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Life Estimation of Induction Motor Insulation under
Non-Sinusoidal Voltage and Current Waveforms
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Abstract—Thyristor based firing angle controlled voltage
regulators are extensively used for speed control of single phase
induction motors. This leads to power saving but the applied voltage
and current waveforms become non-sinusoidal. These non-sinusoidal
waveforms increase voltage and thermal stresses which result into
accelerated insulation aging, thus reducing the motor life. Life
models that allow predicting the capability of insulation under such
multi-stress situations tend to be very complex and somewhat
impractical. This paper presents the fuzzy logic application to
investigate the synergic effect of voltage and thermal stresses on
intrinsic aging of induction motor insulation. A fuzzy expert system
is developed to estimate the life of induction motor insulation under
multiple stresses. Three insulation degradation parameters, viz. peak
modification factor, wave shape modification factor and thermal loss
are experimentally obtained for different firing angles. Fuzzy expert
system consists of fuzzyfication of the insulation degradation
parameters, algorithms based on inverse power law to estimate the
life and defuzzyficaton process to output the life. An electro-thermal
life model is developed from the results of fuzzy expert system. This
fuzzy logic based electro-thermal life model can be used for life
estimation of induction motors operated with non-sinusoidal voltage
and current waveforms.

Keywords—Aging, Dielectric losses, Insulation and Life
Estimation.

I. INTRODUCTION

NDUCTION MOTORS are the work horse of the industries.

The energy consumption of all the motors is approximately
70% of the total energy produced in the power system. Any
change in the technology which could reduce power
consumption will result into major economic impact. Over the
past few years, power electronics with improved speed control
offered by inverter drives, have led to entirely new
applications were induction motors were not used before. On
the other hand the recent proliferation of power electronic
controllers in industrial as well as domestic appliances has
resulted into the increasing problem of power quality and
premature failure of induction motors. The harmonic current
injected in ac lines by power electronic controllers affect
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considerably the shape of voltage waveform at supply side.
Harmonics have become very important issue in the design
and operation of power electronic drives due to the restrictions
imposed by regulations [1]. In general the effect of non-
sinusoidal voltage and current waveforms is associated with
insulation degradation due to thermal aging [2] but the effect
of voltage peaks [3], rate of rise of voltage [4], rate of
repetition of switching impulse [5] and wave shape [6] can
also be predominant. The additional stresses caused by such
voltages eventually lead to accelerated aging of the insulation
in the motors [7], [8], to rotor and bearing failures and so on.
These waveforms have sharp rise time which results into non-
uniform voltage distribution in the windings [9], [10]. The
frequency spectrum of these voltages reveals the presence of
high frequency harmonics of non-negligible magnitude [11].
When exposed to the voltage waveforms containing high
amount of harmonics, the heat generation, as a result of
dielectric losses is larger as compared with the power
frequency excitation [12]. This may result into decreased life
or even failure of insulation due to the increased operating
temperature or to thermal runaway. These types of voltages
and their parameters have influence on the partial discharge
(PD) mechanism and degradation processes in insulation
systems [13], [14]. Processes occurring under non-sinusoidal
voltages are different from the ones under conventional ac
power frequency voltage. The rise time of the impulse like
voltage influences the occurrence of PD. Hence the PD
inception and extinction voltage reduce [15]. The life test data
for different insulation samples with long time electrical and
thermal stresses show significant reduction in the endurance
capability of the insulation materials [16]. A breakdown of the
electrical insulation system causes catastrophic failure of the
electrical machine and brings large process downtime losses.
Therefore one of the rapidly expanding areas for both research
and product development efforts is to develop the monitoring
techniques to diagnose the condition of turn-to-turn insulation
of low voltage machines [17]. Due to premature failure of
many standard motors operated with power electronic
controllers it becomes obvious that a detailed analysis of the
wave shape and their impact on insulation life is necessary.

