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Abstract: Based on the winding function considering the slot width and the air-gap permeability
considering the slot opening width, the main radial electromagnetic force wave expressions of the
induction motor are determined. The electromagnetic force-vibration prediction model of the in-
duction motor is established. The natural frequency and acoustic radiation model of a finite-length
cylindrical shell with two ends clamped is deduced. On this basis, an improved magnetic noise
prediction model of cage induction motor is improved, which can calculate the combined effects of
electromagnetic force on the axis and circumferential modes of the stator system. Aiming at two
different noise reduction targets, an optimization method is proposed to reduce the overall electro-
magnetic noise of the motor without sacrificing efficiency and output torque. The feasibility of the
model for electromagnetic noise prediction is verified by finite element simulation and experiments.
For a 30/26 slots five-phase induction motor, low-noise analysis and optimization schemes of the
opening width for two different targets are given. The results show that the larger slot opening
scheme can also result in less magnetic noise for the right selection, which is contrary to the common
design rule that recommends minimizing slot opening to reduce magnetic noise.

Keywords: five-phase induction motor; magnetic noise; slot optimization; electromagnetic vibration

1. Introduction

In the environment of prominent energy problems, new energy vehicles ushered in un-
precedented broad prospects. In addition to power density and fault-tolerant performance,
the +electromagnetic vibration and noise of electric vehicles, which are closely related to
NVH characteristics, are also attracting more and more attention. The same as three-phase
motors, the active noise reduction technology [1–4] of harmonic current injection into
multiphase motors can only eliminate the electromagnetic force space harmonics of order
0 and 2p. However, the stator elliptic mode is usually the mode with the most vibration
noise radiation, so this technology cannot be applied to four-pole or six-pole motors. Other
active noise suppression techniques often require more complex closed-loop control and
electromechanical equipment [5], so it is necessary to find some low-noise rules that can be
applied at the motor design stage. Rotor closing groove, increasing air gap length and rotor
chute are commonly used in low noise design methods, but the side effect is to significantly
reduce the performance of the motor.

Literature [6] mainly aimed at the tooth harmonic content of the three-phase induction
motor electromagnetic wave [7,8], i.e., the interaction of air-gap permeance harmonics and
fundamental magnetomotive force (MMF). The slot opening width of the optimization
design principles are given, but due to the different phase number, the air-gap flux density
characteristics and the electromagnetic harmonic content of the five-phase squirrel cage
induction motor (FSCIM) are also different from that of the three-phase motor. Therefore,
the electromagnetic vibration characteristics of the five-phase motor needs to be studied
separately.
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Aimed at reducing the magnetic noise of the FSCIM, an improved optimization method
of low electromagnetic noise is proposed, which does not weaken the electromagnetic
torque at the cost of changing the stator and rotor slot openings. Firstly, the five-phase
winding function is derived from the superposition of a single conductor or a single coil,
which includes the slot width. Then, combined with the stator and rotor current calculated
by the single-phase harmonic expansion circuit [9–11] and the air-gap permeance function
considering the slot openings, the radial air-gap flux density distribution is obtained.
Furthermore, an improved analytical model of electromagnetic force, vibration and noise
radiation was established to further consider the joint effect of electromagnetic force on the
axial and radial modes of the stator system, and the feasibility of the model was verified
by finite element simulation and noise measurement experiments. Next, on the basis
of [6], the qualitative analysis of the rotor slot width and noise suppression basis was
conducted. Finally, the slot opening width was optimized for the two kinds of integrated
noise optimization objectives. Taking the five-phase cage induction motor with stator and
rotor 30/26 slots as an example, the recommended schemes of low-noise slot opening
design are given.

2. Analytical Model of Electromagnetic Vibration
2.1. Electromagnetic Force Basis

The electromagnetic force of the motor mainly includes magnetostriction and Maxwell
force. Magnetostriction generally does not cause high-frequency magnetic noise [12,13], so
that the impact on noise radiation is negligible. Maxwell force is composed of radial and
tangential components, but since the radial component is usually an order of magnitude
larger than the tangential component, and the tangential component mainly causes reso-
nance in asymmetric windings and single-phase motors. In a five-phase induction motor
with normal windings, electromagnetic noise due to radial components of Maxwell stress
can be considered only [9,14]. The distribution of the exciting force in the air gap is mainly
expressed in the form of electromagnetic force waves per unit area [15–17].

