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Abstract: The accurate extraction and analysis of slot harmonics caused by slotting in an induction
motor are important for the motor’s performance evaluation and state monitoring. However, the
frequency distribution of rotor slot harmonics (RSHs) varies along with the operating states of the
motor, such as motor speed and slip ratio, and the voltage and current signals of the motor only
contain small-amplitude RSHs compared with other harmonics; both make it difficult to extract and
analyze the RSHs accurately online. While offline extraction and filters with constant parameters
are mainly utilized in available works, a novel adaptive extraction method for RSHs in a multiphase
induction motor is proposed here to realize online RSH extraction under different speed and load
conditions. In this paper, the RSHs in the multiphase induction motors are firstly modeled by using
the magnetic potential permeability method, and the influence of a skewed rotor on RSHs is analyzed
through a multisection method. Then, an adaptive extraction method of RSHs is proposed, which can
effectively realize the online processing of RSHs of stator current. Finally, the experimental platform
of a nine-phase induction motor has been used to verify the effectiveness of the proposed method
under different speeds and load conditions, with a relative error of less than 1% in identifying the
RSH frequency distribution.

Keywords: multiphase induction motor; rotor slot harmonics; adaptive filter; online identification

1. Introduction

Multiphase induction motors (IMs) have been widely used in electric transportation
applications, such as electric vehicle drive, rail transport and ship propulsion [1]. Although
the multiphase IM features a reliable structure, lower phase voltage level [2], convenience
in maintenance [3] and good tolerant control capability [4,5], the working conditioning
measurement is still vital for the healthy operation of IMs, in which the real-time extraction
and analysis of voltage or current harmonics are important for providing essential or
inherent information for motor control or monitoring.

On one hand, slot harmonics are generally regarded as disturbances for motor op-
eration; they not only cause motor cost but also lead to torque ripples [6] and current
fluctuation [7]. When the rotor is eccentric, the slot harmonic will also affect the magnetic
pull force [8]. It is also necessary to optimize the stator and rotor slot number and slot
dimensions of the motor within its design stage [9]. Fractional slot [10], closed-slot [11],
skewed slot [12] and assisting magnetic pole [13] are all feasible methods for reducing slot
harmonics, but the above methods cannot completely eliminate tooth harmonics. Therefore,
slot harmonics need to be modeled and analyzed, which is usually combined with motor
design and iron loss analysis [14] and efficiency estimation [15].

On the other hand, the time and frequency properties of slot harmonics are effective
indicators that directly reveal the working condition of motor and can be used for fault
detection, including broken rotor bar fault diagnosis [16] due to the irregular frequency
distribution of rotor slot harmonics (RSHs), sensor-less rotor temperature estimation [17]
by evaluating the rotor loss through RSHs, and the detection of stator winding faults [18],
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as well as the measurement of motor speed in real time because the slip ratio is inherently
embedded in the frequencies of RSHs [19]. However, the modeling of slot harmonics cannot
comprehensively consider the actual operating conditions such as temperature [20] and
eccentric non-ideal conditions [21], as well as the other manufacturing errors [22], so the
online extraction and analysis of motor slot harmonics are actually of priority before they
can be further analyzed and utilized for the motor state monitoring and motor control
methods. However, the motor tooth harmonics, especially the frequency distribution of
RSHs, change with the motor running state, which makes it difficult to extract them online.
In fact, the offline extraction and filters with constant parameters are mainly utilized in
available works, which restricts the performance and accuracy of the online evaluation of
RSH properties of induction motors.

In this paper, we introduce an adaptive rotor slot harmonic extraction algorithm
for multiphase induction motors. The time and frequency properties of RSHs are firstly
modeled and analyzed, especially under the transients of load or speed change. Then
an adaptive online extraction and analysis method for RSHs is proposed to cope with
the current harmonics of the motor in operation, especially for different speed and load
conditions. Finally, a nine-phase induction motor platform was utilized to verify the
proposed adaptive online extraction and analysis method for primary RSHs (PSHs).

