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Abstract—Before applying current-signature-analysis-based
monitoring methods, it is necessary to thoroughly analyze the
existence of the various harmonics on healthy machines. As such
an analysis is only done in very few papers, the objective of
this paper is to make a clear and rigorous characterization and
classification of the harmonics present in a healthy cage rotor
induction motor spectrum as a starting point for diagnosis. Mag-
netomotive force space harmonics, slot permeance harmonics, and
saturation of main magnetic flux path through the virtual air-gap
permeance variation are taken into analytical consideration.
General rules are introduced giving a connection between the
number of stator slots, rotor bars, and pole pairs and the existence
of rotor slot harmonics as well as saturation-related harmonics
in the current spectrum. For certain combinations of stator and
rotor slots, saturation-related harmonics are shown to be most
prominent in motors with a pole pair number of two or more. A
comparison of predicted and measured current harmonics is given
for several motors with different numbers of pole pairs, stator
slots, and rotor bars.

Index Terms—Condition monitoring, fault detection, fault di-
agnosis, Fourier transforms, induction machines, induction motor
drives, preventive maintenance, spectrum analysis.

NOMENCLATURE

B Magnetic flux density (in teslas).
F Frequency (in hertz).
f1 Fundamental frequency (in hertz).
fL_PSH Lower principal slot harmonic (PSH) frequency (in

hertz).
fU_PSH Upper PSH frequency (in hertz).
fL_RSH Lower rotor slot harmonic (RSH) frequency (in

hertz).
fU_RSH Upper RSH frequency (in hertz).
fL_SH Lower saturation-related harmonic frequency (in

hertz).
fU_SH Upper saturation-related harmonic frequency (in

hertz).
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g Ordinal number.
g0 Air-gap length (in meters).
k Ordinal number.
km Saturation factor 1.
ksat Saturation factor 2.
M Magnetomotive force (MMF) (in amperes).
n Ordinal number.
p Pole pair number.
P Permeance (in 1/m).
R Number of rotor slots (bars).
S Number of stator slots.
s Slip.
sν Slip for νth harmonic.
t Time (in seconds).
Usat Voltage in saturated machine (in volts).
Unon_sat Voltage in nonsaturated machine (in volts).
β Angular position of air-gap flux (in electrical

radians).
ν Harmonic order.
ω Angular frequency (in radians per second).
λ Harmonic order.
θr Angle measured in rotor reference frame (in

radians).
θs Angle measured in stator reference frame (in

radians).

I. INTRODUCTION

ONLINE condition monitoring has become a very impor-
tant issue in safety critical systems. 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 prime
movers for complex systems.

Electrical machines and drive systems are subject to many
different types of faults. These faults include the following [1].

1) Stator winding faults [2]–[4].
2) Rotor electrical faults (e.g., broken rotor bar, cracked end

ring, or short circuit in case of wound rotor machines) [2],
[5]–[7].

3) Rotor mechanical faults (e.g., bearing damage, eccentric-
ity, bent shaft, and misalignment) [8]–[13].

4) Failure of one or more power electronic components
of the drive system [14], [15]. In order to monitor the
machine’s health condition and to make online diag-
nosis, many different techniques have been developed.
Among others, one can mention the measurement and
spectral analysis of the axial magnetic flux by using the
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search coil, temperature measurement, infrared recogni-
tion, noise and vibration monitoring, motor-current sig-
nature analysis (MCSA), etc. [16].

Among the mentioned techniques, MCSA has particularly
significant importance. Stator line current frequency spectrum
represents, a sort of speaking, an electrocardiogram of electrical
machine. This technique is particularly useful because it is
noninvasive, and search coil is the machine stator winding
itself.

Although MCSA is one of the most powerful methods for
diagnosing motor faults, it has some shortcomings.

1) MCSA requires high precision of slip-frequency informa-
tion.

2) Stator-current data should be sampled after motor speed
arrives at the steady state.

3) Unspecified harmonic numbers induce ambiguous results
from MCSA-based diagnosis methods [17].

In order to make the correct interpretation of changes in the
spectrum as a result of different faulty regimes, one should
be familiar with the current spectrum of the healthy machine
[18], which is not an easy task 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 represen-
tation of the machine. Such a model that is widely recognized
as very powerful tool for modeling and analysis of different
faults in induction machines is based on winding function
approach [19].

