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Abstract — The paper analyzes the stator current spectrum of a
healthy squirrel cage induction machine, The knowledge of
stator current spectrum of the healthy cage rotor induction
machine is a starting point for diagnosis of different faulty
regimes using a noninvasive diagnostic technique known as
ntotor current signature analysis, Magnetomotive force (MMF)
space harmonics, slot permeance harmonics as well as
saturation of main magnetic flux path through the virtual air
gap permeance variation are taken into analytical
consideration. Air gap flux density waves were obtained by
multiplying the corresponding MMF waves with air gap
permeance waves. General rules which give the connection
between the number of rotor bars and the existence of rotor
slot harmonics in the stator current spectrum are derived, too.
Their appearance as well as magnitude depends on the
corresponding air gap flux density wave pole pair number.
Predicted spectral components of the stator current are
experimentally verified on two laboratory motors with different
number of rotor bars.

Index Terms - Induction machine, Condition monitoring,
Stator current spectrum, Slot harmonics, Saturation

I. INTRODUCTION

On-line condition monitoring of electrical machines has
become a very important issue in systems for protection of
electric machines. Condition monitoring can significantly
improve reliability and enable timely planning of repairs,
particularly when it comes to high power machines i.e. high
price machines or machines that are important from the
system that includes them as prime mover point of view.

In order to monitor the machine’s health condition and to
make on-line diagnosis many different techniques have been
developed. Among others, one can mention the measurement
and spectral analysis of the axial magnetic flux by using the
search coil, the vibration analysis techniques, stator current
etc. [ 1].
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Among the mentioned techniques motor current
signature analysis (MCSA) has particularly significant
importance. Stator line current frequency spectrum

represents, a sort of speaking, an electrocardiogram of
electrical machine. This technique is especially useful
because it is non-invasive, and search coil is a machine stator
winding itself, [2].

In order to make the correct interpretation of changes in
the spectrum as a result of different faulty regimes, one
should be familiar with current spectrum of the healthy
machine, which is not an easy demand because of the
complexity of electromagnetic processes, variable in space
and time, which occur in the machine. In other words, it is
necessary to have a powerful mathematical model that
enables numerical modeling of the machine taking into
account exact geometrical representation of the machine. On
the other hand, in order to be able to interpret results from
the numerical model on a proper manner it is necessary to
have an appropriate analytical model. The most common
approach for these purposes is MMF - permeance wave
approach where resultant air gap magnetic flux density
waves are a result of MMF and permeance wave
multiplication [3].

Only the application of both models, numerical and
analytical and with experimental verification, enables to
draw exact conclusions about which spectral current
component give sign of different faults in the machine.

It is common in literature that induction machine is
modeled assuming infinitely high permeable magnetic core
by which all analysis is reduced to the analysis of
electromagnetic processes taking place in the air gap [4], [5].
This approach does not give a real picture of the stator
current spectrum bearing in mind the fact that every
induction machine is more or less saturated in rated
operating mode.

This paper aims to analyze the stator current spectrum of
healthy induction motor as a basis for analyzing the
spectrum in different modes of failures. In first part of the
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paper a short reminiscence on the MMF space harmonics
will be done. Second part of the paper deals with slot
permeance harmonics, while in third part saturation of the
main magnetic flux path in the machine is taken into
account. Analytically predicted stator current spectral
components are validated at the end of the paper through
experimental spectra of two different machines.

11. SPACE MMF HARMONICS

Due to the three phase stator winding placement in the
slots, the phase as well as the resultant rotating MMF wave
shape is stepwise. Therefore, rotating MMF beside the
fundamental harmonic with p pole pairs contain higher space
harmonics. The aforementioned series of MMF space
harmonics are defined by the well-known expression,
v=6g+1], g=0,t1,+2. )
where v is harmonic order. Besides 5™ and 7" space
harmonics, which are a consequence of trapezoidal phase
MMF shape, slot harmonics or more precisely, principal slot
harmonics (PSH) are two of the most prominent higher
space harmonics in the stepwise MMF waveform of the
stator. Their existence is, in accordance with the definition of
MMF, generated by the flow of current through the
corresponding winding and a consequence of the discrete
nature of the stator and rotor windings, i.e. their placement
in the slots.