In this paper the effect of non-sinusoidal voltage and current
on intrinsic aging (in the absence of partial discharges) of
induction motor insulation is investigated. Mathematical
analysis is carried out to extract the parameters of the non-
sinusoidal voltage and current waveform responsible for
insulation aging. The main factors, which are causing the
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excess insulation stress, include voltage peaks (V,), rate of rise
of the voltage (dV/df), voltage transients, dielectric losses,
current peaks (/,) and harmonics present in the voltage
waveform. They are experimentally obtained using power
electronic voltage controller at different firing angles. The
experimentally generated data is used to compute the stress
factors. These stress factors are used as input to the fuzzy
expert system for life estimation. An electro-thermal life
model [18], [19] is obtained from the results of fuzzy expert
system which can be used for life estimation of single phase
induction motors operated with non-sinusoidal voltage and
current waveforms.

II. INSULATION AGING AND LIFE MODELS

Electric motor life is a critical issue when discussing
predictive maintenance and reliability programs. The primary
question is: When will the motor fail? Unfortunately, this is
not an easy question to answer, in particular as it relates to
electric motor systems. Generally in service, an insulation
system is subjected to one or more stress that causes
irreversible changes of insulating material properties with
time, thus reducing progressively the ability of insulation in
enduring the stress itself. This process is called aging and ends
when the insulation is no more able to withstand the applied
stress. The relevant time is the time-to-failure or time-to-
breakdown, alternatively called insulation life time. Insulation
life time modeling consists of looking for adequate
relationships between insulation life time and the magnitude
of the stresses applied to it. When two or more stresses are
present, the aging is much faster than if only a single stress
was present Aging models that allow machine manufacturers
to predict the capability of insulation under such multi-stress
situations tend to be very complex and, to date, somewhat
impractical. When the relationship between life and applied
stresses is derived by simply resorting to experimental
evidences of the insulation breakdown phenomenon,
consisting of failure times obtained by accelerated life tests at
given stress levels then, life models are referred to as
phenomenological life models. Physical models are based on
the description of specific degradation mechanisms assumed
as predominant within proper ranges of applied stresses.
Insulation aging model based on Design of Experiment (DoE)
method has also been proposed [20]. Artificial intelligence
based decision making techniques and advanced data
processing techniques for life estimation and diagnostic of
induction motor have also been proposed in the last decade
[21]. Additional information on insulation aging and life
models may be found in [22], [23].

II. Fuzzy Logic

Fuzzy logic is a form of multi-valued logic derived from
fuzzy set theory to deal with reasoning that is approximate
rather than precise. A fuzzy expert system is an expert system
that uses a collection of fuzzy membership functions and rules
to reason about data. Most tools for working with fuzzy expert
systems allow more than one conclusion per rule. The set of

rules in a fuzzy expert system is known as the rule base or
knowledge base. The general inference process proceeds in
three steps. Under FUZZIFICATION, the membership
functions defined on the input variables are applied to their
actual values to determine the degree of truth for each rule
premise.

Under INFERENCE, the truth value for the premise of each
rule is computed and applied to the conclusion part of each
rule.

Finally is the DEFUZZIFICATION, which is used to
convert the fuzzy output set to a crisp number. There are many
defuzzification techniques. Two of the more common
techniques are the CENTROID and MAXIMUM methods.

Insulation failure is a stochastic phenomenon, thus, in order
to determine life model parameters, life test results at various
test stress levels are processed resorting to proper statistical
methods and failure probability distribution functions. Using
the probability distribution function life model can be
obtained. Fuzzy logic is a form of many valued logic or
probabilistic logic. Fuzzy logic and probabilistic logic are
mathematically similar; both have truth values ranging
between 0 and 1 but conceptually distinct, due to different
interpretations. Fuzzy logic corresponds to “degree of truth”,
while probabilistic logic corresponds to “probability,
likelihood". As these differ, fuzzy logic and probabilistic logic
yield different models of the same real-world situations. In the
work done so far; statistical methods and failure probability
distribution functions have been extensively used to determine
the life model parameters for the insulating materials.
Artificial intelligence (AI) techniques, particularly the fuzzy
logic are powerful mathematical tools for modeling uncertain
systems and complex phenomena. Fuzzy logic is a vast
discipline and the basic technology has advanced
tremendously in recent years; therefore its application can be
explored for aging process investigations and life modeling of
insulation under multiple stresses. Additional information on
fuzzy logic theory and applications may be found in [24].