To get a deeper insight into the origin of the different current
harmonics, an appropriate analytical model has to be used in
addition to the numerical one. The most common approach for
these purposes is the MMF–permeance wave approach. There,
the magnetic flux density waves in the air gap are obtained
from multiplication of MMF and permeance wave [8]. The
application of both models, numerical and analytical, verified
by measurements, allows to draw conclusions on the order and
magnitude of fault-induced current harmonics.

In the literature, induction machines are usually modeled
assuming smooth air gap. As a result, only a small number
of papers are taking into account also stator and rotor slotting
as possible source of harmonics in the stator-current spectrum
[10], [19], [20].

A further simplification usually applied is the assumption
of infinite permeability of the iron core which results in all
magnetic machine properties being defined by the air gap
only. Keeping the stator-current spectrum of a real machine in
mind, this simplification is not able to describe the harmonics
introduced or influenced by saturation of the main flux path.

A model to investigate the influence of saturation along
the magnetic flux path was presented in [21]. There, new
saturation-related frequency components in stator-current spec-
trum were deduced.

The objective of this paper is to make a clear and rigorous
characterization and classification of all harmonics present in a
healthy cage rotor induction motor spectrum as a starting point
for diagnosis.

In the first part of this paper, a short overview on the MMF
space harmonics is given. This part of this paper introduces
general rules that describe the connection between the number
of stator slots, rotor bars, and pole pairs and the existence of
RSHs in stator-current spectrum.

The second part of this paper deals with slot permeance
harmonics. As will be shown, certain combinations of stator,
rotor slot, and pole pair number have a significant influence on
the magnitude of stator-current harmonics at RSH frequencies.

Finally, the third part deals with saturation of the main
magnetic flux path in the machine and its influence on the
existence of saturation-related current harmonics.

In addition, the properties of the third-harmonic current com-
ponent which is always more or less pronounced are explained.

Stator-current harmonics analytically predicted are validated
in the last part of this paper through experimental spectra of
three different machines as well as spectra of a fourth machine,
taken from open literature.

II. SPACE MMF HARMONICS

Due to the placement of the three-phase stator winding
in 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 also contains higher
space harmonics. The aforementioned series of MMF space
harmonics is defined by the well-known expression

ν = 6g + 1, g = 0,±1,±2, . . . (1)

where ν is harmonic order. Aside from the fifth and seventh
space harmonics, which are a consequence of trapezoidal phase
MMF shape, stator slot harmonics are two of the most promi-
nent higher space harmonics in the stepwise MMF waveform.
Their existence is, in accordance with the definition of MMF,
a result of current flowing through the corresponding winding
and a consequence of the discrete nature of the stator windings,
i.e., conductor placement in the slots.

For a stator with S slots, in a machine with p pole pairs,
slot harmonics are of order λS/p± 1, λ = 1, 2, . . .. These
harmonics belong to the series of the higher MMF space har-
monics 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 λ = 1, the most prominent space
harmonics in the spectrum, and it is well known that these har-
monics are not able to be attenuated using short-pitched stator
windings [22].

RSHs are of much more interest in cage induction motors and
not only are the most prominent space harmonics of rotor MMF
but 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 [23]:

M1 =M1m cos(sνωt− νpθr) (2)

M2 =M2m cos

(
sνωt+

(
λR

p
− ν

)
pθr

)
(3)

M3 =M3m cos

(
sνωt−

(
λR

p
+ ν

)
pθr

)
(4)
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where sν is slip of MMF νth-order harmonic

sν = 1− ν(1− s). (5)

In a nonsaturated machine, these MMF waves interact with
the constant air-gap permeance (neglecting stator and rotor
slotting), producing the same shape of flux density waves.
These waves, now in the stator frame of reference, are

B1=B1mcos(ωt−νpθs) (6)

B2=B2mcos

((
1−λ

R

p
(1−s)

)
ωt+

(
λR

p
−ν

)
pθs

)
(7)

B3=B3mcos

((
1+λ

R

p
(1−s)

)
ωt−

(
λR

p
+ν

)
pθs

)
. (8)

Therefore, all of the flux density space harmonics from the
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 RSHs, lower

fL_RSH =

(
1− λ

R

p
(1− s)

)
f1 (9)

and upper

fU_RSH =

(
1 + λ

R

p
(1− s)

)
f1 (10)

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

Obviously, frequencies given by (9) and (10) depend on
machine load, i.e., slip. By other words, position of PSH in
stator-current spectrum depends on rotor speed. 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 [24]–[26].

