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Abstract: This work deals with the preliminary investigations of a 200-kW induction cage
motor with a supply voltage featuring subharmonic injection. The results of the field
calculations in the MAXWELL environment are presented for subharmonics of various
frequencies. It was found that subharmonics occurring in real power systems can cause
overheating and premature failure of this type of machine.
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1. INTRODUCTION

The voltage waveform in an electric power system is not perfectly sinusoidal.
Usually, aside from the fundamental component, it also contains undesirable
components. Typically these are harmonic contamination. Furthermore, in certain
systems [Barros, de Apraiz and Diego 2007; Elvira-Ortiz et al. 2018] the voltage
waveform also features components with a lower frequency or those which are not
integer multiples of the fundamental component — subharmonics (subsynchronic
interharmonics) or interharmonics. The cause of these voltage quality disturbances
is the functioning of non-linear receivers, such as cycloconverters, inverters, and
arc furnaces [Testa and Langella 2005; Bollen and Gu 2006; Siirgevil and Akpnar
2009; Basic 2010]. Furthermore, subharmonic and interharmonic voltages can be
caused by renewable energy sources — wind farms and photovoltaic power plants
[Bollen and Gu 2006; Kovaltchouk et al. 2016, Xie et al. 2017; Elvira-Ortiz et al.
2018]. It should also be noted that cyclic voltage fluctuations can be considered as
the superposition of subharmonics and interharmonics [Tennakoon, Perera and
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Robinson 2008]. Voltage fluctuations are frequently related to the operation high
power receivers, e.g. arc furnaces, ironworking roller drives, etc. [Bollen and Gu
2006; Sirgevil and Akpnar 2009; Hsu, Chen and Lin 2011]. A similar effect can be
caused by low-powered receivers [Bollen and Gu 2006].

Subharmonics are considered to be particularly harmful power quality
disturbance. They cause saturation of transformer magnetic cores, light flickers and
fluctuations in synchronous generator torque, among other issues [Tennakoon,
Perera and Robinson 2008; Siirgevil and Akpnar 2009]. In an induction motor, they
may cause local saturation of the magnetic circuit, torque and rotational speed
fluctuations, increased power losses, increased winding temperatures and
accelerated insulation system ageing [de Abreu and Emanuel 2002; Testa and
Langella 2005; Tennakoon, Perera and Robinson 2008; Siirgevil and Akpnar 2009;
Stumpf et al. 2010; Gnacinski and Peplinski 2014; Ghaseminezhad et al. 2017a,b;
Zhao et al. 2014, 2017]. Despite the severe harm that voltage subharmonics cause,
no limit values have been included in the relevant standards or regulations to date.
According to the EN 50160 Voltage Characteristics of Electricity Supplied by
Public Distribution Systems standard [EN 50160 2010], determining the acceptable
subharmonic and interharmonic levels requires more experience.

The effects of the subharmonics on the functioning of an induction motor are
discussed, for example, in [de Abreu and Emanuel 2002; Testa and Langella 2005;
Tennakoon, Perera and Robinson 2008; Siirgevil and Akpnar 2009; Stumpf et al.
2010; Gnacinski and Peplinski 2014; Ghaseminezhad et al. 2017a,b; Zhao et al.
2014, 2017]. However, it must be noted that in most of these papers, the relevant
calculations were performed using methods based on the dqg transform and on the
induction motor transformer type equivalent circuit. The above methods have
limited application in analysing induction motors with voltage supplies containing
subharmonics, which in some cases may lead to erroneous results [Gnacinski and
Peplinski 2014; Ghaseminezhad et al. 2017a]. The results of evaluating induction
motors with voltage supplies containing subharmonics, obtained from field tests or
experimental methods, are included in the literature [Gnacinski and Peplinski 2014;
Ghaseminezhad et al. 2017a,b], although it should be noted that they only concern
low-power motors. This paper presents the results of the preliminary tests of a 200
kW motor, obtained using the finite elements method.

2. MODELLING THE MOTOR

The paper presents the results of simulation tests on a 3SIE355ML6A type squirrel-
cage induction motor with a rated power of 200 kW, produced by Zaktad Maszyn
Elektrycznych EMIT (Z.M.E. EMIT), Cantoni Group. The rated parameters of the
motor in question are shown in table 1. The motor had delta connected stator
windings.
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Table 1. Rated parameters of the 3SIE355ML6A type motor

Rated power 200 kW
Rated voltage 400 V (delta)
Rated frequency 50 Hz
Rated current 350 A
Power factor 0.86
Rated efficiency 95.8%
Rated speed 989 rpm

Source: Engineering documentation for 3SIE355ML6A type motors designed and produced by Zaklad
Maszyn Elektrycznych EMIT S.A., Cantoni Group in Zychlin.

The motor field model in question was created in the ANSYS Maxwell
environment. The 2D model was generated from the RMxprt model after entering
all the geometric dimensions of the motor, either known or determined on the basis
of the engineering documentation. In the 2D model, the parameters of the materials
used to produce the motor were also specified. Based on the motor heating test,
performed at Z.M.E. EMIT, a winding resistance corresponding to the actual
operating temperature was assumed. A standard Tau mesh (Fig. 1) available in
Maxwell 18.0.0 was used for the calculations, as it allowed a mesh to be created
comprising triangular elements with side dimensions no greater than 4.35 mm for
the motor winding, 4.85 mm for the stator winding, and 16 mm for other elements.
The integration step was assumed at 0.1 ms.

