was applied. The model 
parameters of the investigated motor, TSg100L-4B, were identified on the grounds 
of design data and experimental results [Hallmann 2020], and then implemented in 
an ANSYS Electronics Desktop environment.  

The motor ratings are provided in Table 1. The used tau-type mesh (Fig. 1) 
contained approximately 22,000 triangular elements, and its density was chosen 
based on the convergence analysis of the solution [Hallmann 2020]. Numerical 
computations were performed with a transient type solver.   

A detailed description of the motor model is presented in Hallmann [2020] and 
Gnaciński et al. [2019b; 2021], with its experimental verification for the supply 
voltage containing subharmonics and interhamonics in Gnaciński et al. [2019a,b; 
2021] and Hallmann [2020]. 

 
Table 1. Nominal data of tested motor type: TSg100L-4B 

 
 

Parameter Value 

Rated power 3 kW 

Rated frequency 50 Hz 

Rated voltage 380 V 

Rated current 6.9 A 

Rated power factor 0.81 

Rated speed 1420 rpm 

Winding connection delta 
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Fig. 1. Applied mesh 
Source: own study. 

3.  SQUARE VOLTAGE MODULATION AND ROTATIONAL SPEED 
CHANGES 

As mentioned in the Introduction, square voltage modulation can be treated as  
a superposition of various sinusoidal modulations [Ghaseminezhad et al. 2021a,b]). 
Each harmonic component of the modulating function causes subharmonic/inter-
harmonic of frequency fsh/ih (based on [Gallo et al. 2005; Zhang, Xu and Liu 2005; 
Bollen and Gu 2006; Ghaseminezhad et al. 2021a,b]): 

 
𝑓𝑓𝑠𝑠ℎ/𝑖𝑖ℎ = 𝑓𝑓1 ∓ 𝑘𝑘𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚     (1) 

where: 
k  – an integer, 
f1  – the fundamental frequency,  
fmod  – the modulation frequency. 

 
For fsh described with the above expression greater than zero, the 

subharmonic/interharmonic component has a positive-sequence, otherwise  
a negative-sequence [Zhang, Xu and Liu 2005]. 

The instantaneous voltage value under amplitude modulation can be expressed 
as (based on [Bollen and Gu 2006]): 
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𝑣𝑣(𝑡𝑡) = 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) ∙ 𝑉𝑉1𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝑓𝑓1𝑡𝑡 +𝜓𝜓)   (2) 

where:  
V1  – the amplitude of the fundamental component;  
xmod (t)  – the supply voltage modulation signal;  
ψ  – the initial phase angle of fundamental component. 

 
For the purpose of this study, the modulating function  xmod (t) is assumed as 

follows: 
 

𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) = �
1.01; 𝑡𝑡 ≥ 𝑘𝑘

𝑓𝑓𝑚𝑚
∧ 𝑡𝑡 < 𝑘𝑘+𝐷𝐷𝐷𝐷𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝑓𝑓𝑚𝑚

0.99; 𝑡𝑡 ≥ 𝑘𝑘+𝐷𝐷𝐷𝐷𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑓𝑓𝑚𝑚

∧ 𝑡𝑡 < 𝑘𝑘+1
𝑓𝑓𝑚𝑚

   (3) 

where:  
k  – an integer value 0, 1, …, n;  
Tm  – the modulation period;  
DutyCycle – the fill factor, described with the following dependency: 

 
𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝐷𝐷𝑦𝑦𝐷𝐷𝐷𝐷𝑒𝑒 = 𝑡𝑡1

𝑇𝑇𝑚𝑚
= 𝑡𝑡1𝑓𝑓𝑚𝑚    (4) 

The meaning of the time period t1 is explained in Figure 2. 
The results of investigations on speed fluctuations are presented below. All 

numerical experiments were performed for the load torque and the fundamental 
voltage component of rated values (Tn = 20.25 Nm and Un = 380 V), and a moment 
of load inertia 15 times greater than the motor moment (motor moment of inertia Js 
= 0.00702299 kg m2; moment of load inertia Jo = 0.1317374 kg m2).  