It is the intent of this paper to apply fuzzy logic to study the
synergic effect of voltage and thermal stresses on insulation
life of single phase induction motor under non-sinusoidal
voltage and current waveforms. Insulation stress parameters
are experimentally computed for the power -electronic
controlled single phase induction motor for different firing
angles. This data is processed by the fuzzy expert system to
estimate the life in percentage. Estimated life at different
firing angles is used to develop the electro-thermal life model
for single phase induction motor under non-sinusoidal voltage
and current waveforms.

IV. MATHEMATICAL ANALYSIS

When voltage waveform applied across the motor becomes
non-sinusoidal, the Fourier decomposition of the waveform is
as under:

V(t)ziVn sin(noyt +y,) 1)
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n is harmonic no., V, is the peak value of the n™ harmonic, ¥,
is phase shift of the harmonic being considered, @; is the
fundamental frequency and N is no of harmonics being
considered. The main factors, which stress the insulation, are;
voltage peaks, waveform slope (dV/df) and thermal stress.
From (1) it can be shown that;

av(t)) _ o 35 e )
( dr j ==

Hence for fundamental;

o _ay
&) B ©

Equations (2) and (3) show the slopes for non-sinusoidal
and sinusoidal waveform respectively. Dividing (2) by the
derivative of a purely sinusoidal wave at supply frequency of
50 Hz, having the same magnitude of the fundamental
component of the distorted waveform following equation is
obtained.

2
N V
= 2| In 4
K, EH[VJ “)

Ky is called as wave shape modification factor. This factor
indicates how the wave shape is getting distorted from
sinusoidal to non-sinusoidal. This depends on harmonic order
as well as magnitude of the harmonic voltage.

The other factor, which is considered to take into account
the effect of voltage stress is the peak modification factor; Kp.
It is given as;

P (5)
",

r

where; Vp is peak of the distorted voltage and Vp is the peak
of the reference sinusoidal voltage wave. The RMS
modification factor is defined as;

K = Vims (6)
I/lrms

where; 7, is rms voltage of the distorted voltage and V7, is
the rms voltage of the reference sinusoidal voltage wave.

The heat generated in the insulation depends on the
dielectric loss in the insulation and the losses in the winding
conductor. The dielectric loss in the insulation is given by;

P=wE’¢¢, tand

(7
where  is the angular frequency given by;

o=2rf ®)

tand is the loss factor and £ is the electric field given by;

E=V/ &)

Therefore for a given insulating material it can be shown;
P=Kf(Vy (10)

K may be assumed constant for the given insulation. It is given
as;

K =27%% tans (1n
d

Hence for sinusoidal waveform,;
2
P=Kf(V,) (12)

and for non-sinusoidal waveform;
N
P=KY f,V,) (13)
n=l1

fnand V, for n =1 to N can be obtained from the Fast Fourier
Transform (FFT) of the voltage signal. Hence the more
distorted is the voltage waveform the more will be the
dielectric power loss. Dividing (13) by (12) gives the increase
in dielectric power loss, 4P. The heat generated in the winding
conductor is given by;

H=(IVRt (14)

where [ is the RMS value of the current; R, is the winding
resistance and ¢ is the time. If the current is non-sinusoidal;

J
H=Y IRt (15)

J=1

Jj shows the number of samples of current wave over one
cycle. Hence higher the peak value of the current (Ip) and
higher the harmonic content in the wave, more will be the heat
generated in the winding. Dividing (15) by (14) gives the
increase in heat generation, 4H. Hence the total increase in
thermal loss (7) may be estimated as;

T =(AP+AH) (16)

When a single stress; say voltage; is applied to the
insulation; the life model based either on inverse power law
(IPL);

L=CE™ (17)

or on the exponential law;
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L =C,exp(—hE) (18)

can be proposed. C;, C,, n and h are constants’ depending on
temperature and other factors of influence, £ is the magnitude
of the electrical field and L is the life in hours [18]. Equations
(17) and (18) provide straight lines in log-log or semi log
coordinate systems, respectively with slopes -1/n and -1/A. E is
the abscissa and log (L) is the ordinate. Coefficient n (or ) is
called voltage endurance coefficient (VEC).