PeR(t, θs) = B2
r (t, θs)/2µ0 (1)

where Br is the radial component of the air-gap flux density; µ0 is the air permeability; θs
is the mechanical angular position on the circumference. The two-dimensional Fourier
decomposition of the electromagnetic force density can be expressed as a superposition
of a series of harmonics of the frequencies fn and the m-th order in space, where m also
represents the number of pole pairs of the harmonic:

PeR(t, θs) = ∑
n

∑
m

Pn,m cos( fnt−mθs + ϕnm) (2)

where Pnm is the electromagnetic force wave amplitude.
If the rotor skew and end effect are ignored, the Maxwell stress will only cause the

modal resonance in the circumferential direction of the stator system (composed of the
stator yoke, stator teeth and stator windings). At this time, the stator system can be
equivalently regarded as a ring for modal analysis. When the frequency of the m-th space
harmonic of the electromagnetic force is equal to or similar to the natural frequency of the
m-th order circumferential mode of the stator system, the vibration will resonate and the
electromagnetic noise radiation will have a maximum value. Especially in the operating
speed range of the induction motor, this situation should be avoided. As is known, the
electromagnetic force amplitude is inversely proportional to the fourth power of the force
wave order [7,18], so for small and medium-sized motors, only force waves with m less
than 4 need to be considered.
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2.2. Current Computation

The stator and rotor phase currents, including all spatial and time harmonics, can be
calculated using the single-phase harmonic expansion circuit [19]. As shown in Figure 1,
each voltage harmonic US,n with frequency fn generated by the five-phase PWM inverter
circuit corresponds to an equivalent circuit containing the influence of v stator winding
space harmonics.
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According to Figure 1, the n main loop equations can be obtained as:

US,n = IS,n(RS + jXSσ,n) + ∑
v

jXµ
S,n,v Iµ

S,n,v

= ZS,n IS,n + ∑
v

Zµ
S,n,v Iµ

S,n,v
(3)

the n× v node equations are:
IS,n + IR,n,v = Iµ

S,n,v (4)

the n× v small loop equations are:

0 = IR,n,v
(

RR,v
′ + jXRσ,n,v

′)+ jXµ
S,n,v Iµ

S,n,v

= IR,n,vZR,n,v + Zµ
S,n,v Iµ

S,n,v
(5)

where RS and RR,v
′ are stator and rotor resistance, XSσ,n is the leakage reactance of stator to

n-th time harmonic, Xµ
S,n,v is the harmonic magnetizing reactance of the stator with respect

to the n-th time harmonic and v-th space harmonic [18,20] and XRσ,n,v
′ is the leakage

reactance of the rotor with respect to n-th time harmonic and v-th space harmonic. The
detailed expressions of the above circuit parameters can be calculated from [18].

Xµ
S,n,v = 2π fnLµ

S,v (6)

Lµ
S,v = Lµ

S,p

(
pKwv

vKwp

)2
(7)

where Lµ
S,v is v-th space harmonic leakage inductance, p is pole pair and Kwv is v-th wind-

ing factor.
For a certain time harmonic, the 2v + 1 Equations (3)–(5) can be combined to obtain

the following matrix:
Un = Zn · In (8)
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Un =

 US,n
0
0

, In =

 IS,n
Iµ
S,n

IR,n

, Zn =

ZS,n Zµ
S,n 0

1 −I I
0 Dµ

S,n DR,n

 (9)

where I is an identity matrix, 0 is a zero matrix, Zµ
S,n is the Zµ

S,n,v column vector and Dµ
S,n

and DR,n are Zµ
S,n,v and ZR,n,v diagonal matrixes, respectively. The time and space harmonic

currents of the stator and rotor can be obtained by substituting the parameters of each
motor into the matrix (9).

2.3. Analytical Calculation of Electromagnetic Force

Air-gap flux density is the basis of motor energy exchange, and the radial component
of flux density Br can be expressed as [7,9,11,21]:

Br(t, θs) =
(

f s
mm f (t, θs) + f r

mm f (t, θs)
)

Λ(t, θs) (10)

where f s
mm f and f r

mm f are stator and rotor MMF, Λ is the air-gap permeability taking the
slotted effects into account.