For a stator with S slots, in a motor with p pole pairs,
stator slot harmonics are of order AS/pxl, A=1.2,... These
harmonics belong to the series of the higher MMF space
harmonics generated by a symmetrical three-phase stator
winding supplied by a system of symmetrical three-phase
voltages (1). In such a series they are, for A=1, the most
prominent space harmonics in the spectrum (known as PSH)
and it is well known that these harmonics are not able to be
attenuated using short pitched stator windings.

Rotor slot harmonics (RSH) are of much more interest
in cage induction motors and RSH are not only the most
prominent space harmonics of rotor MMF, but they also
exist only in the spectrum beside the fundamental rotor
MMF wave. Rotor cage reacts on the flux density waves
from stator side with the following three series of MMF
waves, {6],

M, =M, cos(s,f—vpb,), 2

M,=M,, cos(svmr+(—7gi—vjp9,], (3)
P

M,=M,, cos(s\,wt—[ﬁ+v)p9,), 4
p

where,
s, =1-v(1-s). )

In an unsaturated machine these MMF waves interact with
the constant air-gap permeance, producing the same shape of
flux density waves. These waves, in the stator frame of
reference, are:

B, = B, cos(or —vp8, ), (6)

B, =B, cos([l —15(1 —s)jmw(yi—vaQ] , M
P P

B,=B,, COS[(I-I-}LE(]—S))O)I—(E+V)pex]. (8)
P P

Therefore, all of the flux density space harmonics from
stator side, rotor reflect at the fundamental frequency and a
series of two additional slip dependent frequencies, located
rather high in the stator current spectrum, that are known as
the rotor slot harmonics, RSH, lower,

fRSII,L Z(l—x-@(]—s)jf], &)
p
and upper,

Fasu v =(1+x§(x~s))f1, (10)

where A=1,2,3... For A=1 one has the first order RSH or
principal slot harmonics, PSH. These flux density waves,
induce electromotive forces (EMFs) and lead to currents in
the stator windings at the same frequencies.

It is known that the current components at RSH given
by frequencies (4) and (5) are dependent on the rotor speed
i.e. motor load. That is what makes them interesting and is
the reason why these harmonics have found wide application
in the sensorless speed estimation of induction motor drives
using numerous different techniques for digital signal
processing [7].

However, the existence of stator current components at
frequencies given by (9) and (10) depends on the number of
pole pairs in the flux density waves (7) and (8). In order that
spectral component at the lower PSH frequency (9) exist in
the stator current spectrum it is required that the number of
pole pairs in the flux density wave (7) is equal to the number
of pole pairs produced by the stator winding, or, in other
words, R/p—v for some value of v must belong to the group
H=(6k+1). It further means that:

R, .., =plolg +k)+2], g=02142,...; k=012, (11)

L_PSH

It can be easily concluded from (11) that for a rotor with R
bars, in a p pole pair motor,



R =(6n+2)p, n=0,12,3,.. (12)

L PSH
only lower PSH in the stator current spectrum will exist
(Ry_psi=4, 16, 28, 40, ...in a four pole motor). On the other
hand, the condition for the existence of the upper PSH is
satisfied for rotors with following number of bars,

R, s =—plolg +k)+2] g=02142, k=0£142, (13)
which is equivalent to the following,
R, 0 = (6;1 —2)p, n=12,3,.. (14)

ie. Ry psu=8, 20, 32, 44, ...in a four pole motor.
In order that both of these PSH’s exists in the stator

current spectrum, the number of rotor bars in p pole pairs

motor, must be the mean value of (12) and (14),

R n=1,2,3...

=6np, (15)

BOTH _PSH
which is identical with the “forbidden” combinations of
stator and rotor slot numbers, [8], (Rzory rsn=12, 24, 36, 48,
...in a four pole motor). Rotors with R bars in p pole pair
motor, which do not satisfy any of the conditions (12), (14)
and (15), will not have any PSHs in the stator current
spectrum, under symmefrical stator windings and
symmetrical voltage supply conditions.

