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Nowadays power quality effects on induction motors have gained significant attention due to wide application
of these motors in industry. The impact of grid voltage fluctuations on the induction motor behavior is one of
the important issues to be studied by power engineers. The degree of iron saturation is a paramount factor
affecting induction motors performance. This paper investigates the effects of voltage fluctuations on motor
magnetic saturation based on the harmonic content of airgap flux density by finite element method (FEM). It is
clarified that the saturation harmonics under normal range of voltage fluctuations have not changed
significantly with respect to pure sinusoidal conditions. Experimental results on a 1.1 kW, 380 V, S0 Hz, 2 pole
induction motor are employed to validate the accuracy of the simulation results.
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1. Introduction

Recently voltage fluctuation is increasingly getting atten-
tion due to many undesirable effects making on sensitive
residential and industrial loads. The most famous effect of
the voltage fluctuations can be realized in the light
fluctuations of lighting systems. Flicker frequencies in the
range of 0.05 to 35 Hz can cause perceptible flicker [1].
Induction motors are widely used in many industrial,
commercial and residential applications because of various
techno-economic advantages [2, 3]. It is estimated that
more than 50 % of the world’s generated electrical energy
is consumed by electric machines (mainly by induction
motors) [4]. Subsequently, it is important to study the
effects of any disturbance such as voltage fluctuations on
the behavior of induction motors. The effect of voltage
fluctuations on currents, speed, torque and efficiency of
induction machines was studied in [5-10]. A quick survey
of the literature shows that in most cases, simulations
based on the d-q frame model are applied to show induc-
tion motor characteristics under voltage fluctuation condi-
tions. However, investigation about saturation of iron
parts due to the voltage fluctuations has not been perform-
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ed yet. Saturation effects on the steady state performance
of induction motor related to air gap flux harmonics were
described for the first time in [11] and [12].

The saturable parts of an induction machine are stator
teeth, rotor teeth, and stator and rotor cores. Under highly
saturated conditions, the resultant air-gap flux density
wave may be either flat-topped or peaked, related to teeth
or core saturation [13]. In most machines, the tooth is
more saturated than the core since the cross section area
of iron in the yoke is much greater than in the tooth
where a much higher flux density exists. High saturation
may also occur when a machine operates at voltages
higher than the rated value, or at frequencies lower than
the nominal value. The disadvantages of high saturation
are high magnetizing current, low power factor, and
harmonic currents feeding back to the line [11]. Supply
sinusoidal voltage with subharmonics can cause a signi-
ficant flux peak increase, resulting in eventual saturation
of the motor, as discussed in [14]. Voltage fluctuations
can be considered as superposition of a subharmonic and
an interharmonic component. The investigation of satura-
tion depth of induction motors in the presence of the
normal range of voltage fluctuations is the major contri-
bution of this paper. This is carried out by FEM simu-
lations and based on the saturation harmonics of airgap
flux density. The motor is supplied with fluctuated volt-
ages considering nonlinear BH curve to investigate the
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saturation depth of induction motor. Finally, experimental
results are provided to validate the simulation results
through this paper.

2. Voltage Fluctuations

Due to as load characteristics, the voltage fluctuations
can be cyclic or stochastic. Nevertheless, in a short period,
the voltage fluctuations can be estimated by an amplitude
modulation formula represented by the following equation

[5]:
v (1) = Vp(l + k sin(znjgt)) cos(27f,1) (1)

where f, is the fundamental frequency of ac voltage, f; is
the modulation (flicker) frequency, ¥, is the line to
neutral peak voltage and &; is the modulation depth. In
this way, the source voltage is assumed a sinusoidal am-
plitude modulated source and sinusoids superimposed on
the fundamental voltage are assumed to be the fluctuating
components. With one modulation frequency and one
modulation depth, the line to neutral voltage of phase A is
defined as:

vo(t) = V,(1 + k, sin(2nf,t)) cos(2mf,t) 2)

In the balanced systems, the other phases can be given
in the same manner except in that the phase angle of
fundamental frequencies in the other two phases should
be modified by —120 and +120, respectively. Heavy loads
such as arc furnaces whose power demands are rapidly
variable and light loads such as copying machines that are
intermittent in time can lead to voltage fluctuations [15].