However, the existence of stator-current components at fre-
quencies given by (9) and (10) depends on the number of pole
pairs in the flux density waves in(7) and (8). In order that
spectral component at the lower PSH frequency (9) exists 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 itself. In other words,
R/p− ν for some adequate value of ν(1) must belong to the
group H = (6k + 1). It further means that

RL_PSH = p [6(g + k) + 2] ,

g = 0,±1,±2, . . . ; k = 0,±1,±2, . . . . (11)

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

RL_PSH = (6n+ 2)p, n = 0, 1, 2, 3, . . . (12)

lower PSH in the stator-current spectrum will exist. In case of a
four-pole machine, RL_PSH = 4, 16, 28, 40, . . ..

On the other hand, the condition for the existence of the
upper PSH is satisfied for rotors with the following number of
bars:

RU_PSH = −p [6(g + k) + 2] ,

g = 0,±1,±2, . . . ; k = 0,±1,±2 (13)

which is equivalent to the following expression:

RU_PSH = (6n− 2)p, n = 1, 2, 3, . . . . (14)

This leads to RU_PSH = 8, 20, 32, 44, . . . for a four-pole ma-
chine.

In order that both PSHs exist in the stator-current spectrum,
the number of rotor bars in p pole pair motor must be equal to
the mean value of (12) and (14)

RBOTH_PSH = 6np, n = 1, 2, 3, . . . . (15)

This leads to the well-known “forbidden” combinations of
stator and rotor slot numbers [22] (RBOTH_PSH = 12, 24, 36,
48, . . . for a four-pole motor). Rotors with R bars in p pole
pair symmetrical induction motor, which do not satisfy any
of conditions (12), (14), and (15), will not have any PSHs in
the stator-current spectrum, under symmetrical voltage supply
conditions.

III. SLOT PERMEANCE HARMONICS

Aside from the described stator or rotor MMF space har-
monics, 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 explained as follows.
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 stated previously, both MMF space
harmonics and slot permeance harmonics induce EMFs and
lead to the stator 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 winding 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 changing
rotor angle.

The actual 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 angle.
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Taking into account only the fundamental harmonic of air-gap
permeance series, the air-gap permeance function is commonly
described by the following series [19]:

P (θs, θr) =
1

g0
+ Ps cos(Sθs) + Pr cos(Rθr)

+Psr cos(Sθs −Rθr) + · · · (16)

where coefficients Ps, Pr, and Psr depend on the geometrical
dimensions of the air gap and stator and rotor slot opening. The
situation when stator MMF waves given by

Msν(t, θs) = Msνmax cos(ωt− νpθs) (17)

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

Bsν1(t, θs) =Bsν1max cos

((
1− R

p
(1− s)

)
ωt

+

(
R

p
− ν

)
pθs

)
(18)

Bsν2(t, θs) =Bsν2max cos

((
1 +

R

p
(1− s)

)
ωt

−
(
R

p
+ ν

)
pθs

)
(19)

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) lead to flux den-
sity waves of the same frequencies but with different number of
pole pairs given by

Bsν3(t, θs) =Bsν3max cos

((
1− R

p
(1− s)

)
ωt

−
(
S −R

p
+ ν

)
pθs

)
(20)

Bsν4(t, θs) =Bsν4max cos

((
1 +

R

p
(1− s)

)
ωt

+

(
S −R

p
− ν

)
pθs

)
. (21)

As will be shown, this difference in pole pair number (at
certain combination of stator, rotor slot, and pole pair number)
can have a significant influence on stator-current component’s
amplitudes at these frequencies.

IV. SATURATION PERMEANCE HARMONICS

The 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,
the 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.