111. SLOT PERMEANCE HARMONICS

Besides the MMF space harmonics in the stator or rotor
MMF wave that have been described, another effect exists in
a real induction motor which generates EMFs and currents in
stator windings at the same frequencies given by (9) and
(10), as it will be explained below. This is the stator and
rotor slotting effect i.e. the air gap length that varies with
both space and time as a function of rotation of the rotor. As
was stated previously, both space slot harmonics and slot
permeance harmonics induce EMFs and lead to currents at
the same frequencies. Hence, the distinction between the
contributions of these components is blurred. The main
differentiation between these two effects is that rotor MMF
space harmonics exist only in case when current flows
through the cage winding, even in the no-load case. This is
as a consequence of high frequency rotor currents induced
by rotating flux density wave harmonics from the stator side.
For the existence of rotor permeance slot harmonics this
precondition is not needed. Even a slotted rotor without any
winding, rotating in the motor by some external means e.g
an auxiliary motor, will lead to stator windings current
components at frequencies given by (9) and (10) if the stator
winding is connected to the voltage supply. In this case, the
slip in (9) and (10) is simply the difference between the

synchronous speed and the speed of the auxiliary motor. The
reason for the existence of these stator current components is
that the self inductance of the stator windings becomes a
function of time as a consequence of variable permeance due
to the rotor rotation.

The real induction motor air gap permeance is variable
in both space and time as a consequence of stator and rotor
slotting and their mutual position as a function of rotor
rotation, Taking into account only the fundamental harmonic
of air gap permeance series, the air gap permeance function
is commonly described by following series, [9]-[11],

P(ex,e,):i+kj cos($8,)+k, cos(R®, )+ k,, cos($8, —R8, ) +...
g

(16)
where coefficients &, k,, k,, depends on the geometrical
dimensions of the air gap and stator and rotor slot mouth
width. Now, consider the situation when stator MMF waves
given by,
amn

Mw(t,ex):M cos((x)t —VpGI),

sV max
act on the third term of (16). As a result, two flux density
waves are obtained, expressed in the stator frame of
reference as,

Bm(r,e,) =B, . cos((l —E(l - s))wt +(£—v]p95J , (18)
p P

B,(1,6,)=B,,.. cos((l+£(l —s))cot —[5 +va9\) ,(19)
p

D

which are identical with waves (7) and (8).

On the other side, stator MMF waves (17) acting on the
fourth term in the permeance expression (16), give flux
density waves of the same frequencies but with different
numbers of pole pairs given by:

B(10)=B.. co{(l_ﬁ(l _s)]mf-(s -k
P

P
R—Vjpex)-(zn

As will be shown, this difference in pole pair number
could have, at certain combination of stator, rotor slot and
pole pair number, a significant influence on stator current
components amplitudes at these frequencies.

+V)I’9:] ,(20)

BM(I,QS) =B, cos((l +£ {1~ s))wr +( S
p

p

IV. SATURATION PERMEANCE HARMONICS

Saturation of the main magnetic flux path in a machine
can be modeled by making the air-gap length a function of



the saturation level and spatial position, Fig 1. In this
approach maximum value of the virtual air-gap length
corresponds to the maxima/minima of the main magnetic
flux density wave, while the minimum value of the virtual
air-gap length (equal to the effective value of the air-gap
length) corresponds to the zero value of the main magnetic
flux density wave.

Accordingly, the air-gap permeance function,
neglecting the stator and rotor slotting, is described with the
following expression, [12]-[14],

P, B)zl—km —k_cos(2p8, —2B),

8o

(22)

where gy is the effective air-gap length and p is the
machine’s number of pole pairs.

Fig 1. Virtual air-gap length variation along the machine
circumference due to the main magnetic flux path saturation, p=2,
B=n/2 rad.