3. Finite Element Method

The finite element method (FEM) grows as the most
advantageous numerical analysis tool to study and design
of electric machines. Finite element method with addition
of time-stepping can provide quite accurate prediction of
transient performance of electrical machines [16]. The
advantage of this technique is that magnetic saturation
and space distribution of stator and rotor windings can be
taken into account. Finite element method with addition
of time-stepping can provide quite accurate prediction of
transient performance of electrical machines [17]. In this
paper, time-stepping FEM is used for the analysis of the
motor magnetic field. The governing equation for two-
dimensional (2-D) FE analysis is given by [18]:

ﬁ(la_f‘l) 4 Q(la_A) _ o4
wuox) T a\uay) "% N )
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Table 1. motor parameters.
description value description value
specification

Nominal power 1100 W Nominal speed 2825 rpm
Frequency 50Hz  Nominal voltage 220V

stator
number of stator slot 24 core length 80 mm
inner diameter 62 mm  stacking factor 0.95
outer diameter 120 mm  connection type wye
number of phase 3 number of pole 2
conductor per slot 70 strands per conductor

rotor
number of rotor slot 18 core length 80 mm
Inner Diameter 24.5mm stacking factor 0.95
outer diameter 61 mm endring width 10 mm
material aluminum endring height 10 mm

where y and o are the permeability and conductivity of
the materials respectively. 4 is the z component of mag-
netic vector potential and J, is stator windings exciting
current density.

The design parameters of the motor (listed in Table 1)
are applied in FE analysis. This motor has a one-layer lap
stator winding, arranged for three phases and two poles in
24 stator slots. The rotor is an aluminum cage with 18
slots. The rotor slots are not skewed. The stator and rotor
cores are made of steel sheet laminations with 3.5 %
silicon and 0.5 mm thickness. The nonlinear characteristic
of the core materials has been taken into account in the
finite element analysis. Three balanced fluctuated voltages
are applied on the motor terminals by use of external
circuits.

4. Analysis of Magnetic Saturation under
Voltage Fluctuation Conditions

In this section, effects of voltage fluctuations on the
saturation mode of operation of induction motor have
been investigated by FE analysis. In this way, the motor is
first supplied with a pure sinusoidal voltage considering
both linear and nonlinear BH curves and stator current
and flux density harmonics are compared. This has been
done to distinguish between saturation harmonics and
mmf space harmonics. Subsequently, the motor will be
supplied with fluctuated voltages considering nonlinear
BH curve to investigate the saturation depth of induction
motor under voltage fluctuation conditions.
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4.1. Pure Sinusoidal Supply; Linear and Non-Linear
BH Curve

In this section, the flux density harmonics of the
induction motor for linear and nonlinear B-H curves are
first obtained and then the motor characteristics such as
airgap flux density and stator tooth flux under saturation
mode are investigated. The constant permeability of the
linear BH curve is assumed to be g =1500. Figure 1
shows the instantaneous variations of flux density and
their frequency spectrums at one point in the middle of
airgap, lying directly under a stator tooth (hereafter called
point A) for both linear and nonlinear BH curves using
FE simulation. The figure depicts that the peak value of
flux density is slightly bigger than for the case of linear
BH curve whereas the shape of flux density is approxi-
mately the same for both linear and nonlinear BH curves.

According to [19], the principal slot harmonics of the
air gap flux density can be expressed as:

Psh=(g7f(1_s)i 1)f,, )
where P is the number of motor pole pairs, R is the
number of rotor slots, s is the slip, f, is the supply fre-
quency and g is an integer (1, 2, 3, etc.).

In the simulated induction motor, number of rotor slots
R=18 and its rotor speed at rated load is n, = 2880[rpm],

60
synchronous speed is n, = be = 3000, then the slip is
. _ 3000 —2880 _
obtained as s = 3000 0.04. Therefore, slot

harmonics can be easily derived from (4).

However, in the nonlinear case, there are two compo-
nents at the frequencies of 150 and 250 Hz due to
saturation that are not observed for the linear case. These

Nonlinear BH curve
e |in@@r BH curve

flux density[T]

Ak

I
0.41 0.415 0.42 0.425 0.43 0.435 0.44 0.445 0.45

time (s)

An Investigation of Induction Motor Saturation under Voltage Fluctuation Conditions — Morteza Ghaseminezhad et al.

harmonics are called saturation harmonics since they are
produced directly by magnetic saturation and are not
excited by mmf harmonics in the air gap [11]. This can be
confirmed by the flux density spectrum shown in Fig. 1,
where the third harmonic produced by saturation is about
0.9 % (assuming the fundamental as base). The magnitude
of high order saturation harmonics are insignificant and
can be ignored.