Power electronic controlled induction motor insulation is
subjected to multiple stresses due to non-sinusoidal voltage
and current waveforms. With such waveforms following
electro-thermal life model (which includes all the significant
aging factors and uses the Arrhenius model) has been
proposed [18].

L=LK, 'K K, (19)
where L, is life under reference sinusoidal condition, K, K,
and K, are wave shape, peak and rms modification factor
given in (4), (5) and (6) respectively. All three factors are
associated with the voltage waveform. For the power
electronic controlled induction motors the non-sinusoidal
voltage and current increase the dielectric loss and heat loss.
Therefore in (19) Kr is replaced by thermal loss; 7. Hence the
proposed electro-thermal life model is;

L=LK, 'K T" (20)

Equation (19) can be converted to the first order log-log life
model as under:

InL=L,-n,InK,—nInK_  —nInT (21

The stress factors Kp, Ky and T enter into the model
equations with proportionality coefficients n,, n, and #,
respectively which provide a measure of the extent of the
dependence of life on these factors. Therefore, the relationship
between the logarithm of life L and logarithm of stress
characteristic parameters fits a linear law. In this paper the
stress factors Kp, Kg and T are experimentally computed for
the power electronic controlled single phase induction motor
for different firing angles. This data is processed by the fuzzy
expert system to estimate the life. Estimated life at different
firing angles is used to compute the proportionality
coefficients n,, n, and n,. Hence fuzzy logic based electro-
thermal life model for single phase induction motor under
non-sinusoidal voltage and current waveforms is developed.

V.EXPERIMENTAL

A. Experimental Setup

Experimental set up is shown in Fig. 1. A single phase, 230
volts, 50 Hz, 600 watts, 1410 rpm induction motor (IM) with
exhaust fan blades as load is controlled by the thyristor based

voltage regulator (VR). The firing angle (o) of the voltage
regulator is varied from zero degree to 90 degrees. This results
into speed variation from rated to 35% of the rated speed. The
voltage and current applied to the motor no longer remain
sinusoidal under this condition. Current and voltage signals
are measured by Digital Storage Oscilloscope (DSO) using
small shunt (1 ohm) and potential divider (1 k: 50 k)
respectively. FFT of voltage and current waveforms for
various firing angles is obtained by the DSO. Back-to-back
zener diodes (Zener) are connected to protect the DSO from
voltages transients.

B. Experimental Results

The experimental results are shown for different values of
the firing angle (o) of electronic regulator in Table I. The
reference is taken when firing angle is zero and the voltage
and current waveforms are sinusoidal. This corresponds to the
rated speed. Figs. 2 (a) and (b) show the voltage waveform for
firing angle of 30 and 90 degrees respectively. The waveforms
are non-sinusoidal with spikes. It is observed that the
amplitude of the voltage spikes is increasing with the firing
angle. Fig. 3 shows the expanded view of the voltage spike
when firing angle is 90 degree. This shows impulse type of
voltage is appearing due to switching operation of thyristors
resulting in high rate of rise of the voltage (dV/dt). Figs. 4 (a)
and (b) show the FFT of voltage waveforms for firing angle of
30 and 90 degree respectively. From the FFT it is observed
that the amplitude of harmonic voltages is increasing with the
firing angle. This results into increased dielectric losses.
Current peaks are also increasing resulting in increased heat
losses. Hence from the results it is obvious that the voltage
and thermal stresses are increasing with firing angle. The
synergic effect of this is accelerated insulation aging; hence
reduction in life.