Λ(t, θs) = Λ0 + ∑
k1

λk1 + ∑
k2

λk2 + ∑
k1

∑
k2

λk1 λk2 (11)

The specific expressions of each part of air-gap permeability have been given in detail
in [7] and [10]. The influence of stator and rotor slots is proportional to the width of the slot
opening. λk1 and λk2 are inversely proportional to the number of magnetic conductivity
harmonics k1 and k2. Based on the known distribution of windings, the winding function of
single conductor or single coil WFs(θs) [11,22] can be used to obtain the expression of stator
winding function of each phase by using the superposition principle, as shown in Figure 2.
Then the stator/rotor MMF can be obtained by multiplying the winding function (12) by
the current obtained from Section 2.2.

WFs(θs) =


∞
∑

v=1

ksv

πv
sin vθs, a conductor

∞
∑

v=1

2Nc

πv
ksvkyv cos vθs, a coil

(12)

where ksv and kyv are the slotting coefficient and short distance coefficient of v pair poles
harmonics, respectively.
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By substituting (9)−(11) into (1), the Maxwell force wave generated by all magnetic
density harmonics can be determined, if only the force wave that plays a major role in
noise is considered, that is, the low order force wave Pbelt generated by the interaction
between harmonics of phase belt of stator and rotor MMF and tooth harmonics of air-gap
permeability. The characteristics of force waves are given in Table 1.

Table 1. Characteristics of phase belt force wave Pbelt.

Symbol Frequency fP Force Wave Mode m Remark

Pbelt fn[k2Z2(1 − s)/p + l] k2Z2 − 2m1pk1 + lp l = 0, ±2

By analyzing the expression of air-gap permeability, it can be seen that, regardless of
the value of l, the amplitude of the phase belt force wave of slot effect and the width of slot
opening always satisfy [6,23]:

PfP ,m ∝ PSPR ∝
sin(πk1β1)

k1

sin(πk2β2)

k2
(13)

β1 = 1− b01

τ1
, β2 = 1− b02

τ2
(14)

where PS and PR are the amplitude of harmonics of stator and rotor air gap permeability,
β1 and β2 are the slot opening ratio. The slot parameters are shown in Figure 3.
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Figure 3. Schematic diagram of stator and rotor slots.

The slot size of the rotor and the rotor directly influence the amplitude of wave, while
the number of pole slots influences the order of wave. The frequency of force wave is
mainly influenced by the number of rotor slots Z2, pole pair p, slip rate s and power supply
frequency fn. Generally speaking, in an induction motor from starting to stable operation,
the slip ranges from 1 to less than 0.05. As the five-phase PWM power supply contains
many rich time harmonics, the frequency range of the Maxwell force wave is too wide to
cover the natural frequency of the stator system.

2.4. Natural Frequency of Stator System

The stator system is mainly composed of an iron core and windings—tooth and
housing—which can be regarded as equivalent rings, respectively. The natural frequencies



Processes 2022, 10, 1496 6 of 14

of the core and windings (tooth) can be obtained by solving the second-order characteristic
equation of the cylindrical shell motion according to the Donnel–Mushtari theory [7,10].

It is worth noting that the vibration characteristics of the housing can be equivalent to
a closed cylindrical shell with both ends constrained [24]. As to common motors, both ends
are clamped (C). For the magnetic bearing motor, boundary conditions can be regarded as
a simply supported (SS). The axial vibration mode a will be introduced in both cases, and
the natural frequency of each (a, m) mode should be calculated.

The frequency and stiffness of the frame with end bells can be obtained, such as with
the iron core; however Ω2

a,m is redefined as the solution of the third-order characteristic
motion equation of the cylindrical shell [15]. According to the Donnel–Mushtari theory, the
characteristic motion equation is:

Ω6
a,m − C2Ω4

a,m + C1Ω2
a,m − C0 = 0 (15)

with the constants as shown below:

C2 = 1 +
1
2
(3− ζ3)

(
m2 + λ2

)
+ κ2

(
m2 + λ2

)2
(16)

C1 =
1
2
(1− ζ3)

 (3 + 2ζ3)λ
2 + m2 +

(
m2 + λ2)2

+
3− ζ3

1− ζ3
κ2(m2 + λ2)3

 (17)