There are two other types of harmonics in induction
motors. Firstly, the time harmonics which are created due
to non-ideal power supplies. Secondly, the space harmonic
that is made as a result of non-ideal winding distribution
and slotting. Saturation harmonics are different from the
time and space harmonics in the case of rotating speed.
The saturation harmonics rotate in the air-gap with the
same speed and direction as the fundamental frequency,
whereas the time and space harmonics create rotating
fields with the speed of integer and non-integer multiple
of the supply fundamental frequency, respectively.

In order to recognize saturation effects, the motor has
been tested at 50 % over voltage (without fluctuations) to
produce substantial saturation. The stator tooth flux and
the airgap flux density (at point A) as well as their
frequency spectrums, obtained from FEM simulation, are
illustrated in Fig. 2. It is obvious that the saturation of
stator and rotor teeth causes the stator flux wave to be
flat-topped. The third harmonic of flux density (the 150
Hz component) is about 3.4 % of the fundamental compo-
nent.

As mentioned, the saturation harmonics rotate in the
air-gap with the same speed as the fundamental frequency.
Hence, saturation harmonic fluxes induce voltages in the
stator winding at frequencies which are multiples of the

@
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Fig. 1. (Color online) Magnetic flux density curves (left) and their frequency spectrums (right) in normal condition at point A in

two cases; (a) nonlinear, (b) linear B-H curve.
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Fig. 2. Stator tooth flux and the magnetic flux density of one point in the middle of airgap under stator tooth as well as their fre-

quency spectrum at 50 % over voltage obtained by FEM.

supply fundamental frequency. The stator winding of the
simulated motor is star-connected. Therefore the triplen
harmonic voltages in each phase are co-phasal and can be
ignored. Non-triplen harmonic voltages cause harmonic
currents in the supply system. However, as result of the
high impedance of the supply system and the motor at
harmonic frequencies, these currents are usually small.
They produce small mmf waves rotating in the air gap at
multiples of the synchronous speed. The stator current of
phase A and corresponding frequency spectrum with
50 % over voltage are shown in Fig. 3. It is clear that the
stator current has components in 250(h =5), 350(h =7),
550(h=11), 650(h=13) Hz. As expected, the triplen

current(A)
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Fig. 3. Current of phase “A” and its frequency spectrum at 50
% over voltage.

harmonic currents have very small magnitude. It can be
seen that, high saturation has induced harmonics in both
the stator current and air-gap flux. One of the most
important facts regarding the saturation harmonics is that
they all rotate at the same angular speed as the fund-
amental component. These rotating harmonics induce
rotor current. Hence, all the rotor-induced saturation current
harmonics have the same slip and produce useful torque
in squirrel-cage machines [13, 20] and create a ripple in
the total torque [21].

4.2. Voltage Fluctuation Conditions; Nonlinear BH Curve
In this section, magnetic saturation under voltage fluc-
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Fig. 4. Current under normal and voltage fluctuation condi-
tions obtained by FEM ( f,, =20 Hz and &= 0.05).
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tuation conditions is investigated.

Figure 4 shows the stator current and its frequency
spectrum obtained by FEM in two cases; normal operation
(part a) and under voltage fluctuation conditions with
modulation frequency of 20 Hz and modulation depth of
0.05 (part b). In the normal condition, the EMF frequencies
induced in stator current of induction motor are a function
of pole numbers and can be expressed as equation (4)
[19]. According to the simulated results and as it is shown
in Fig. 4(a), the induced frequency components in stator
current spectrum of induction motor under rated load and
normal condition with s=0.04 are 814, and 914 Hz
which is corresponding with g = 1.

In fact, the frequencies 814 and 914 Hz are the prin-
cipal slot harmonics called PSH; and PSH, [19]. The
frequency components produced due to B-H characteri-
stics can be observed at 250 and 350 Hz in stator current
spectrum shown in Fig. 4(a). As it is seen in Fig. 4(b), the
same fundamental voltage magnitude of upper and lower
components establishes different magnitudes of current at
corresponding frequencies. This occurs due to smaller
effective input impedance of the motor at lower frequency
(30 Hz) compared with upper frequency (70 Hz). Also,
relatively negligible current components at frequencies of
o2 (j=1,2,3,..) are seen in the figure.

The variations of stator tooth flux versus time and its
frequency spectrum, in two cases; normal operation and
under voltage fluctuation conditions have been illustrated
in Fig. 5. The voltage fluctuation with modulation depth
of 5 % makes the teeth flux component with amplitude
about 7 % of the fundamental component. As it is seen, in
addition to the fundamental component, its sideband
components (the lower and upper) are clearly shown in
the figure. Furthermore, at 814, 914 slot harmonics and
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Fig. 5. Stator tooth flux and its frequency spectrum in two
cases; (a) normal, (b) under fluctuated voltages ( f,, =20 Hz
and £=0.05).
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Fig. 6. Stator yoke flux and its frequency spectrum in two
cases; (a) normal, (b) under fluctuated voltages ( f,,=20 Hz
and k= 0.05).

their sideband components with significant amplitudes are
obviously seen in the frequency spectrum.

