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ABSTRACT As the wide application of power electronics devices, supply containing low-order harmonic
becomes more and more common in industry. It may cause the significant vibration of induction motors
(IMs). This study firstly analyzed the time-space distribution characteristics of the additional electromagnetic
force caused by the low-order harmonics in supply. Then, an improved concentric and unequal-turn windings
is designed and its impact on unconventional vibration of IMs is also analyzed. The increase ratio of force
amplitude between the force in different cases is defined, by which the force characteristics of IMs with
supply containing low-order harmonics and concentric and unequal-turn windings can be revealed under
different load conditions.With a 32-kW IM, harmonic response analysis and experimental validation are also
carried out, the results show that, with concentric unequal-turn winding, the vibration in different frequency
bands can be reduced effectively, the average vibration can be suppressed from 89.7dB to 86.9dB.

INDEX TERMS Induction motors (IMs), electromagnetic force, concentric and unequal-turn windings,
vibration.

I. INTRODUCTION
Due to the wide application of power electronic devices
in power system, the power quality problem, especially for
harmonic in power grid becomes more and more promi-
nent. Induction motors (IMs), as the largest proportion of
energy consumption equipment, harmonic pollution in supply
inevitably causes unconventional vibration and noise of IMs
and reduces service life. Therefore, it is necessary to study
the influence of harmonic supply on unconventional vibration
characteristics of IMs and put forward corresponding sup-
pression measures.

The associate editor coordinating the review of this manuscript and

approving it for publication was Pinjia Zhang .

Since 1990s, many studies focused on motor vibration
mechanism, such as the distribution of transient field [1],
analytical model of radial electromagnetic force and its rela-
tionship with electromagnetic vibration of motor [2], and
vibration response analysis based on magnetic circuit model
of motor [3]. However, the previous research on electromag-
netic force just focuses on the time harmonic analysis with
fixed spatial sampling points [4], [5], it is difficult to fully
revealing the excitation mechanism and distribution charac-
teristics of electromagnetic force. Meanwhile, the vibration
spectrum of IMs is closely related to the harmonic compo-
nents in supply [6]. Considering harmonic current’s phase
sequence, phase angle, frequency, and other parameters on
electromagnetic force, especially for the low-order ones, the
relation between harmonic current and electromagnetic force
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with some special orders is constructed [7], and the intrin-
sic relationship between power frequency and double power
frequency [8], [9]. However, there are still lack of models and
analytical methods that can completely coverage the vibration
mechanism caused by harmonic current. Based on the anal-
ysis of the space-time distribution of electromagnetic force,
a series of studies have been conducted on the impact of the
motor ontology optimization method on vibration character-
istics. For instance, new skewed rotors can reach remarkable
effect of performance of vibration, such as zigzag skew
pole [10] and multi-skewed rotor [11], [12] which can reduce
the amplitude of radial electromagnetic force and avoid the
additional torque effectively compared with the conventional
skewed rotor; Furthermore, after applying the low harmonic
winding, such as short pitch winding [13], fractional slot
concentratedwinding [14], [15], [16], [17] and concentric and
unequal-turn winding [18], [19], the sinusoidal characteris-
tics of the spatial distribution of magnetomotive force (MMF)
are more prominent, so the harmonic content of MMF can be
greatly reduced. Due to the existence of reverse MMF in the
analytic model, the refined analysis model of electromagnetic
force is still unclear in the process of application of low
harmonic winding.

The previous studies mainly focus on refining vibration
models precisely and developing multiple suppression mea-
sures coordinatively. However, the current studies are still
lack of analysis on characteristics of motor vibration caused
by low-order harmonic in supply; meanwhile, the influence
of concentric and unequal-turn windings on the unconven-
tional vibration caused by low-order harmonic should also be
further investigated to develop low-cost and high-efficiency
vibration reduction measurement.

To solve these problems, this study firstly analyzes
the air-gap flux density and the related electromagnetic
force considering cross coupling between the supply with
low-order harmonics and different time-space harmonics of
IMs, the low-order force caused by the low-order harmonics
is also highlighted, which may affect vibration performance
of IMs significantly. Meanwhile, a cost-effective concentric
and unequal-turn windings is proposed and the influence
on vibration characteristics is researched through finite ele-
ment analysis (FEA). Finally, experimental validation was
performed on a 32-kW IM, the result shows that the average
vibration level can be suppressed from 89.7dB to 86.9dB.