C0 =
1
2
(1− ζ3)

[(
1− ζ2

3

)
λ4 + κ2

(
m2 + λ2

)4
]

(18)

for both boundary constraints:

λ =


aπ

R3

l3
SS

(a + 0.3)R3π

l3
C

(19)

Only the smallest real root from (15) is related to the natural frequency of vibration,
and the stiffness and natural frequency of the frame (a, m) mode are:

Ka,m,3 =
Ω2

a,mE3V3

R3
(
1− ς2

3
) (20)

For small and medium induction motors, the manufacturing tolerance between the
outer diameter of the stator core and the inner diameter of the frame is ±0.02 to ±0.1 mm,
with the ends connected by an interference fit. There is no relative displacement between
the core, winding, teeth and housing, which can be regarded as a whole. At this time, the
stiffness and mass of the stator system can be approximately regarded as the algebraic
sum of the mass and stiffness of each part [15], so the stator system (a, m) mode natural
frequency can be expressed as:

fa,m =
1

2π

√
Ka,m

Mdz
≈ 1

2π

√
Km,1 + Km,2 + Ka,m,3

Mdz,1 + Mdz,2 + Mdz,3
(21)

ωa,m = 2π fa,m (22)

The subscripts 1, 2, and 3 represent the iron core, windings and tooth and housing,
respectively.
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2.5. Vibration Characteristics

The radial electromagnetic force wave of the motor acts on the inner surface of the
stator core. When the m-order force wave with frequency fP is close to the natural frequency
of the stator system (a, m) mode, the resonance condition is satisfied, and the surface of the
motor casing will generate a severe vibration, and its dynamic displacement amplitude can
be expressed as:

YD
P,a,m =

πDi1l1PfP ,m

Mdz(2π fa,m)
2 AP,a,m (23)

AP,a,m =
1√

[1− ( fP/ fa,m)
2]

2
+ [2ξa,m( fP/ fa,m)]

2
(24)

where An,a,m is the dynamic amplification factor, ξa,m is the damping coefficient, l1 is the
length of the stator core and Mdz is the mass of the stator system.

2.6. Model Validation

Taking a five-phase motor as the prototype, the analytical model is verified by the
finite element method. The basic parameters of the motor are shown in Table 2, and the
slot shape is shown in Figure 3.

Table 2. Prototype parameters.

Symbol Value Symbol Value

Z1 30 b02 1 mm
Z2 26 b11 6.1 mm
p 1 b21 8.1 mm

PN 4 kw τ1 πDi1/Z1
f 1 50 Hz τ2 πD2/Z2
D1 175 mm l1 106 mm
Di1 98 mm l2 146 mm
D2 97.4 mm l3 219 mm
b01 3.2 mm - -

The main low-order modal natural frequencies of the motor stator system are calcu-
lated using the analytical model and Ansys finite element software, respectively. As shown
in Table 3 (the finite element results in parentheses), the root mean square error (RMSE) is
330.1 Hz, and the mean absolute percentage error (MAPE) was 4.38%. The results show
that the analytical model in this paper can calculate the modal characteristics well and
provide the basis for noise analysis. In order to consider the main low-order force wave
characteristics, according to the force wave characteristics of Table 1, the main low-order
force waves in the range from 2 to 10 for k1 and k2 are given in Table 4.

Table 3. Results of the natural frequency of stator system.

fa ,m Mode a RMSE MAPE

Mode m 1 2 3

330.1 4.38%

0
8671 8961 9661

(8338) (8875) (9806)

1
2481 3763 4385
(—) (—) (4554)

2
2805 3667 4880

(2403) (3410) (4939)

3
5884 6197 6697

(5432) (6252) (6954)

4
10,582 10,736 11,031

(10,151) (11,302) (—)
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Table 4. Prototype parameters.