The variations of stator yoke flux versus time and its
frequency spectrum, in two cases; normal operation and
under voltage fluctuation conditions have been illustrated
in Fig. 6.

Voltage fluctuations with modulation depth of 5%
create the yoke flux component with amplitude about 7 %
of the fundamental component. As it can be seen in Fig. 5
and 6, the amplitudes of saturation harmonics under
voltage fluctuation conditions have not changed signifi-
cantly (as compared to the normal operation).

The instantaneous flux density in normal operation
(pure sinusoidal supply) and under voltage fluctuation
conditions at point A are compared as shown in Fig. 7. As
it is seen, flux density peak value under fluctuated condi-
tions is slightly higher than that of pure sinusoidal supply.
It is also seen that the flux density during voltage fluctu-
ation conditions has some extra frequency components as
compared to pure sinusoidal supply. These new compo-
nents appear at sidebands of fundamental frequency f, +
f» and at sidebands of individual harmonics (A4f, = 2jf,,
where h is the harmonic number and j is an integer) and
may affect the peak value of the flux density. The maximum
effect of each component is proportional to its amplitude.
The normalized flux density maximum increase is ex-
pressed as:

c Bs i Bsni
a8, =23+ %) )

i=1 s
Where AB,, is the normalized maximum increase in the

peak value of flux density, B, is the amplitude of funda-
mental component and B,,; and B,,; are the amplitudes of
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Fig. 7. (Color online) Magnetic flux density curves (left) and their frequency spectrum (right) at point A in two cases; (a) normal,

(b) under fluctuated voltages ( f,, =20 Hz and k= 0.05).

the upper and lower flux density components, respec-
tively. An increase in flux density is usually smaller than
AB,,, because it also depends on phase angles of the flux
density components in addition to their magnitudes. Under
voltage fluctuation conditions, the upper components have
opposite phase angles as compared to the lower compo-
nents. Consequently, the total increase in the peak value
of flux density due to fluctuated voltage is not the simple
arithmetic sum of the individual components and may be
smaller or equals to it:

BﬂucS 1 +ABm (6)

where Bp,. is the normalized peak value of the flux
density under voltage fluctuation conditions. As it can be
seen in Fig. 7, the amplitudes of saturation harmonics
under voltage fluctuation conditions have not changed
significantly (as compared to the normal operation).

Voltage fluctuations have two important characteristics:
the frequency of fluctuations (modulation frequency) and
the magnitude of fluctuations (modulation depth). Both
these components that are significant in the adverse effects
of voltage fluctuations make the disturbance pattern. The
normal range of modulation frequency is from 5 Hz to 35
Hz and the normal range of modulation depth lies
between 0.1 % to 7 % [22].

To investigate the impact of modulation frequency on
the magnetic circuit saturation, the modulation frequency
is changed between 5 Hz to 35 Hz and the changes of the
saturation third harmonic are investigated. The modu-
lation depth is assumed 5 %. The variation of saturation
third harmonic of the airgap flux density versus modu-
lation frequency is shown in Fig. 8. The modulation depth
is assumed 5 %. As it can be seen, the amplitude of

Amplitude of saturation third harmonic of airgap flux

10 15 20 25 30 35
modulation frequency (Hz)

Fig. 8. Variation of saturation third harmonic of the airgap flux

density versus modulation frequency (k,, = 0.05).

saturation harmonic has not changed significantly and
varies between 0.95 and 1.05. It peaks at 30 Hz. The 30
Hz is one of the natural frequencies of the state matrix of
linearized model of the simulated induction motor [6].
For the adverse condition of modulation frequency i.e. 30
Hz, the modulation depth is changed from 0.1 % to 7 %
and variation of saturation third harmonic of the airgap
flux density is obtained and shown in Fig. 9. As it can be
seen, the amplitude of saturation harmonics under voltage
fluctuation conditions varies between 0.97 and 1.08. The
higher the modulation depth, the greater is the amplitude
of saturation third harmonic. Based on these, it can be
concluded that normal range of voltage fluctuations rarely
makes whole magnetic circuit saturation.