II. ELECTROMAGNETIC FORCE OF IMS CONTAINING
LOW-ORDER HARMONICS IN SUPPLY
A. AIR-GAP FLUX DENSITY CAUSED BY HARMONIC
CURRENT WITHOUT SLOTTING EFFECT
Fundamental MMF induced by n-th order harmonic current
in three-phase winding can be deduced in (1).

fn−1(θ, t) = fn−A1(θ, t) + fn−B1(θ, t) + fn−C1(θ, t)

=
3
2
Fϕn−1 cos(pθ − nω1t)

= Fn−1 cos(pθ − nω1t)

Fn−1 = 1.35
N
p
Inkw1

n = 2m1k ± 1 k = 0, 1, 2 . . . . . . (1)

where n is the order of harmonic current andm1 is the number
of phases, fn−1(θ , t) is the fundamental MMF induced by the
n-th harmonic current, fn−A1(θ ,t), fn−B1(θ ,t) and fn−C1(θ ,t)
are the fundamental MMF induced by the n-th harmonic
current in three-phase windings, respectively; Fn−1 is the
amplitude of three-phase synthetic MMF, N is the number
of winding turns, p is the pole pair of the motor, ω1 is the
fundamental angular frequency, In is the effective value of n-
th harmonic current, kw1 is the winding coefficient.

Moreover, the spatial harmonic MMF caused by n-th har-
monic current can also be deduced as in (2).

∞∑
γ

fn−γ (θ, t) =

∞∑
γ

fn−Aγ (θ, t) +
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γ

fn−Bγ (θ, t)

+

∞∑
γ

fn−Cγ (θ, t)

=
3
2
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γ

Fϕn−γ cos(γ pθ ± nω1t)

=
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γ

Fn−γ cos(γ pθ ± nω1t)

Fn−γ = 1.35
N
γ p

Inkwγ (2)

where fn−γ (θ ,t) is the harmonic MMF induced by the n-th
harmonic current, fn−Aγ (θ ,t), fn−Bγ (θ ,t) and fn−Cγ (θ ,t) are
the harmonic MMF induced by the n-th harmonic current in
three-phase winding, respectively; Fn−γ is the amplitude of
three-phase synthetic MMF, γ is the harmonic order ofMMF,
kwγ is the harmonic winding coefficient. Based on the above
analysis, the MMF induced by each harmonic current in
three-phase symmetrical winding can be expressed as in (3).

f (θ, t) =

∑
n

∑
γ

Fn−γ cos(γ pθ ± nω1t) (3)

Ignoring the harmonic permeability caused by slotting
effect, the air-gap flux density considering harmonic current
in supply can be obtained as in (4).

b(θ, t) = b1(θ, t) + bv(θ, t) + br (θ, t) + bn−1(θ, t)

+ bn−γ (θ, t)

= B1 cos(pθ − ω1t − ϕ1r )

+

∑
ν

Bν cos(νθ − ω1t − ϕνr )

+

∑
µ

Bµ cos(µθ − ωµt − ϕµ)

+

∑
n

Bn−1 cos(pθ − nω1t − ϕnr )

+

∑
n

∑
γ

Bn−γ cos(γ pθ ± nω1t − ϕγ r ) (4)
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where b(θ , t) is air-gap flux density, b1(θ , t) and bv(θ , t) are the
fundamental and v-th harmonic components under sinusoidal
supply, respectively; br (θ , t) is the flux density caused by
rotor current, ωµ is the angular frequency, bn−1(θ , t) and
bn−γ (θ , t) are the fundamental MMF induced by harmonic
current in supply and the additional flux density generated by
harmonic MMF. B1, Bv, Bµ, Bn−1 and Bn−v are the amplitude
of each flux density component; ϕ1r , ϕvr , ϕµ, ϕnr and ϕγ r are
the phase difference of the above components.