k1 k2 fP m

5 2 fn(2Z2(1 − s)/p + 2) = 2570 Hz 2Z2 − 10m1 + 2p = 4
8 3 fn(8Z2(1 − s)/p + 2) = 3805 Hz 3Z2 − 16m1 + 2p = 0
5 2 fn(2Z2(1 − s)/p − 2) = 2325.8 Hz 2Z2 − 10m1 − 2p = 0
8 3 fn(6Z2(1 − s)/p − 2) = 3538.7 Hz 3Z2 − 16m1 − 2p = −4
10 4 fn(7Z2(1 − s)/p − 2) = 4751.6 Hz 4Z2 − 20m1 − 2p = 2
5 2 fn(2Z2(1 − s)/p) = 2425.8 Hz 2Z2 − 10m1 = 2
8 3 fn(3Z2(1 − s)/p) = 3638.7 Hz 3Z2 − 16m1 = −2
10 4 fn(4Z2(1 − s)/p) = 4851.6 Hz 4Z2 − 20m1 = 4

3. Magnetic Noise Radiation Calculation
3.1. Noise Radiation Model

For the reason that the motor noise is generally measured in the near field, the acoustic
radiator cannot be treated as an infinite cylindrical model. Therefore, the sound power
resulted from (fn, m) order force wave acting on (a, m) mode can be expressed as:

Wm(n, a, m) = 0.5ρ0c0v2
a,mScσI(n, a, m) (25)

where Sc is the surface area of the housing and σI is the relative acoustic emissivity depend-
ing on the mode (a, m) and the ratio of the length to the width of the housing.

For an infinitely long cylindrical shell, σI can be simplified as [15]:

σI( fn, m) =
2

πk0R3

∣∣∣dH(2)
m (k0R3)/d(k0R3)

∣∣∣2 (26)

where H(2)
vm is the second kind of Hankel equation of m-th order and k0 is the acoustic

wave number.
For different boundary conditions at both ends, the relative acoustic emissivity can be

obtained by substituting the axial wave number kz0 into the sound-wave radiation equation:

σI(n, a, m) =

k0∫
−k0

2k0|Γa(kz)|2dkz

π2R3l3
∣∣∣dH(2)

m (krR3)/d(krR3)
∣∣∣2 (27)

|Γvn(kz)|2 =

k2
z0

[
1 +

k2
z

k2
z0
− 2kz

kz0
sin(kzl3 − vnπ)

]
(
k2

z − k2
z0
)2 (28)

kz0 =
(2vn + 1)π

2l3
(29)

where z is the axial coordinate; kr and kz are the radial and axial components of the acoustic
wavenumber; and k2

0 = k2
r + k2

z [15].
Then the numerical solution of the analytical model can be obtained via Matlab, so as

to further predict the sound power level of magnetic noise:

LW(n, a, m) = 10 log10(Wm(n, a, m)/W0) (30)

LWA(n, a, m) = 10 log10(∑
n

100.1(Lw(n,a,m)+∆LA(n))) (31)

where W0 = 10−12 W is the reference sound power and4LA(n) is a frequency (fn)-dependent
A-weighting factor [7,15,25].
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3.2. Noise Prediction Verification Experiment

For the motors shown in Table 2, the five-phase SPWM control circuit is used to supply
power to the motors to conduct actual noise measurement experiments. There are three
vibration acceleration sensors at the top, side and bottom on the surface of the casing, and
three sound pressure sensors are set at the top, axial and side 1.5 times the axial length of
the motor. The overall layout of the specific test platform is shown in the Figure 4 is shown.
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Figure 4. Five-phase motor vibration and noise measurement platform.

In terms of Figure 5, it can be found that the change trend of the vibration acceleration
at the top and bottom of the casing is consistent, while the change trend at the side is just
the opposite, which reveals that the electromagnetic force mainly excites the resonance
of the 2-nd mode of the stator system. The Fourier spectrum analysis of the vibration
acceleration and noise results under steady state conditions are given in Figure 6. It is
found that the vibration frequency is mainly concentrated around 5000 Hz, which just
corresponds to (m = 2, a = 3) the natural frequency of the modal. It is obviously consistent
with the judgment of the macroscopic result in Figure 6. In addition, the high frequency
belt in the noise spectrum is consistent with the vibration spectrum, but many components
that do not exist in the vibration spectrum appear in the low frequency band, which is
probably caused by the mechanical noise of the rotating shaft and the power switching.
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Figure 5. Vibration and noise transient measurement results. (a) Vibration acceleration in three
directions at the top, bottom and sides of the enclosure; (b) Sound pressure in three directions: top,
axial and side.
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4. Low Noise Slot Opening Design
4.1. Low Noise Fundamental Analysis

According to Table 1, there are two main methods to reduce electromagnetic vibration
noise in the design stage. One is to choose the pole-slot combination to avoid resonance
between the electromagnetic force of (fp, m) and motor structure of (fa,m, m); the second is to
reduce the amplitude of the electromagnetic force wave by correctly selecting the slotting
strategy of the stator and the rotor, thereby reducing the electromagnetic vibration noise.
In this paper, based on the given pole-slot match, the electromagnetic vibration noise can
be reduced by changing the width of the slot opening without the reduction of output
performance.