Angle 0, (in mechanical radians) defines position along the
stator circumference, while B (in electrical radians) describes
the angular position of the air-gap flux density maximum in
the stator frame of reference. The factor k,, is correlated with
the saturation factor in the following manner. Product of the
permeance function and the fundamental MMF wave
M | naxcos(r—p8,) gives two flux density waves:

B(t,e,) = erm\(gi -% km}cos(wt - pG,)~ M, .. %cos(S(nt ~3p8,}- (23)

Maximum value of the fundamental flux density wave in
(23) should correspond to the saturated condition of the
machine (B, ~Es~Use). In unsaturated machine, maximal
value of the fundamental flux density wave
(B onsar~Enonsai~Unonsar)  Should correspond to the inverse
value of the effective air-gap length, i.e.:

1
—qumw=ﬂ——3hjiu_ (24)
& ) g 2

As the saturation factor is the ratio of the fundamental
components of the air-gap voltage in unsaturated and
saturated conditions,

U sat
= (25)

previous relationship results in:
21 -
k —_— k.ml 1 .

= 26
" 3g, k (26)

sal

The air-gap permeance function (22) now attains a compact
form,

P =P +P, =P +P,, cos(2pB, -28), @7
where,

k-1

pl:_l_ I_Zs_m_ , (28)
& 3 k,
1k, -1

o = 21kl (29)
38, k,

Symmetrical three-phase stator winding produces a series of
MMF waves, described by the well-known relation,

M, =M, cos(wr—vph,) (30)
where v=6g+1, g=0,21,12,... These waves, in interaction
with the air-gap permeance function (27) produce a myriad
of magnetic flux density waves. It should be noted that in a
steady state condition B=wt.

In a saturated machine, two different effects can be
recognized. Firstly, rotor MMF waves (2)-(4) experience a
variable air-gap permeance. In interaction with P, (27), rotor
MMF waves produce the following flux density waves, in
stator reference frame,

Bll,rm = Bllmmr COS(O)’ + (V - 2)p9; ) » (31)

Blzmv = Bllmmt COS(3(D[ - (V + 2)179;) » (32)

B,..,=B,... cos[(l L s)}cor —-[55 ~{v- 2)] pes] ,(33)
P p

B, =B, cos((3 AR {1- s)](nt + [E ~{v+ 2));)9, J ,(34)
p p

B, =B cos((l R (1- s))mr + (A—Ii +(v- 2))1795 ] ,(35)
p

p



B,. =B, co{[S kR (1- s))wz —(&5 +(v+ 2)) pGJJ . (36)

r p

As the pole pair number in (32) is a multiple of three for any
v, the third harmonic component in stator current spectrum
cannot arise in a symmetrical machine connected to balanced
three phase voltages.

Secondly, stator MMF waves in a saturated induction
machine, through variable air-gap permeance P, induce
flux density waves that do not exist in an unsaturated
machine. These waves are,

B, =B, cos((1-(2-v)1-s)or+(v-2)ps, ), (37)

B. =B, cos((3—(v+2)1-s)or—(v+2)ps,). (38)

Sm

Due to these waves, new MMF waves in the cage rotor can
appear. However, these new MMF waves, in the previously
described manner, can induce the EMFs and lead to currents
in the stator winding only at the same frequencies as in (31)-
(36). Hence, in a saturated induction machine new stator
current components can be expected only at the following
frequencies: saturation lower,

fs. :[3—kﬁ(l—s))f,, (39)
p
and saturation upper harmonic:
R
feo :(3+X———(I—s)]fl. (40)
) P

Similarly as for the PSHs, in order that stator current
components arise at frequencies given by (39), number of
the pole pairs of the magnetic flux density waves (34) must
be the same as the number of pole pairs that the stator
winding itself produces. This means that, in order that stator
current component at the lower saturation related frequency
exists, R/p—(v+2) must belong to group H=(6k+1) where
k=0,£1, 2, The same condition holds for the upper
saturation related PSH.

V. STATOR CURRENT SPECTRUM CONTENT

Analytically predicted stator line current frequency
components one can easily find in a spectrum of a real cage
rotor induction motor. Measurements were conducted on two
laboratory motors, with two different number of rotor bars.
The stator current spectrum was recorded using a current
clamp together with PicoScope® acquisition system.