B. RADIAL ELECTROMAGNETIC FORCE
WITH HARMONIC SUPPLY
Generally, the high order, small amplitude and constant com-
ponents of the radial electromagnetic force can be ignored,
due to faint influence on vibration. Then, radial electromag-
netic force considering harmonic supply [20], [21] is as in (5).

pr (θ, t) =
b2(θ, t)
2µ0

≈
1

2µ0



B21
2

cos(2pθ − 2ω1t − 2ϕ1r )

+

∑
ν

∑
µ
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−(ωµ ± nω1)t − (ϕγ r ± ϕµ)]

(5)

where pr (θ , t) is the radial electromagnetic force considering
the harmonic supply, µ0 is the vacuum permeability. The
fundamental and harmonic flux density generated by the
harmonic current are coupled with the original flux density
respectively as additional electromagnetic force. Therefore,
the force in (5) can be divided into four categories: 1) The
force excluding the influence of low-order harmonic current;
2) The force induced by low-order harmonic current and
fundamental flux density; 3) The force coupled by low-order

TABLE 1. Space-Time Order of Force Excluding the Influence of
Low-Order Harmonic Current.

TABLE 2. Space-Time Order of Force Induced by Low-Order Harmonic
Current and Fundamental Flux Density.

harmonic current and harmonic MMF caused by funda-
mental current in stator winding; 4) The force induced by
low-order current harmonic and harmonic MMF caused by
rotor current.

The above analysis method is based on the coupling effect
of the incremental flux density introduced by low-order
supply harmonic and the original flux density, which is
theoretically suitable for other types of motors, The exter-
nal deformation of the stator is approximately inversely
proportional to the 4th power of the space order of the elec-
tromagnetic force and the force component less than space
order 4 are often taken as the main research object [22].
Tables 1 to 4 involve the coupling results of 4 types of
incremental flux densities in equation (4) in the range of
phase band harmonics respectively. Only the radial electro-
magnetic force with space order 0-4th are involved. In the
table, the parameters on the left side of ‘‘/’’ correspond to
the space order, the other side correspond to the time order,
and ‘‘—’’ corresponds to the force components with space
order more than 4th, the subsequent analysis of which is not
involved.

Based on (5), In the range of phase band harmonics, the
radial force with low-order harmonic current in supply does
not introduce new spatial order comparedwith the radial force
with sinusoidal supply. The spatial order is concentrated in
the 0, 2, -4, and the frequency is in the range of 0 to 1200Hz.
The following part explore the law of important order force
with low-harmonic current in supply from the perspective
of force decomposition and the suppression of vibration and
noise by using a novel concentric and unequal-turn winding
is analyzed.
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TABLE 3. Time-Space Order of Force Coupled by Low-Order Harmonic
Current and Harmonic MMF Caused by Fundamental Current in stator
winding.

TABLE 4. Space-Time Order of Force Induced by Low-Order Current
Harmonic and Harmonic MMF Caused by Rotor Current.

III. CONCENTRIC AND UNEQUAL-TURN WINDING BASED
ON MINIMUM HARMONIC COEFFICIENT
A. CONCENTRIC AND UNEQUAL-TURN WINDING
The above analysis shows that the low-order supply harmon-
ics can be coupled with the other flux densities to induce a

TABLE 5. Detials of 32-kW IM.

variety of electromagnetic forces, especially many low-order
forces. Therefore, how to implement low-cost and high-
efficient vibration reduction scheme is concerned in industrial
application. The low-harmonic winding, by changing the
spatial arrangement of conductor in each stator slot can effec-
tively suppress the harmonic MMF and the harmonic flux
density can be effectively suppressed to a certain extent to
suppress motor vibration. However, how to reasonably deter-
mine the optimal number of turns of low-harmonic winding
and the influence of vibration characteristic in different fre-
quency bands considering low-order harmonics in supply
need to be further investigated. Therefore, a 32-kW IM is
adopted and the details are shown in Table 5.

The design principle of the concentric and unequal-turn
winding is that the number of conductors in the slots is prop-
erly distributed, so that the current in the slots is distributed
along the surface of the core according to the sinusoidal dis-
tribution, the MMF curve closer to the sinusoidal distribution
can also be obtained. The design method is contrary to the
analysis method, using the current layer distributed along the
inner circle of the stator according to the sinusoidal curve,
the slot current at each slot position is calculated, and the
slot current ratio in each slot of each phase is calculated. The
design scheme of concentric and unequal-turn winding fol-
lows three steps: 1) basic parameter calculation. 2) coefficient
comparison check. 3) final design scheme determination. The
design flow chart of concentric and unequal-turn windings is
shown in Fig.1. The number of slots per phase in each stage of
the motor involved in this paper is 4, and the electrical Angle
of the slot is 15, the corresponding current layer and induced
MMF waveform are shown in Figure 2.