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

Accordingly, the air-gap permeance function, neglecting
the stator and rotor slotting, is described with the following
expression [27]:

P (θs, β) =
1

g0
− km − km cos(2pθs − 2β) (22)

where g0 is the effective air-gap length and p is the machine’s
number of pole pairs.

Angle θs (in mechanical radians) defines position along the
stator circumference, while β (in electrical radians) describes
the angular position of the air-gap flux density maximum in
the stator frame of reference. The factor km is correlated
with the saturation factor in the following manner. Product
of the permeance function and the fundamental MMF wave
M1max cos(ωt− pθs) gives two flux density waves

B(t, θs) = M1max

(
1

g0
− 3

2
km

)
cos(ωt− pθs)

−M1max
km
2

cos(3ωt− 3pθs). (23)

The maximum value of the fundamental flux density wave in
(23) should correspond to the saturated condition of the ma-
chine (Bsat ∼ Esat ∼ Usat). In unsaturated machine, the max-
imal value of the fundamental flux density wave (Bnon_sat ∼
Enon_sat ∼ Unon_sat) should correspond to the inverse value
of the effective air-gap length, i.e.,

1

g0
: Unon_sat =

(
1

g0
− 3

2
km

)
: Usat. (24)

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

ksat =
Unon_sat
Usat

(25)

previous relationship results in

km =
2

3

1

g0

ksat − 1

ksat
. (26)
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The air-gap permeance function (22) now attains a compact
form

P = P1 + P2 = P1 + P2m cos(2pθs − 2β) (27)

where

P1 =
1

g0

(
1− 2

3

ksat − 1

ksat

)
(28)

P2m = − 2

3

1

g0

ksat − 1

ksat
. (29)

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

Ms = Msm cos(ωt− νpθs) (30)

where ν = 6g + 1, g = 0,±1,±2, . . .. These waves, in inter-
action with the air-gap permeance function (27), produce a
numerous magnetic flux density waves. It should be noted that,
in a steady-state condition, β = ωt.

In a saturated machine, two different effects can be noticed.
First of all, rotor MMF waves (2)–(4) experience a variable air-
gap permeance. In interaction with P2(27), rotor MMF waves
produce the following flux density waves, in stator reference
frame:

B11sat =B11msat cos (ωt+ (ν − 2)pθs) (31)

B12sat =B12msat cos (3ωt− (ν + 2)pθs) (32)

B21sat =B21msat cos

((
1 + λ

R

p
(1− s)

)
ωt

−
(
λR

p
− (ν − 2)

)
pθs

)
(33)

B22sat =B22msat cos

((
3− λ

R

p
(1− s)

)
ωt

+

(
λR

p
− (ν + 2)

)
pθs

)
(34)

B31sat =B31msat cos

((
1− λ

R

p
(1− s)

)
ωt

+

(
λR

p
+ (ν − 2)

)
pθs

)
(35)

B32sat =B32msat cos

((
3 + λ

R

p
(1− s)

)
ωt

−
(
λR

p
+ (ν + 2)

)
pθs

)
. (36)

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

Second, stator MMF waves in a saturated induction machine,
through variable air-gap permeance P2, induce flux density
waves that do not exist in an unsaturated machine. These
waves are

B4=B4m cos ((1−(2−ν)(1−s))ωt+(ν−2)pθr) (37)

B5=B5m cos ((3−(ν+2)(1−s))ωt−(ν+2)pθr) . (38)

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:
lower saturation-related harmonic (L_SH)

fL_SH =

(
3− λ

R

p
(1− s)

)
f1 (39)

and upper saturation-related harmonic (U_SH)

fU_SH =

(
3 + λ

R

p
(1− s)

)
f1. (40)

Similarly, as for the PSHs, in order that stator-current compo-
nents arise at frequencies given by (39), the number of pole
pairs of the magnetic flux density waves (34) must be the same
as the number of pole pairs that the stator winding itself pro-
duces. This means that, in order that stator-current component
at the lower saturation-related frequency exists, R/p− (ν + 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

According to the previously derived rules for the existence of
different harmonics in stator-current spectrum, it is an easy task
to form an algorithm that can decide which of the harmonics in
the stator-current spectrum for different numbers of p, S, and R
exist and what their relative intensity is.