Of note, this value was chosen since it corresponds to the moment of inertia of 
a DC generator coupled with the motor under research. 
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Fig. 2. Example of the modulating signal waveform for DutyCycle = 0.5 
and voltage modulation frequency, fm = 30 Hz 

 
Example waveforms of the test voltage and its spectrum are presented in Figures 

3 and 4, for the modulation frequency fm = 30 Hz and the fill factor DutyCycle = 0.5. 
The subharmonic interharmonic of frequency 20 Hz and 80 Hz, present in the 
spectrum (Fig. 4) resulted from the first harmonic of the modulating function, while 
components of frequency 40 Hz and 130 Hz from the third harmonic. 

 

 
 

Fig. 3. Example of the test voltage waveform for DutyCyle = 0.5 

and the voltage modulation frequency, fm = 30 Hz 
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Fig. 4. Example of the test voltage spectrum for DutyCyle = 0.5 

and the voltage modulation frequency, fm = 30 Hz 
 
An example of the instantaneous speed waveforms are shown in Figures 5 and 6 

for voltage modulation frequency fm = 30 Hz, and in Figures 7 and 8 for the 
frequency fm = 45 Hz. The applied DutyCycle was equal to 0.5 (Fig. 5 and 7) and 
0.25 (Fig. 6 and 8). For these parameters, DutyCycle, the speed waveforms 
significantly differ in shape. 

 
Fig. 5. Speed waveform for DutyCycle = 0.5 

and the voltage modulation frequency, fm = 30 Hz 
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Fig. 6. Speed waveform for DutyCycle = 0.25 

and the voltage modulation frequency, fm = 30 Hz 
 

 
Fig. 7. Speed waveform for DutyCycle = 0.5 

and the voltage modulation frequency, fm = 45 Hz 
 



 
 Speed Variation of Cage Induction Motor Under Sinusoidal Voltage Modulation 

Scientific Journal of Gdynia Maritime University, No. 131, September 2024 31 

 
Fig. 8. Speed waveform for DutyCycle = 0.25 

and the voltage modulation frequency, fm = 45 Hz 
 

The next diagram (Fig. 9) shows the amplitude of speed fluctuations versus 
voltage modulation frequency fm and DutyCycle. The highest speed fluctuations 
occur for the modulation frequency  fm = 3 Hz and DutyCycle = 0.5, while the lowest 
for the modulation frequency with DutyCycle = 0 and DutyCycle = 1 (Fig. 9). 
Additionally, the local maxima of speed fluctuations appears for the modulation 
frequency fm about 25–30 Hz.  

Of note, the characteristics provided in Figure 9 show significant non-linarites, 
especially for a DutyCycle not equal to 0.25. They could be explained related to the 
various subharmonic and interharmonic content in the testing voltage for each 
modulation case.  

For example, for DutyCycle = 0.25 and modulation frequency fm < 25 Hz,  
the subharmonic caused by the second harmonic of the modulating function has  
a positive-sequence, while for the frequency fm > 25 Hz it has a negative-sequence 
(based on Zhang, Xu and Liu 2005) and for fm

 = 25 Hz it has a constant component.  
Contrastingly, for DutyCycle = 0.5, the modulating function does not contain  

a second harmonic, but only odd harmonics. 
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Fig. 9. Speed variation versus the frequency voltage modulation fm 
and the DutyCycle parameter 

 
The next figure (Fig. 10) presents the characteristics of the amplitude of the speed 

fluctuations versus the fill factor DutyCycle, for the frequencies fm = 30 Hz and  
fm = 45 Hz. For both frequencies fm the highest speed fluctuations for DutyCycle are 
about 40–60%.  

It should be added that DutyCycle = 0 or DutyCycle = 1 means no voltage 
fluctuations. Small speed fluctuations for these values of DutyCycle (Fig. 9) result 
from torque pulsations due to the presence of teeth and slots. 

In summary, the fluctuations of the rotational speed non-linearly depend on the 
voltage modulation frequency. The fill factor DutyCycle considerably effects the 
shape of the speed waveforms. 
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Fig. 10. Changes of the rotational speed versus DutyCycle for the 

voltage modulation frequencies, fm = 30 Hz and fm = 45 Hz 

4.  CONCLUSIONS  

The test results demonstrate that speed fluctuations under a rectangular voltage 
modulation non-linearly depend on the modulation frequency. The fill factor value 
of the modulating signal considerably effects the shape of the speed waveforms.  
It could be explained using various contents of the voltage subharmonics and 
interharmonics for different cases of modulations. The results of the investigations 
should contribute to a better understanding of the phenomena occurring in the 
asynchronous motor under the condition of voltage fluctuation. 
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