To verify the model, the calculation results were compared to the motor
heating test results. A constant rotational speed of 990.5 rpm was assumed for the
calculation, as measured during the test, and the voltage RMS value of 397 V,
corresponding to the effective voltage value during the test. A summary of the
measurement and calculation results is shown in Table 2. Based on the obtained
calculation results, it was decided that the motor model prepared in the Maxwell
environment was consistent with the motor, factory number 159932, used as the
object of testing at Z.M.E. EMIT.
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Fig. 1. Mesh segments

Source: original study.

Table 2. Comparison of 2D model calculations with the motor test results

Parameter Test result value Calculated value
Motor current 356.7 A 357.4 A
Power factor cos ¢ 0.853 0.858
Power losses 9150 W 9105 W

Source: Report no. 2/NZ/17 concerning tests of a 3SIE355ML6A type motor made by Zaktad Maszyn
Elektrycznych EMIT S.A., and the original study.

3. TEST RESULTS

The results of the preliminary testing of the effects of voltage subharmonics on the
currents and motor power losses are presented below. The calculations were made
for the fundamental component of the power supply voltage and for the rated
rotation speed. In practice, assuming a constant rotational speed is component with
operation under a load having a moment of inertia significantly higher than the
motor's moment of inertia. For all cases analysed, the voltage subharmonic value
was equal to 1% of the fundamental constituent. It should be noted that
a subharmonic of a similar value was observed in the [Elvira-Ortiz et al. 2018] study.
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Fig. 2 shows the motor current waveform for a subharmonic with a frequency
fss = 5 Hz, and Fig. 3 shows the current waveform for a subharmonic with
a frequency fsn = 45 Hz.

The spectra for the waveforms in question are shown in Fig. 4. The voltage
subharmonic with a frequency fs» = 5 Hz caused the flow of a current subharmonic
with an amplitude of Is, = 143 A, which is 49.2% of the fundamental component.
For a voltage subharmonic with a frequency fs» = 45 Hz, the value of the current
subharmonic was much lower, at ls,=13.7 A, i.e. 4.7% of the fundamental
component. Furthermore, both spectra contain interharmonics of lower values.

The current subharmonic amplitude as a function of frequency is shown in
Fig. 5.

The next figure (Fig. 6) presents the characteristic of the ratio of effective
motor current value to rated value, as a function of voltage subharmonic frequency.
The highest increase in current, of 12%, occurs for the 5Hz subharmonics. It results
in additional power losses in windings.
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Fig. 2. Motor current waveform for a voltage subharmonic of Usp = 1.0% Uyat,
frequency fsh =5 Hz
Source: original study.
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Fig. 3. Motor current waveform for a voltage subharmonic of Usy = 1.0% Uar,
frequency fsh = 45 Hz
Source: original study.

100
90
80
70
60

1[%]

50 —
40 45Hz ||
30
20
10

0

40 F
60 |
g5 =
100

O w om0 O W w o w oo
— = NN W P~ - 000 3

f [Hz]

Fig. 4. Motor current spectra for a voltage subharmonic of Ush = 1.0% Uyat,
frequency fsh = 45 Hz
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Fig. 5. Percentages of subharmonic currents vs subharmonic voltage frequency

Source: original study.
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Fig. 6. Percentage effective motor current values vs subharmonic voltage frequency
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Fig. 7. Percentage power loss values vs subharmonic voltage frequency

Source: original study.

Fig. 7 shows the total losses in the motor (relative to the value of losses under
rated conditions) as a function of the voltage subharmonics. For a frequency of
5 Hz, the power losses is 28.9%, while for frequencies higher than approx.
30 Hz they are practically negligible.

For a coarse motor heating analysis it can be assumed that the winding
temperature increase is approximately proportional to the power losses in the
machine. For the 10 Hz subharmonic, the motor power losses increase causes an
estimate temperature rise of approx. 5 K, while for the 5 Hz subharmonic the
temperature increase is as much as 18 K. For the studied motor, the temperature
increase during the heating test was 61.3 K [Report no. 2/NZ/17 by Z.M.E. EMIT],
while for a motor without a heat reserve, accelerated heat ageing of the insulation
system may occur. For this reason, additional analysis is necessary of high-power
motors powered by voltages containing low-frequency subharmonics.

4. CONCLUSIONS

The calculation results indicate a particularly significant increase in effective motor
current value and power losses for subharmonics at frequencies below 10 Hz. In
practice, the low-frequency subharmonics that occur in actual electric power
systems [Elvira-Ortiz et al. 2018] could lead to overheating and premature failure of
machines with similar parameters. It should also be noted that the motor in
question was much more susceptible to voltage subharmonics than low-power
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engines, the results for which are shown in [Gnacinski and Peplinski 2014].
Consequently, it is advisable to conduct further studies on the effects of voltage
subharmonics on high- and extremely high-powered motors. Further studies should
include testing of engines with powers ranging from 200 kW to 5.6 MW using field
test methods.
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