Figure 10 shows flux density distribution of the simu-
lated motor under normal and voltage fluctuation condi-
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Fig. 9. Variation of saturation third harmonic of the airgap
flux density versus modulation depth ( f,, =30 Hz).

tions. For this motor, the peak values of the flux density
in the stator and rotor teeth are designed to be around 1.5
T. As seen, fluctuated voltages cause a slightly increase in
the flux density values in some regions, especially in the
stator teeth. Since this saturation does not cover the whole
magnetic circuit and occurs only in some particular regions
of rotor and stator teeth, it is called local saturation. The
most important effect of local saturation is the change of
locations of hot spot points within the core [23].

5. Experimental Results

In this section, the numerical results are validated under
laboratory conditions. A 61704-chroma programmable
AC source supplies 1.1 kW induction motor. To vary the
load conditions, a 1.5 kW dc generator is coupled by a
belt and pulley to the tested motor. An encoder is fastened

B(Tesla)
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Fig. 11. (Color online) Overview of the complete experimen-
tal setup.
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Fig. 12. Stator voltage of phase A ( f,, =20 Hz and £=0.05).

to the shaft of the motor as an angular speed sensor to
measure and records the speed changes versus time. In the
data conditioning board, 3 LEM-LA-100-P and SCSNE151
Honeywell current transducer sensors are used. All data is

(b)

Fig. 10. (Color online) Steady state distribution of the magnetic flux density in two cases; (a) normal, (b) under voltage fluctuation

conditions ( f,, =20 Hz and £ =0.05).
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Fig. 13. Measured current in normal and under voltage fluc-
tuation conditions ( f,, =20 Hz and £ =0.05).

acquired and transferred to a PC using the PCI-1710HG
Advantech DAQ card. Figure 11 shows the overview of
the complete experimental setup.

The induction motor is subjected to voltage fluctuations
with modulation frequency of 20 Hz and modulation
depth of 5 %. Figure 12 shows the stator voltage of phase
A under voltage fluctuation conditions.

The waveforms captured in Fig. 13, show the measured
stator current and their frequency spectrums under normal
(top) and voltage fluctuation conditions (bottom). The slot
and saturation harmonics can be clearly seen in the both
normalized frequency spectrums while the upper and
lower frequency components around each harmonics are
only observed under voltage fluctuation conditions. Some
additional harmonics can also be seen in the frequency
spectrum under voltage fluctuation conditions. According
to [5], variations of motor speed due to the voltage
fluctuations result in the appearance of these additional
components. Comparison of Fig. 4 and Fig. 13 depicts
that the simulation results matches well with the experi-
mental ones.

To obtain the flux density at stator tooth, a search coil
with four turns is wounded around one of the motor stator
tooth. The stator tooth flux density is the time integration
of the induced voltage over this search coil. The search
coil induced voltage and stator tooth flux density are
shown in Fig. 14. The jagged waveform of the search coil
voltage indicates the slotting effect. Furthermore, peak
value of stator tooth flux density is about 1.24 T which is
lower than the knee point of the magnetization curve of
motor laminated iron. This fact proves that voltage fluc-
tuations with normal range do not cause whole saturation
of motor magnetic circuit.

Finally, the experimental waveforms of the motor speed
is given in Fig. 15 and compared with the speed fluc-
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Fig. 14. Measured voltage and stator tooth flux density under
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Fig. 15. (Color online) Measured speed fluctuations under
voltage fluctuation conditions ( f,, =20 Hz and k= 0.05).

tuations obtained by FEM. A good correlation can be
seen between the FEM and experimental results.

6. Conclusion

In this paper, finite element analysis has been con-
ducted for the three phase induction motor to obtain the
air gap flux component under voltage fluctuation condi-
tions. A detailed analysis of the magnetic saturation based
on saturation harmonics is presented. To investigate the
impact of different characteristics of voltage fluctuations
on the magnetic circuit saturation, the modulation depth
and frequency are changed within normal range. During
voltage fluctuation conditions, the airgap flux density has
some extra frequency components as compared to pure
sinusoidal supply. The maximum effect of each component
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is proportional to its amplitude and phase angle. Under
voltage fluctuation conditions, the upper components
(interharmonics) have opposite phase angles as compared
to the lower components (subharmonics) and consequently,
the total increase in the peak value of flux density due to
fluctuated voltage is small. Based on simulations, it is
concluded that normal range of voltage fluctuations rarely
causes whole magnetic circuit saturation, but it may
create local saturation in the motor stator teeth. To
validate the simulation results, an experimental test was
conducted. A search coil was used to capture the stator
tooth flux density. It was measured that, peak value of
tooth flux density is lower than the knee point of the
magnetization curve of motor laminated iron. Good
correlations exist between measured parameters such as
motor current and speed and same parameters obtained
from simulations.
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