2. The Model and Analysis of Rotor Slot Harmonics for Multiphase Induction Motors
2.1. The Analytical Model of RSHs for Multiphase IMs

The rotor slot harmonics are generated by the cogging effect and are difficult to
completely eliminate by skewed slot and other methods. The open slot on the stator and
rotor has a modulation effect on the air gap magnetic field, as shown in Figure 1, and is
furtherly reflected in the motor voltage or current.
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Figure 1. The cogging effect of motor slotting on air gap magnetic field.

To obtain the theoretical model of RSHs for multiphase IMs, the magnetic potential and
permeability method is used here. For a multiphase induction motor in normal operation,
its synthetic magnetic potential of stator and rotor windings is first listed as follows:

f (θ, t) = f0(θ, t) + ∑
ν

fν(θ, t) + ∑
µ

fµ(θ, t) (1)

where θ is mechanical rotor position, t is the time, f 0 is the fundamental component, f v
is the vth magnetic potential of stator windings and f µ is the µth magnetic potential of
rotor windings.

f0(θ, t) = F0 cos(pθ −ω1t− ϕ0)
fν(θ, t) = Fν cos(νθ −ωvt− ϕv)
fµ(θ, t) = Fµ cos(µθ −ωµt− ϕµ)

(2)

in which p is the pole pair. ω1, ωv and ωµ and ϕ1, ϕv and ϕµ are respectively the angular
frequencies and phases of each component. F0, Fv and Fµ are their magnetic potential amplitudes.
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As an example, if the number of slots per pole per phase is an integer for a nine-phase
induction motor, the harmonic number of stator windings is

ν = (18k1 + 1)p, k1 ± 1, ±2, . . . (3)

If k1 is an integral multiple of the number of slots per pole per phase q1, such as
k1 = ±q1, ±2q1, ±3q1 . . . , the order of stator slot harmonics will be obtained as

νz = (18q1k1 + 1)p = k1Z1 + p k1 = ±1,±2, · · · (4)

where Z1 is the stator slot number.
Then, the magnetic potential harmonic order for a squirrel-cage rotor winding can be

defined as
µ = k2Z2 + ν k2 = ±1,±2, · · · (5)

where Z2 is the rotor slot number.
Meanwhile, the fundamental magnetic field in the air gap will induce the electromotive

force of rotor slot harmonics with the frequencies as

µz = k2Z2 + p k2 = ±1,±2, · · · (6)

As the magnetic potential has been modeled, the characteristics of air gap permeance
due to stator and rotor slots should also be analyzed. With slots on the stator and rotor, the
air gap permeability can be approximately expressed as

λ(θ, t) = Λ0(1 +
∑
k1

λk1

Λ0
)(1 +

∑
k2

λk2

Λ0
)

≈ Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1λk2
(7)

where Λ0 is the constant or DC part, Λk1 is the k1th magnetic permeance harmonics only
with stator slots, Λk2 is the k2th magnetic permeance harmonics only with rotor slots and
Λk1Λk2 is due to the relative effect between stator and rotor slots.

Λ0 =
µ0

δKc
(8)

Λk1 = −Λ0(−1)k1(Kc1 − 1)

∣∣∣∣∣ sin k1
Kc1−1

Kc1
π

k1
Kc1−1

Kc1
π

∣∣∣∣∣ (9)

Λk2 = −Λ0(−1)k2(Kc2 − 1)

∣∣∣∣∣ sin k2
Kc2−1

Kc2
π

k2
Kc2−1

Kc2
π

∣∣∣∣∣ (10)

λk1k2 =
Λk1Λk2

Λ0
cos[(±k1Z1 − k2Z2)θ − k2

Z2

p
(1− s)ωt] (11)

where δ is the nominal air gap length; Kc, Kc1 and Kc2 are the Karter coefficients, which are
related to the dimensions of stator and rotor slots.
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According to the properties of magnetic potential and permeance discussed above,
the air gap flux distribution can be calculated as follows:

b(θ, t) = f (θ, t)λ(θ, t)