According to (13), when k1β1 or k2β2 is an integer, the electromagnetic force of
m = k2Z2 − 2m1pk1 + lp will decrease to 0. Therefore, the amplitude of electromagnetic force
of a certain order can be further expressed as [6]:

k1β1 = Z01, k2β2 = Z02 (32)

b01
∗ = τ1

(
1− Z01

k1

)
, Z01 ∈ [1, k1 − 1] (33)

b02
∗ = τ2

(
1− Z02

k2

)
, Z02 ∈ [1, k2 − 1] (34)

where Z01 and Z02 are integers and the superscript * represents the slot width value of
exactly weakening force wave.

If k1 or k2 is equal to 1, then the width of the rotor slot opening cannot weaken any
force wave. Therefore, to weaken the electromagnetic force amplitude through the width of
the slot opening, k1 and k2 should be integers greater than 2. Substituting the value range
of Z01 and Z02 into (33) and (34), the slot width optimization range for the electromagnetic
force of order m = k2Z2 − 2m1pk1 + lp can be obtained:

b01
∗ ∈

[
τ1

k1
, τ1

(
1− 1

k1

)]
(35)

b02
∗ ∈

[
τ2

k2
, τ2

(
1− 1

k2

)]
(36)

The optimal design of motor is a nonlinear, multi-physical field coupling and anisotropic
problem, so focusing on the weakening of one order of force wave is likely to lead to the
increase of the amplitude of other order of force wave. In addition, the five-phase motor is
mainly controlled by PWM frequency conversion. In the process from start-up to stable
operation, the power supply voltage contains abundant time harmonics, so the radial
electromagnetic force wave and the stator mode are likely to resonance. To sum up, the
optimal slot opening width is not necessarily the value that makes a certain order of force
wave 0 in (33) and (34) but may be a value within the continuous range of (35) and (36).
Therefore, two noise optimization objectives are set in this paper:
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(1) The minimum total sound power level of each frequency on rated condition:

min(∑
m

LWA( fm)) (37)

(2) The sound power amplitude of the maximum noise generated during the start-up
is the smallest:

min(max(LWA( fm))) (38)

4.2. Slot Opening Width Schemes

For the optimization of the slot opening width, the optimal slot opening scheme with
overall electromagnetic noise can be obtained by combining the above two optimization
objectives in the range of fixed and rotor slot opening width determined by (35) and (36).
In this paper, the test motor shown in Table 2 is taken as the object. In order to consider the
influence of as many low-order force waves as possible, the vibration and noise prediction
is made for the width of slot opening under all conditions from k1 and k2 from 2 to 10, and
the following assumptions are made:

(1) The slip ratio changes linearly, ranging from 1 to 0.05.
(2) In each case, five-phase sequential currents of the same amplitude are passed through

the stator windings.
(3) The pole-slot numbers are given, and the range of b01 and b02 are shown in Table 5.
(4) Without the consideration of saturation, the air-gap permeability does not contain

harmonic content caused by saturation.

Table 5. Value range of stator and rotor slots opening width.

Symbol Max Min Step

b01 Max (1 − τ1/Max(k1), b11) τ1/Max(k1) 0.01 mm
b02 Max (1 − τ1/Max(k2), b21) τ2/Max(k2) 0.01 mm

For the test motor shown in Table 2, the control variable method was used to calculate
the curve of electromagnetic noise by taking the width of the stator and rotor slot opening
as independent variables. From Figure 7, we can see that for a certain mode, changing
the width of the slot opening can indeed weaken the vibration noise. Furthermore, slot
opening width is significantly different for noise suppression sensitivity during start-up
and steady-state. That is because, in addition to the amplitude of the electromagnetic force,
the vibration noise is also affected by the natural frequency of the stator. In terms of the
magnetic noise, the influence of the slot opening width shows a discrete and non-monotonic
trend. Actually, it is closer to sinusoidal and there are periodic changes in the sensitivity
with a large span, especially in the target (38). It is worth noting that the jitter in the
waveform is caused by the same m from different k01, k02, because the curve reflects the
total sensitivity of b01 to all k01, k02 combinations, which result in not strictly sine.