TABLEI
EXPERIMENTAL RESULTS

Voltage peak dVydt

Firing angle Speed Current peak

o (deg). S (rpm) V, (Volts) (V/usec) I, (Amp)
0 1410 322.22 22.65 2.92
15 1250 452.11 199 3.72
30 1100 580 237 4.56
45 950 626.4 283 5.2
60 800 649.6 305 5.52
75 650 672.8 328 5.6
90 500 630 339 5.65

| Chm

2

VI
—x
SRR
BACA

Fig. 1 Circuit diagram
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Fig. 2 Effect of firing angle on voltage waveform: (a) o= 30° and (b)
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Fig. 3 Expanded view of voltage spike

VI. STRESS FACTORS

On the basis of experimental results insulation stress
factors, viz, wave shape modification factor (Ks), peak
modification factor (Kp) and increased thermal loss (7) are
computed using (4), (5) and (16) respectively. The stress
characteristic parameters with non-sinusoidal voltage and
current waveforms due to electronic regulator are compared
with sinusoidal waveforms. In all the cases the firing angle is
taken along x—axis and stress parameter along y—axis. Fig. 5
shows the variation of peak modification factor (Kp). It
indicates increase in voltage spike magnitude with the firing
angle. Fig. 6 shows the variation of wave shape modification
factor (Kj). It shows remarkable change in the wave shape at
moderate and high speeds indicating introduction of higher
order harmonics of non-negligible magnitude. This increases

the dielectric power loss. Fig. 7 shows the variation of the
thermal loss (7). This shows continuous increase in the
thermal stress. The results show that the voltage and thermal
stresses are increasing with the firing angle. They result into
accelerated insulation aging; hence the life is reduced.
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Fig. 4 FFT of the voltage waveform: for (a) o = 30% and (b) a = 90°
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Fig. 5 Variation of peak modification factor (Kp)
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Fig. 6 Variation of wave shape modification factor (Kf)
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Fig. 7 Variation of Thermal loss (7)

VII. Fuzzy LOGIC BASED LIFE MODEL

A fuzzy expert system is developed to study the insulation
aging due to non-sinusoidal voltage and current. Three
insulation stress parameters; peak modification factor (Kp),
wave shape modification factor (K;) and thermal loss (T) are
taken as inputs. The fuzzification process is accompanied by
generalizing the crisp number set and sub set of all the input
values. A fuzzy set is described by a membership function,
which assumes values in the interval [0, 1]. The basic
principles and the design guidelines for the fuzzy expert
system are as under:

1. Stress factor threshold (i.e. the value below which no
degradation due to a given mechanism takes place) is
considered under “Low” value of the membership
function. Corresponding life is 100%.

2. The maximum value of stress factors is taken when the
breakdown of the insulation occurs.

3. The range for the membership functions of the inputs is
decided from the experimentally obtained data. The stress
input parameters are classified as low, medium, high and
very high according to their magnitudes.

4. The membership functions and the rules are framed with
reference to the life model based on inverse power law
(IPL).

5. Total 21 rules are framed considering all the possible
combinations of the inputs from the experimental results
with non-sinusoidal voltage and current. The rules are
given in Table III appendix.

6. Life is assumed normal when the input is sinusoidal. The
life is classified as very poor, poor, average and normal.
To present the effect of insulation aging due to non-
sinusoidal voltage and current, life is estimated as
percentage of normal life.

7. The defuzzification of the resultant membership function
is performed using center of gravity algorithm.

The membership functions for the peak modification factor,
wave shape modification factor and thermal loss are shown in
Figs. 8, 9 and 10 respectively. The membership function for
the output (life in percentage) is given in Fig. 11. For all the
membership function graphs the parameter value is taken
along x-axis and the degree of the membership function is
taken along y-axis. Under sinusoidal voltage and current the

life is assumed 100%. The results of the fuzzy expert system
are presented in Table II. Fig. 12 shows the variation of the
estimated life (life curve) as a function of the firing angle.
This characteristic is following the inverse power law.