=

{
f0(θ, t) + ∑

ν
fν(θ, t) + ∑

µ
fµ(θ, t)

}
·
{

Λ0 + ∑
k1

λk1 + ∑
k2

λk2

}

≈


F0Λ0 cos(pθ −ω1t− ϕ0) + ∑

ν
FνΛ0 cos(νθ −ω1t− ϕ1)

+∑
µ

FµΛ0 cos(µθ −ωµt− ϕ2)


+

{
∑
k1

F0Λk1
2 cos[(±k1Z1 + p)θ −ω1t− ϕ0)]

}
+

{
∑
k2

F0Λk2
2 cos

[
(±k2Z2 + p)θ −

(
± k2Z2

p (1− s) + 1
)

ω1t− ϕ0)
]}

(12)

in which the Λk1Λk2 component is omitted for simplicity; s is the slip ratio. The rotor slot
harmonics for windings is

b f µz(θ, t) = ∑
µz

B f µz cos(µzθ −ωµt− ϕ2)

B f µz = Fµz Λ0 = p
µ Kδ

I
′
2

I0
Bδ

(13)

and the rotor slot harmonics for magnetic permeance is

bΛµz(θ, t) = ∑
µz

BΛµz cos(µzθ −ωµt− ϕ0)

BΛµz =
1
2

F0
Kδ

Λk2 = 1
2

Λk2
Λ0

Bδ

(14)

where µz = k2Z2 + pk2 = ±1,±2, · · ·
Taking the primary rotor slot harmonic (PSH) as an example, its time domain ex-

pression can be divided into two parts: the first one Br1 is generated by the fundamental
magnetic potential of the motor, along with the magnetic conductivity due to slot cogging
effect, and the other one Br2 is caused by the interaction between the RSH induced magnetic
potential and the DC component of air gap magnetic conductivity. According to Equations
(12)–(15), and by combining the components with the same frequency, the primary rotor
slot harmonics (PSHs) can be modeled as follows:

Br(θ, t) = Br1(θ, t) + Br2(θ, t)
= (Fr(Z2/p−1)Λ0 +

1
2 F0Λr) cos

[
(Z2 − p)θ −

(
Z2
p (1− s)− 1

)
ω1t
]

+(Fr(Z2/p+1)Λ0 +
1
2 F0Λr) cos

[
(Z2 + p)θ −

(
Z2
p (1− s) + 1

)
ω1t
]

= Brsh1(θ, t) + Brsh2(θ, t)

(15)

where Bt1−(θ,t) and Bt1+(θ,t) are two side frequency components of PSH, Fr(Z2/p−1) and
Fr(2,p+1) are amplitudes of rotor cogging MMFs and Λr is the amplitude of sinusoidal air
gap permeance due to rotor cogging effect.

The frequencies of PSH ft1− and ft1+ are respectively

ft1− =

(
Z2

p
(1− s)− 1

)
f1 = (

Z2n
60 f1

− 1) f1 (16)

ft1+ =

(
Z2

p
(1− s) + 1

)
f1 = (

Z2n
60 f1

+ 1) f (17)

in which f 1 is the frequency of the fundamental magnetic field.
It can be found from Equations (17) and (18) that the frequencies of primary rotor slot

harmonics change along with the driving frequency of the inverter and inherently contain
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the information of slip ratio s, which is adjusted during motor operation dynamics, thus
making it difficult to extract the RSHs online.

2.2. The Effect of Skewed Slot Rotor on PSHs

The skewed slot of the rotor can effectively reduce the PSHs, thus improving the
cogging torque as well as the electromechanical vibration and noise for an operating motor.
In the magnetic field analysis, the effect of skewed slot can be equivalent to the decrease in
winding coefficient and influence the distribution of PSHs, thus then changing the phase of
electric potential harmonic for PSHs, so that their amplitudes will decrease. In addition,
the skewed slot rotor also weakens F1.