It can be seen from the above that the amplitude, phase and period of the sensitivity
curve of the slot opening width vary significantly with modes. So, it is reasonable to think
that the slot width with the smallest overall magnetic noise is not necessarily the smallest.
The top four quietest slot opening schemes of targets (37) and (38) for the test motor are
given in Figure 8, which are different from conventional knowledge. Considering the
engineering practice, b01 and b02 are set smaller than b11 and b21.
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By analyzing the noise prediction results of all schemes, the quietest scheme of the
rotor slot opening is screened for the two different optimization objectives in Section 4.1.
As expected, the main quiet slot opening schemes are not the smallest, and b02 shows a
non-monotonic and discrete trend with the change of b01. Furthermore, with the increase of
b01, the optimal solution of b02 gradually tends to be stable. Due to space limitations, only
some quiet slot opening schemes are shown in Table 6.

Table 6. Main quiet slots opening width schemes (unit: mm).

b01 b02 of (37) b02 of (38)

0.1τ1 0.236τ2, 0.117τ2, 0.168τ2, 0.1τ2 0.211τ2, 0.414τ2, 0.576τ2, 0.219τ2
0.139τ1 0.236τ2, 0.117τ2, 0.168τ2, 0.1τ2 0.211τ2, 0.414τ2, 0.219τ2, 0.194τ2
0.178τ1 0.117τ2, 0.236τ2, 0.168τ2, 0.1τ2 0.211τ2, 0.414τ2, 0.194τ2, 0.185τ2
0.217τ1 0.117τ2, 0.185τ2, 0.236τ2, 0.134τ2 0.406τ2, 0.194τ2, 0.593τ2, 0.185τ2
0.256τ1 0.117τ2, 0.185τ2, 0.134τ2, 0.126τ2 0.406τ2, 0.194τ2, 0.593τ2, 0.185τ2
0.295τ1 0.117τ2, 0.134τ2, 0.185τ2, 0.126τ2 0.406τ2, 0.194τ2, 0.593τ2, 0.185τ2
0.334τ1 0.117τ2, 0.134τ2, 0.185τ2, 0.126τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
0.373τ1 0.117τ2, 0.134τ2, 0.185τ2, 0.126τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
0.412τ1 0.117τ2, 0.126τ2, 0.134τ2, 0.143τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
0.451τ1 0.117τ2, 0.126τ2, 0.134τ2, 0.143τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
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Table 6. Cont.

b01 b02 of (37) b02 of (38)

0.49τ1 0.117τ2, 0.126τ2, 0.134τ2, 0.143τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
0.529τ1 0.117τ2, 0.126τ2, 0.134τ2, 0.143τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2
0.568τ1 0.117τ2, 0.126τ2, 0.134τ2, 0.143τ2 0.406τ2, 0.593τ2, 0.194τ2, 0.185τ2

5. Conclusions

The analytical relationship between the electromagnetic–vibration–noise characteris-
tics of the five-phase cage induction motor and stator/rotor slot opening widths is demon-
strated and validated. Based on this, a method for magnetic noise reduction is improved,
including the overall harmonics, to optimize the stator/rotor slot opening widths. This
method can be applied to the design stage of a low-noise induction machine without the
expense of increasing the slot leakage inductance or sacrificing the output performance.

In this paper, the optimization database of slot opening widths is given for a 30/26 slot
five-phase induction motor prototype. The results show that the quietest scheme is not
always the smallest slot opening, regardless of aims towards noise reduction during start-
up or the steady state operation, which is different from common design rules. Because of
the periodic sensitivity curve, a wider slot opening can inversely reduce the overall sound
power level even more. In terms of the future work, the pole-slot scheme and slot opening
width can be considered together to carry out multi-dimensional noise reduction research.
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