On the basis of the estimated life by fuzzy expert system the
proportionality coefficients of the first order log-log electro-
thermal life model for multiple stresses due to non-sinusoidal
voltage and current waveforms given in (21) are computed.
The electro-thermal life model developed from the fuzzy
expert system is as under:

InL =4.7495-0.5889In K, —0.1496In K —0.288InT

This electro-thermal life model can be used to investigate
the synergic effect of multiple stresses on the life of induction
motor.

Low Medium High V. High

Degree of MF
-

o

3

=

Peak modificzation factor

Fig. 8 Membership function for peak modification factor (Kp)

Low Medium High V.High

=
\

Degree of MF

o

2 3 4 5
Waveshape modification factor

[u

Fig. 9 Membership function for wave shape modification factor (Kf)

Low Medium High V.High
1
L
=
S
jo}
9
[a}
0 T T T f T 1
1 1.5 2 25 3 3.5 4
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Fig. 10 Membership function for thermal loss (7)
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=
G
Q
[
j=3
a
0

0 10 20 30 40 50 60 70 80 90 100
Life (%)

Fig. 11 Membership function for estimated life in percentage (%L)
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Fig. 12 Variation of estimated life in percentage of normal life (%L)

TABLE 11
INPUTS AND OUTPUT OF FUZZY LOGIC MODEL AT DIFFERENT SPEEDS AND
FIRING ANGLES
Firing angle, o Speed, S K» Ks T Life, L
(deg). (% of rated) (% of Normal)
0 100 1 1 1 100
15 88.65 14 1.68 1.28 81.2
30 78.01 1.8 2 1.63 65
45 67.37 1.94 23 192 57.9
60 56.74 202 247 216 54
75 47 209 268 222 51.1
90 35.46 211 288 225 50.3

VIII.CONCLUSION

The objective of this study was to investigate the synergic
effect of voltage and thermal stresses on intrinsic aging of
induction motor insulation under non-sinusoidal voltage and
current waveforms. The experimental results obtained with the
power electronic voltage regulator show more than two times
increase in voltage peaks (2.11) and thermal loss (2.25).
Insulation is continuously subjected to impulsive type voltage
transients due to switching of thyristors. FFT shows
considerable increase in harmonic contents of the voltage and
current waveforms. Therefore the insulation is subjected to
multiple stresses resulting into accelerated aging. This results
into premature failure of the induction motor. A fuzzy logic
based first order log-log electro-thermal life model to estimate
the life of induction motor under non-sinusoidal voltage and
current waveforms is obtained. The proposed model relates
three stress parameters viz. peak modification factor, wave
shape modification factor and thermal loss to life. These stress
parameters enter into the life model equation with
proportionality coefficients which provide a measure of the
extent of dependence of life on these terms. It follows from
the life model equation that the effect of peak voltage is
predominant, while the effect of thermal loss seems slightly
more significant than that of wave shape parameter. The
relationship between the logarithm of life and logarithm of
stress parameters fits a linear law with correlation coefficient
of 0.98. The proposed fuzzy logic based electro-thermal life
model can be used to estimate the life of single phase
induction motors under non-sinusoidal voltage and current
waveforms.

[2]

B3]

[4]

[3]

(6]

(7

(8]

[

[10]

[11]

APPENDIX
TABLE III
RULES FOR THE Fuzzy LOGIC MODEL

Rule No. Kp K T Life
1 Low Low Low Normal
2 Low Low Medium Normal
3 Low Medium Medium Average
4 Low Medium High Average
5 Medium  Medium Medium Average

6 Medium  Medium High Poor

7 Medium  Medium V. high Poor
8 Medium High Medium Average

9 Medium High High Poor

10 Medium High V. high Poor

11 High Medium Medium Poor

12 High Medium High Poor
13 High Medium V. high V. poor

14 High High High Poor
15 High High V. high V. poor

16 High V. high High Poor
17 High V. high V. high V. poor

18 V. high High High Poor
19 V. high High V. high V. poor
20 V. high V. high High V. poor
21 V. high V. high V. high V. poor
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