Here we use a multisection method [23] to analyze the properties of PSHs with skewed
rotor slots. In this method, the motor with a skewed slot rotor is segmented into several
parts, and each motor part is regarded with no slot skewness. Then, the electromagnetic
field of each motor part is calculated through the 2D finite element method [24], and the
calculated results of each part are summed up and then averaged, so as to analyze the effect
of rotor slot skewness.

The equivalent model of the multisection method mentioned above can be illustrated
in Figure 2, where the motor with a skewed slot rotor is divided into K segments, with γ as
the rotor slot slope. Thus, the rotor slot skewed angle between adjacent motor parts can be
obtained as θ = γ/k.
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Figure 2. The equivalent multisegmented model for a skewed rotor slot.

By coping with the elements related to the vector magnetic potential in the finite
element model of each motor segment, the finite element calculation model can be obtained.
As an example, a nine-phase IM with its main parameters listed in Table 1 and the rotor
slot skewed at a single stator pitch (5◦) is divided into seven segments here. Each segment
is regarded as a motor part without slot skewness and analyzed through FEA simulation.
The 2D FEA simulation results of magnetic field distribution of a single segment are plotted
in Figure 3.

Table 1. Main parameters of nine-phase induction motor platform.

Symbol Parameter Value

PN Rated motor power 8 kW
m Phase number 9

f N
Rated power supply

frequency 50 Hz

P Pole pairs 2
nN Rated speed 1477 r/min
UN Rated phase voltage 85 V
IN Rated phase current 12.87 A
Z1 Stator slot number 72
Z2 Rotor slot number 54
β Pitch ratio 5/6
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After the 2D FEA simulation of each motor segment, the calculated results are further
summed and averaged; the simulated amplitudes of PSH without and with the rotor slot
skewness in stator induced phase voltage are shown in Figure 4.
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(p.u.).

It can be seen from Figure 4 that when the rotor slot is skewed by a stator tooth pitch,
the amplitude of PSHs decreases significantly in stator induced phase voltage, compared
with the non-skewed case. At the same time, the other harmonics are also reduced.

3. Adaptive Online Extraction of PSHs from Stator Currents

Because the rotor slot harmonic changes dynamically with the running state of the
motor, and its amplitude is small and the signal−to−noise ratio is very low, it is actually
difficult to use a filter with constant coefficients to realize the online extraction and analysis
for these harmonics. Therefore, an adaptive filter is needed to process the stator current
signal, so as to eliminate the unrequired harmonics but retain the PSH components.

3.1. The Online Parameter Updated Algorithm for the Adaptive Online Extraction Filter for PSHs

According to Equations (16) and (17), the center frequency of adaptive passband filter
fpre0 and passband width fpw are designed as

fpre0 =
Z2 f1

p
, fpw = 4 f1 (18)

Therefore, the lower and upper angular cut-off frequencies are respectively

ω1 =
4π( fpre0 − 2 f1)

Fs
, ω2 =

4π( fpre0 + 2 f1)

Fs
(19)
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A four-order Butterworth lowpass filter is then designed, with the transfer function of
the Butterworth lowpass filter being

HLP(s) =
1

s4 + 2.6131259s3 + 3.4142136s2 + 2.6131259s + 1
(20)

Then the digital IIR bandpass filter can be obtained through bilinear transform [25],

HBP(z) = HLP(s)|s=D z−2−Ez−1+1
1−z−2

= b0+b1z−1+b2z−1+b3z−3

a0−a1z−1−a2z−1−a3z−3−a4z−4

(21)

where the coefficients of the filter can be obtained as

b0 =
1

D2 +
√

2D + 1
, b2 =

−2
D2 +

√
2D + 1

, b1 = b3 = 0 (22)

a0 = 1, a1 = −(2D2E+
√

2DE)
D2+

√
2D+1

, a2 = D2E2+2D2−2
D2+

√
2D+1

,

a3 =
√

2DE−2D2E−2
D2+

√
2D+1

, a4 = D2−
√

2D+1
D2+

√
2D+1

(23)