Thus, the following table can be formed for the most com-
mon combinations of stator and rotor slots for cage rotor
induction machines.

The following consideration explains the notation in the table
(e.g.,“big big”).

Considering a motor with p = 2, S = 36 stator slots, and
R = 44 rotor bars, stator slot harmonics are of order S/p± 1,
i.e., −17th and +19th. In order that the lower saturation-related
harmonic (L_SH) appears in stator-current spectrum, R/p−
(ν + 2) should belong to the H = (6k + 1) group, where k =
0,±1,±2, . . ..

For ν = 1, R/p− (ν + 2) = 44/2− 3 = 19, i.e., for the
most significant harmonic from stator side, the result is also
a significant harmonic equal to the upper stator slot harmonic
(first big in table). On the other side, for ν = 19, R/p− (ν +
2) = 44/2− 21 = 1, i.e., for a relatively big harmonic from the
stator side, the upper stator slot harmonic results in a funda-
mental harmonic (second big)! Therefore, it can be expected
that L_SH in the stator-current spectrum of this machine will
be rather prominent as it will be shown later.

Consider another machine with p = 4 pole pairs, S = 48
stator slots, and R = 64 rotor bars. For this motor, stator slot
harmonics are of order S/p± 1, i.e., −11th and +13th. In order
that the lower saturation-related harmonic (L_SH) appears in
stator-current spectrum, R/p− (ν + 2) should belong to the
H = (6k + 1) group, where k = 0,±1,±2, . . ..
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TABLE I
EXISTENCE AND RELATIVE SIZE OF HARMONICS IN STATOR-CURRENT

SPECTRUM FOR DIFFERENT POLE PAIR NUMBERS AND DIFFERENT

STATOR/ROTOR SLOT NUMBERS

For ν = 1, R/p− (ν + 2) = 64/4− 3 = 13, i.e., for the
most significant harmonic from stator side, the result is also
a significant harmonic equal to stator slot harmonic (first big
in table). On the other side, when ν = 13, R/p− (ν + 2) =
64/4− 15 = 1, i.e., for relatively big harmonic from stator
side, the stator slot harmonic results in a fundamental harmonic
(second big). Therefore, L_SH in the stator-current spectrum of
this machine will be rather prominent (big big).

It is, however, also possible that a machine does not produce
any of the analyzed stator-current harmonics. These configura-
tions exist when the number of rotor slots is odd, because, in
that case, quotient R/p is not an integer.

In addition, machines exist with an even number of rotor
slots that do not produce higher frequency stator-current com-
ponents. From Table I, such a machine is found at p = 2, S =
72, and R = 58. For this machine, R/p± ν = 29± ν, (S −
R)/p± ν = 7± ν, and R/p± (ν + 2) = 29± (ν + 2), i.e.,
all of these relationships lead to even numbers for any ν, which
is, on the other side, always an odd number. Therefore, in this
machine, none of the mentioned harmonics exist.

From Table I, two conclusions could be drawn.
1) First, high-speed machines, i.e., machines with one pair

of poles, are very rich in high-frequency stator-current

Fig. 2. Block diagram of the experimental setup.

components. However, for the most common combina-
tions of stator slot and rotor bar numbers, such machines
did not develop any of “big big” harmonics. Therefore, it
can be expected that such machines are quiet in operation,
noise free, without high vibrations, etc., as approved
in [28].

2) Second, it can be observed that the very prominent
harmonics in current spectrum in motors with p >= 2
are saturation-related harmonics, not PSHs. As induction
motors are mostly operated in partly saturated conditions,
these harmonics always exist in the spectrum. This fact
was not recognized anywhere in open literature before.
It should be taken into account, particularly in sensorless
speed controlled drives, as these harmonics are also speed
(or slip or load) dependent. Tracking of such prominent
harmonics in stator-current spectrum is thus much easier
than tracking some of the harmonics that are not so
highlighted.

VI. CASE STUDY

The stator-current frequency components analytically pre-
dicted earlier can be found in the measured spectrum of a
cage induction machine. Measurements were thus conducted on
three laboratory motors (A, B, and C), with different numbers of
poles and rotor bars. The stator-current spectrum was recorded
using a current clamp together with PicoScope acquisition
system. Fig. 2 shows the block diagram of the experimental
setup. Additionally, stator-current spectrum of a fourth motor
(D) is taken from [29].