B. DESIGN CRITERION OF CONCENTRIC AND
UNEQUAL-TURN WINDING
The harmonic coefficients of original winding and three types
of improved winding schemes are shown in Table 6 respec-
tively. The scheme 2 has the best weakening effect for the 5th
and 7th harmonics, therefore, scheme 2 is taken as the final
scheme to study the suppression of unconventional vibration
containing low harmonic in supply. The parameters of the
original winding and the scheme 2 are shown in Table 7. The
distribution of ordinary and scheme 2 are shown in Fig.3.
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FIGURE 1. Design flow chart of concentric and unequal-turn winding.

TABLE 6. Winding Coefficients of Different Schemes.

The two layers of conventional winding are arranged with
equal turns, and concentric and unequal-turn windings is
arranged according to the turn ratio of 6:4:3:1.

TABLE 7. Main parameters of the winding design schemes.

IV. VIBRATION CHARACTERISTICS OF IMS WITH
CONCENTRIC AND UNEQUAL-TURN WINGDING
The type of vibration studied is transverse vibration, tangen-
tial and torsional vibration characteristics are not considered.
In addition, to be consistent with the actual condition of
the field test result, only no-load and full-load conditions of
the motor are analyzed. According to the above-mentioned
winding scheme, three FEA cases of 32-kW, 4-pole IM are
carried out, including:

1) Case#1: sinusoidal supply and application of conven-
tional winding;

2) Case#2: supply containing low-order harmonic and
application of conventional winding;

3) Case#3: supply containing low-order harmonic and
application of concentric unequal-turn winding.

To compare Case#1 and Case#2, the force increment ratio
ηinc is introduced to represent the increase of the amplitudes
of all the electromagnetic force components mentioned in
Table 1-4 when the power supply contains low-order har-
monic; To compare Case#2 and Case#3, the force inhibition
ratio ηinh is introduced to characterize the amplitude inhibi-
tion of all the electromagnetic force components mentioned
in Table 1-4 by using concentric unequal-turn winding.

A. RADIAL FLUX DENSITY OF IM UNDER
DIFFERENT CASES
The FFT decomposition result of the air-gap flux density
under different cases are performed, as shown in Fig.4.
According to the distribution of harmonic flux density by
setting supply as sinusoidal and containing low-order har-
monics, the amplitude of harmonics flux density of 5th
and 7th are increased by 9.68% and 0.85% under full-
load condition, 31.76% and 10.05% under no-load condition
respectively. With no-load and full-load conditions, the con-
centric and unequal-turn winding can effectively suppress
harmonic flux density. Compared with the case that the
supply contains low-order harmonics, the winding has more
significant inhibition effect under full-load condition, the
suppression of harmonics amplitude of the order 5 and 7th are
68.53% and 64.12% under full-load condition while 49.35%
and 17.52% under no-load condition, respectively. There-
fore, the double-layer concentric uneven-turns winding can
effectively suppress the surge of harmonic amplitude of flux
density caused by the low-order supply harmonics especially
under full-load condition.
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FIGURE 2. Current layer and induced MMF.

B. VARIATION RATIO OF RADIAL ELECTROMAGNETIC
FORCE UNDER DIFFERENT CASES
The time-space distribution of radial electromagnetic force
is obtained by 2D decomposition, the force amplitudes cor-
responding to Case #1, Case #2 and Case #3 under no-load
and full-load condition are obtained respectively. Since the
amplitude variation of force with different orders are dispar-
ity obviously, and the simple analysis of force components
variation is hard to make intuitive comparison, a method
considering reference value is defined to sort the additional
force introduced by low-order supply harmonics according
to the space order. The ratio of amplitude increments of force
in low-order supply harmonics and the ratio of force suppres-
sion in concentric and unequal-turn winding are calculated
respectively according to (6) and (7), by which the reference
basis for analysis is unified.