D = cot
(

ω2 −ω1

2

)
, E =

2 cos
(

ω2+ω1
2

)
cos
(

ω2−ω1
2

) (24)

Taking the direct type II transposed IIR filter as an example, the realization structure
of the adaptive filter is shown in Figure 5, where K is the gain of the adaptive filter. The
fundamental frequency track can be realized through phase-locked loop (PLL) or directly
obtained from the inverter [26].
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3.2. The Online Frequency Identification of PSHs and Verification

As the disturbances have been eliminated from the output of the adaptive filter
mentioned above, the signal-to-noise ratio of the PSH signal will be significantly enhanced
and can be further utilized for further analysis.

Additional processing is still needed to accurately identify the frequency of PSH.
FFT and phase-locked loop (PLL) are the commonly used methods for calculating signal
frequency. Since the output signal of the adaptive extraction filter still contains multiple
frequency components and their frequencies change in real time, the PLL method is not
applicable here for achieving stable output. Therefore, the FFT algorithm is used in this
paper to analyze the spectrum of the output signal of the adaptive filter. The complete



Energies 2022, 15, 6643 8 of 14

processing algorithm is diagramed in Figure 6, in which the adaptive extraction filter has
already been illustrated in Figure 4 in detail. The anti-aliasing processing, decimation and
signal reconstruction are the standard pre-processing of the signal before the FFT. The
signal reconstruction reuses the sampling points discarded in the process of decimation, so
as to increase the total signal length and improve the frequency identification accuracy. The
frequency verification assures that the identified frequencies of PSHs are reasonable; for
example, the difference between ft1− and ft1+ should be 2f 1 under any working conditions.
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The convergence rate is generally a critical concern of most adaptive filters due to the
inherent signal feedback. However, the proposed online parameter update algorithm is a
sequentially computed one, thus resulting in no convergence problem. Furthermore, the
signal output transients due to filter parameter update will be averaged and diminished
during the following FFT calculation and thus will not affect the RSH extraction results.

Another verification of the proposed method can be carried out by referring to actual
motor speed. By combining Equations (17) and (18), the relationship between the frequency
of PSHs and motor speed can be obtained as

ft1− + ft1+ =
Z2n
15p

(25)

4. Experimental Results
4.1. Experiment Platform Setup

A nine-phase induction motor platform, as shown in Figure 7, was established to verify
the proposed adaptive online extraction and analysis method for PSHs. In this platform, a
nine-phase squirrel-cage induction motor is driven by a multiphase inverter. The induction
motor is coaxially connected to a DC generator, which is excited by a Siemens SINAMICS
DCM regulator and serves for load adjustment. Speed and torque sensors are also installed
with accuracies of 0.1 N·m and 1 r/min.
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The stator current is measured through an LEM LA-25P current sensor and then A/D
converted by ADS1203 and anti-aliasing processed by Xilinx xc4vlx25 FPGA at 10MHz
rate before it is obtained by TI TMS320F28335 DSP. Differential signal measurement and
Sigma-Delta ADC sample are utilized to improve the SNR. All the main parameters of the
platform are listed in Table 1.

4.2. The PSH Extraction Results

Based on the above experimental device, the PSH characteristics of the motor were
extracted under different rotational speeds and loads by utilizing the proposed adaptive
online filter. In order to compare and analyze the time domain and frequency domain
characteristics of the stator current and PSH of the nine-phase induction motor before and
after adaptive filtering, The comparisons of the input and output of the adaptive PSH
filter in time and frequency domain are given under different working conditions of speed
239–1396 rpm and torque 4.9–16.5 N·m, as shown in Figures 8–15. It can be found that the
proposed filter can effectively extract the PSHs from the stator current signal, which is rich
in harmonics. All the above extraction and analysis results are summarized in Table 2.
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Figure 15. The comparison of the input and output of adaptive PSH filter in time and frequency
domain (1396 r/min, TL = 16.5 N·m): (a) time domain waveform; (b) frequency distribution.