A. p = 1, S = 24, and R = 18

This machine is special in the sense that the current spectrum
should contain both PSHs, according to (15). Experimentally
recorded current spectrum clearly confirms this expectation
(Fig. 3). As the current spectrum is recorded under the no-load
conditions, PSH occurs at (1±R/p)f1 = (1± 18) · 50 Hz =
850 and 950 Hz. Additionally, two saturation-related harmonics
at (3±R/p)f1 = (3± 18) · 50 Hz = 750 and 1050 Hz are
also observable in the spectrum. However, none of them are so
prominent compared to the harmonics at 150, 250, or 350 Hz.
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Fig. 3. Experimentally recorded stator-current spectrum for unloaded cage
rotor induction motor with S = 24 slots, R = 18 bars, and p = 1 pole pair.

Fig. 4. Experimentally recorded stator-current spectrum for cage rotor in-
duction motor with S = 36 slots, R = 28 bars, and p = 2 pole pairs at s =
4.86%.

B. p = 2, S = 36, and R = 28

Fig. 4 shows experimentally obtained stator-current spectrum
for an induction motor with S = 36 stator slots, R = 28 rotor
bars, and p = 2 pairs of poles. In accordance with predictions,
only lower PSH exists in the spectrum at 616 Hz, for s =
4.86%. Additionally, both saturation-related current compo-
nents appear in the spectrum at predicted frequencies [(39) and
(40)], i.e., at 516 and 816 Hz for s = 4.86%.

Moreover, saturation-related component at 816 Hz is one
of the most prominent harmonics in the spectrum. This phe-
nomenon can be easily explained. Magnetic flux density wave
(36) has fundamental number of pole pairs p = 2 for ν = −17.
On the other side, stator MMF space harmonic for ν = −17 is
rather high because this harmonic is the stator slot harmonic
(S = 36 and p = 2). Thus, these two facts cumulatively lead
to rather high current component at upper saturation-related
frequency.

The other saturation-related current component at 516 Hz
is not so prominent because magnetic flux density wave (34)
could have fundamental number of pole pairs only for ν = 13,
i.e., for stator MMF space harmonic of rather small magnitude.

C. p = 2, S = 36, and R = 32

Fig. 5 shows the stator-current spectrum for loaded four-
pole cage rotor induction motor with S = 36 stator slots and
R = 32 rotor bars at s = 6.4%. Only upper PSH exists in the
spectrum according to predictions. Moreover, upper PSH at
798 Hz 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

Fig. 5. Experimentally recorded stator line current spectrum for loaded cage
rotor induction motor with S = 36 slots, R = 32 bars, and p = 2 pole pairs.
Slip: s = 6.4%.

Fig. 6. Experimentally recorded stator line current spectrum for unloaded
cage rotor induction motor with S = 36 slots, R = 32 bars, and p =
2 pole pairs.

PSH intensity, such a high PSH component can be explained
only by the significant additional influence of slot permeance
harmonics.

Indeed, this motor has a certain number of stator and rotor
slots 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− ν = (36− 32)/2− 1 = 1 which
means that the fundamental stator MMF wave through the slot
permeance produces upper PSH. Hence, it might reasonably
be expected that this upper PSH 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. 6).

D. p = 2, S = 36, and R = 44

Fig. 7 depicts stator-current spectrum for a loaded 60-Hz
four-pole cage rotor induction motor with S = 36 stator slots
and R = 44 rotor bars [29]. Only upper PSH exists in the
spectrum at 1325 Hz according to previously derived rules.
Lower PSH at 1205 Hz is almost invisible. Lower saturation-
related harmonic at 1085 Hz is the most prominent harmonic
(denoted big big) in this part of spectra because the pole
pair number of flux density wave given by (34) is equal to
one of the stator slot harmonics for ν = 1, i.e., (R/p− (ν +
2)) = (44/2− (1 + 2)) = 19. On the other side, for ν = 19,
(R/p− (ν + 2)) = (44/2− 21) = 1 Upper saturation-related
harmonic at 1445 Hz is not so pronounced because the pole
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Fig. 7. Stator line current spectrum for loaded 60-Hz cage rotor induction
motor with S = 36 slots, R = 44 bars, and p = 2 pole pairs[17]. Slip: s =
4.16%.

pair numbers in flux density wave given by (36) cannot attain
any significant value.