ηinc =
FCase#1 − FCase#2

FCase#1
× 100% (6)

ηinh =
FCase#2 − FCase#3

FCase#2
× 100% (7)

where ηinc is the increase ratio of force amplitude; ηinh is the
inhibition ratio of force amplitude; FCase#1, FCase#2, FCase#3
are the force amplitudes corresponding to Case#1, Case#2
and Case#3. The amplitude increment and inhibition ratio of
force with different spatial orders are shown in Fig 5.
Fig.5 contains all the force component from the tabulated

analysis results in (5). The force groups are divided into
order 0, order±2 and order±4. The increment of force under
Case#2 and inhibition of force under Case#3 are observed
respectively. From the results of full-load and no-load con-
ditions, the parallelism degree of distortion ratio of force
with order 0, order −2 and order ± 4 is favorable while
the dispersion of force with order 2 is significant, with the
maximum increment ratio of 3.88% and inhibition ratio of
9.45% respectively. Therefore, the change of force of order 2
and order-4 are more sensitive to the load condition.

According to the increment ratio of force amplitude, when
supply contains low-order harmonics, the force increases
relative to the sinusoidal supply, with the maximum incre-
ment of 2.63%. However, with the appalment of concentric
and unequal-turn winding, the change phenomenon of the
force amplitude in different groups shown great disparity,
the amplitude of force with order 0 and ±2 increase slightly
and the maximum increment of force amplitude is 7.82%
and maintain at 3%-5%. It seems to be contradictory with
the vibration-damping phenomenon. However, through the
observation of the inhibition ratio of force with order ±4, the
force of concentric and unequal-turn winding is significantly
inhibited and the inhibition ratio is mainly concentrated in
the range of 60%-80%, the maximum inhibition ratio is
91.30%, which is much higher than the increase ratio of lower
order force components, so the substantial suppression of ±4
order electromagnetic force is the fundamental reason for
the vibration and noise reduction of concentric and unequal-
turn winding. By comparing the ratio of force amplitude of
different load conditions, supply modes and winding forms,
it can be concluded that.

1) Load condition can affect the amplitude of dif-
ferent force groups greatly, from which the order 2
and order −4 are especially sensitive. After apply-
ing the concentric and unequal-turn windings, the force
groups of order 0 and 2 are more sensitive to the load
condition.

2) With low-order harmonic coupling effect, the amplitude
increment ratio of all kins of force group are increased, from
the trend of which the force groups of order 2 and order
−4 change dramatically, and the supply harmonic doesn’t
introduce other order force components in the low frequency
range.

3) Applying the concentric and unequal-turn windings
present a phenomenon that the electromagnetic force ampli-
tude of lower order increase slightly, while the electromag-
netic force amplitudes of slightly higher order are greatly
suppressed.
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FIGURE 3. Winding structure (a) Ordinary scheme. (b) Low-harmonic
scheme.

C. NATURAL FREQUENCY AND HARMONIC
RESPONSE ANALYSIS
The modal analysis of motor is carried out to obtain the stator
vibration modes and the corresponding natural frequencies.
The stiffness parameters of the core material can directly
affect the results of the resonance response. The iron core
material of the 32kW induction motor is DW350 silicon steel,
and the basic rigidity parameters of the material are provided
by the manufacturer, as shown in Table 8. modal analysis

FIGURE 4. FFT decomposition of the air-gap flux density (a) No load;
(b) Full load.

TABLE 8. Parameters of Material.

results and the corresponding natural frequencies of order 1
to 4 are shown in Fig.6.

The force corresponding to the natural vibration fre-
quency can induce resonance drastically. Table 1-4 just shows
the electromagnetic force with prominent space-time order,
in which the force component with time order located near
the natural vibration frequency band can cause severe vibra-
tion. The amplitude change ratio of each force near natural
vibration frequency band under different cases are shown in
Fig.7.