A) $=36, R=28, p=2

Fig 2 shows experimentally obtained stator current
spectrum for an induction motor with S=36 stator slots, R=28
rotor bars and p=2 pair of poles. In accordance with
predictions, (12), only lower PSH exists in the spectrum at
616Hz, for s=4.86%. Additionally, both saturation related
current components appear in the spectrum at predicted
frequencies, (39), (40), ie. at 516Hz and 816Hz for
5=4.86%.

Moreover, saturation related component at 816Hz is one
of the most prominent harmonics in the spectrum. This
phenomenon could be easily explained by the following two
facts: a) magnetic flux density wave (36) has fundamental
number of pole pairs, p=2 for v=—17; b) stator MMF space
harmonic for v=—17 is rather high because this harmonic is
the stator slot harmonic (§=36, p=2). So, these two facts
cumulatively lead to rather high current component at upper
saturation-related frequency.

Other saturation-related current component at 516Hz is

not so prominent because magnetic flux density wave (34)
could have fundamental number of pole pairs only for v=13,
ie. for stator MMF space harmonic of rather small
magnitude.
Fig 2 shows, beside predicted, also additional current
components. On a first place that are components at [5S0Hz,
250Hz and 350Hz. Third time harmonic in a stator current
spectrum is a consequence of asymmetrical voltage supply,
i.e. of some amount of inverse rotating magnetic flux wave
in the air gap, v=—1 in (32). Namely, none of the three-phase
voltage supplies is ideally symmetrical as it is the case with
real induction machine windings, too. The existence of 5™
and 7" current time harmonic is due to the voltage time
harmonics in three-phase supply voltages.

Lower saturation related
harmonic related harmonic
) 516Hz 816Hz

® Lower PSH
616Hz
@

£

]
L e ——

a0

Upper saturation
20

Fig 2. Experimentally recorded stator line current spectrum for
loaded cage rotor induction motor with S=36 slots, R=28 bars and
p=2 pole pairs. Slip s=4.86%.

B) S§=36,R=32,p=2

Fig 3 shows record of stator current spectrum for loaded
four pole cage rotor induction motor with S=36 stator slots
and R=32 rotor bars @ s=6.4%. Only upper PSH exist in the
spectrum according to (14). Moreover, upper PSH at 798Hz



is one of the most prominent higher harmonics in the whole
stator current spectrum. Although the fundamental rotor
current of the loaded motor has a significant influence on the
PSH intensity, such a high PSH component can be explained

only by the significant additional influence of slot
permeance harmonics.
0
Upper PSH
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Fig 3. Experimentally recorded stator line current spectrum for
loaded cage rotor induction motor with $=36 slots, R=32 bars and
p=2 pole pairs. Slip s=6.4%.

Indeed, this motor has a number of stator and rotor slots such
that the slot permeance harmonics will also have a very
significant influence on the same PSH amplitude. From (21),
it follows that (S—R)/p—v=(36-32)/2—1=1 and this means
that the fundamental stator MMF wave through the slot
permeance produces upper PSH. Hence, it might reasonably
be expected that this upper principal slot harmonic is very
prominent in the stator current spectrum in no-load, too. This
explanation can be underpinned by stator current spectrum in
no-load condition, Fig 4.
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Fig 4. Experimentally recorded stator line current spectrum for
unloaded (s=0) cage rotor induction motor with §=36 slots, R=32
bars and p=2 pole pairs

VI. CONCLUSIONS

Stator current spectrum content of healthy squirrel cage
induction machine is analyzed. This is a starting point for
diagnosis of any faulty regime of the machine by motor
current signature analysis. MMF space harmonics, slot
permeance harmonics as well as saturation of main magnetic
flux path through the virtual air gap permeance variation are
taken into analytical considerations. Air gap flux density
waves are obtained by multiplying the corresponding MMF
waves with air gap permeance waves. General rules which

give the connection between the number of rotor bars and
the existence of rotor slot harmonics in the stator current
spectrum are derived, too. The predicted stator current
spectrum content is experimentally verified on a two
laboratory motors with different number of rotor bars.
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