Table 2. The frequency distribution of PSHs under different speed and load conditions.

Speed n (rpm) Torque (N·m) f 1 (Hz) ft1− (Hz) ft1+ (Hz)

239 5.2 8.3 208.4 225.1
342 4.9 11.7 296.8 320.2
440 6.0 15.0 381.7 411.7
538 7.0 18.3 466.6 503.3
636 8.3 21.6 551.2 594.6
832 10.5 28.3 721.1 777.8

1028 12.7 35.0 891.0 961.0
1396 16.5 48.3 1208.0 1304.6

4.3. Verification and Errors

The key metric of the proposed method is its universal applicability under different
motor conditions. Compared with the available RSH extraction method that is designed for
a certain motor speed and load condition, the proposed method is adjustable for different
speed and load conditions with only one adaptive filter, which contributes to the scene
working convenience. To better evaluate the accuracy of the proposed extraction method,
the analytical model illustrated as Equation (25) is utilized with measured motor speeds
at different working conditions. As the motor speeds can be easily measured online with
enough accuracy through the resolvers or encoders, the proposed method can be more
directly and effectively evaluated. The verification results are listed in Table 3, which shows
that the errors of PSH extraction and frequency analysis are less than 1% for all tested
working conditions. The error tends to increase with the decrease in speed. This is mainly
because the PSHs are concentrated in the low-frequency domain and are close to each other
at a low speed, which makes the extraction and analysis much more difficult. In fact, when
the rotational speed continues to decrease, the bandwidth of the adaptive filter proposed
is too narrow, which easily makes the output of the IIR filter oscillate or become unstable,
making the extraction process invalid.

Table 3. Verification and errors.

Speed n (rpm) Torque (N·m) Z2n/15p (Hz) ft1− + ft1− (Hz) Relative Error (%)

239 5.2 430.2 433.5 0.77
342 4.9 615.6 617.0 0.23
440 6.0 792.0 793.4 0.18
538 7.0 968.4 969.9 0.15
636 8.3 1144.8 1145.8 0.09
832 10.5 1497.6 1498.9 0.09
1028 12.7 1850.4 1852.0 0.09
1396 16.5 2512.8 2512.6 0.01
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5. Conclusions

In this paper, an analytical model of PSHs was utilized to update the coefficients of
an adaptive filter so that the PSHs of multiphase IMs could be extracted from a harmonic-
rich motor current and analyzed online. It has been validated through experiments that
the proposed method can be effectively utilized to cope with the changing frequency
distribution of PSHs under different speed and load conditions.

The accuracy of RSH frequency identification has also been verified by referring to the
measured rotor speed, with the relative error smaller than 1% in a wide speed range of
239–1396 rpm. In this case, the online-extracted properties of RSHs can be further utilized for
motor cost and torque ripple evaluation and monitoring. However, further investigations are
still needed for online extraction and analysis of RSHs at the ultra-low speed condition, since
the passband of the IIR filter will be too narrow to be implemented.

Based on the proposed adaptive online extraction method, more RSH-related studies
for multiphase induction motors, such as studies involving speed estimation, fault detection
and state monitoring.
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5. Kellner, J.; Kaščák, S.; Ferková, Ž. Investigation of the Properties of a Five-Phase Induction Motor in the Introduction of New

Fault-Tolerant Control. Appl. Sci. 2022, 12, 2249. [CrossRef]
6. Li, X.; Xue, Z.; Zhang, L.; Hua, W. A low-complexity three-vector-based model predictive torque control for SPMSM. IEEE Trans.

Power Electron. 2021, 36, 13002–13012. [CrossRef]
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