Figs. 3–7 shows also, besides the predicted, additional cur-
rent components that are, on a first place, at 150, 250, and
350 Hz.

The third time harmonic (150 Hz) in a stator-current spec-
trum is a consequence of asymmetrical voltage supply, i.e., of
some amount of inverse rotating magnetic flux wave in the air
gap ν = −1 in (32). Namely, none of the three-phase voltage
supplies are ideally symmetrical as it is the case with real
induction machine windings, too.

The existence of fifth and seventh current time harmonics is
due to the voltage time harmonics in the supply voltages.

It has to be stressed that some of the PSHs that ordinarily
could not exist in spectrum of healthy machine may be visible
as a consequence of asymmetrical voltage supply and/or asym-
metrical stator phase windings. In such cases, some amount of
inverse rotating magnetic flux wave in air gap exists ν = −1.
Such a case can be seen, for example, at motor with S = 36
stator slots, R = 32 rotor bars, and p = 2. Such a motor could
develop only upper PSH (14). However, for ν = −1, such
motor could also develop, in some amount, lower PSH as one
can easily conclude from (7) where, for ν = −1, the number
of pole pairs in magnetic flux density wave corresponds to the
17th harmonic.

VII. CONCLUSION

A thorough characterization and classification of the harmon-
ics present in a healthy cage rotor induction motor spectrum as
a starting point for diagnosis of different faulty regimes using
MCSA has been given in this paper. MMF space harmonics,
slot permeance harmonics, and saturation of main magnetic flux
path through the virtual air-gap permeance variation are taken
into analytical consideration.

This paper introduces general rules which give the connec-
tion between the number of stator slots, rotor bars, and pole

pairs and the existence of RSHs as well as saturation-related
harmonics in the stator-current spectrum.

Saturation-related harmonics are recognized as the most
prominent harmonics in cage rotor induction motors with
number of pole pairs equal or greater than two, for certain
combination of stator slots and rotor bars. This fact could be
very interesting for use of such motors for sensorless speed
tracking.

All of the predicted spectral components of the stator current
are experimentally verified on different laboratory motors with
different numbers of pole pairs, stator slots, and rotor bars.
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current spectrum content of a healthy cage rotor induction machine,” in
Proc. SDEMPED, Bologna, Italy, Sep. 2011, pp. 113–118.

[19] S. Nandi, “Modeling of induction machines including stator and rotor
slot effects,” IEEE Trans. Ind. Appl., vol. 40, no. 4, pp. 1058–1065,
Jul./Aug. 2004.

[20] S. Williamson and Y. N. Feng, “Slot-harmonic fields in closed-slot
machines,” IEEE Trans. Ind. Appl., vol. 44, no. 4, pp. 1165–1171,
Jul./Aug. 2008.

[21] S. Nandi, “A detailed model of induction machines with saturation
extendable for fault analysis,” IEEE Trans. Ind. Appl., vol. 40, no. 5,
pp. 1302–1309, Sep./Oct. 2004.

[22] T. Jokinen and V. Hrabovcova, Design of Rotating Electrical Machines.
Hoboken, NJ: Wiley, 2009.
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[27] G. Joksimović, “Line current spectrum analysis in saturated three-phase
cage induction machine,” Elect. Eng., vol. 91, no. 8, pp. 425–437,
Apr. 2010.

[28] B. Cassoret, J. P. Lecointe, and J. F. Brudny, “Influence of the pole number
on the magnetic noise of electrical ac machines,” Progr. Electromagn. Res.
B, vol. 33, pp. 83–97, 2011.

[29] K. Kim, A. G. Parlos, and R. M. Bharadwaj, “Sensorless fault diagnosis
of induction motors,” IEEE Trans. Ind. Electron., vol. 50, no. 5, pp. 1038–
1051, Oct. 2003.
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