According to the variation of force that can cause low-order
resonance under different cases, when the supply contains
low-order harmonics, each component has a small ampli-
tude increasement under full-load and no-load conditions, the
maximum increase ratio is 12.07%. After adopting concentric
and unequal-turn winding, the amplitude of force with order
±2 are increased and the maximum increase ratio is 31.48%,
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FIGURE 5. Change of force increase ratio and inhibition ratio (a). Group of Order 0. (b). Group of Order -2. (c). Group of Order 2.
(d). Group of Order -4. (e). Group of Order 4.

while the force with order ±4 are significantly suppressed,
especially the force with order −4, the highest suppression
ratio is 77.46%, the result of which is consistent with the
overall analysis of the force group above. Therefore, the
special force satisfying the low-order resonance still shows
a faint increase in the case of supply containing low-order
harmonic. The trend shown that the force amplitude of lower
order increase slightly, while the force amplitude of slightly
higher order is greatly suppressed.

D. HARMONIC RESPONSE ANALYSIS OF
DIFFERENT CASES
The results of harmonic response analysis of the above three
cases are shown in Figs. 8 (a) and (b). From the no-load
vibration acceleration spectrum, low harmonic supply mainly
affects the amplitude of vibration acceleration within the fre-
quency band of 0Hz to 3000Hz in which the highest increase
ratio is 799.28%. Meanwhile, the structure of concentric
and unequal-turn winding has the most significant inhibition
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FIGURE 6. Modal analysis results of order 1 to 4. (a). Order 1 (588Hz).
(b). Order 2 (850Hz). (c). Order 3 (1644Hz). (d). Order 4 (2939Hz).

FIGURE 7. Variation of force related to low-order resonant.

effect on vibration acceleration in this frequency band and the
highest inhibition ratio is 91.93%. The suppression ratio of
2900Hz is 27.68%. From the vibration acceleration spectrum
of full-load condition, low-order supply harmonic mainly
affects the amplitude of vibration acceleration in the fre-
quency band of 1400Hz to 1700Hz, in which the highest
increase ratio is 758.29%. The suppression effect of concen-
tric and unequal-turn winding is not as well as the no-load
condition especially in the range of 0 to 1000Hz. Based on
the spectrum distribution, it can be concluded that.

1) From the vibration acceleration spectrum of 0-3000Hz,
supply containing low-order harmonic has significant influ-
ence on the amplitude of acceleration especially in the
frequency band of 0-2500Hz, and the increase acceleration
amplitude of some special frequencies too high to be ignored.

2) Concentric and unequal-turn winding has corresponding
frequency limitations on the suppression of motor vibration
acceleration, application result show that it is prominent in
frequency band of 1000-2000Hz and the effect under no-load

FIGURE 8. Spectrum of harmonic response. (a). 0-3000 Hz, no-load.
(b). 0-3000 Hz, full-load.

condition is obviously better than the effect under full-load
condition.

3) For the peak value of vibration acceleration caused
by the 4th order resonance, the concentric and unequal-turn
winding has a good inhibition effect no matter under no-load
and full-load conditions.

V. EXPERIMENTAL VALIDATION
The manufactured concentric and unequal-turns winding are
shown in Fig 9. For the rated power 32-kW IM, with the orig-
inal winding and the concentric and unequal-turn winding
are adopted respectively, the vibration test bench is shown in
Fig 10, the test prototype, vibration signal test platform and
high-precision supply harmonic measuring device are shown
in (a), (b) and (c) respectively. In accordance with the simu-
lation scheme, the supply mode of motor is power frequency
power supply and the filter device is set on the supply side.
The vibration sensor used in the test is B&K 4535-B and
the data analysis device is Data Acquisition and Signal Pro-
cessing test system (DASP), which is a multi-channel signal
acquisition and real-time analysis multifunctional software
operating on the Windows platform.

P-1 and P-2 are the 2 measured positions of stator frame
bottom, and the output result of the sensor is acoustic signal,
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FIGURE 9. Concentric unequal turns winding and embedding process.

FIGURE 10. Field test.

FIGURE 11. Test results. (a). P-1. (b). P-2.

TABLE 9. Experimental Results.

which is represented by the acoustic radiation power and
can be converted through vibration acceleration [22], the
corresponding acoustic radiation power of P-1 and P-2 are
shown in Fig 11. The average vibration levels of each position
and the total vibration level are given in Table 9. It can be seen
that.

1) The vibration in the frequency band of 300-1000 Hz
reflects a good suppression effect, while the test results of
different measuring points are showing great difference in the
frequency band of 10-50 Hz.

2) For the high frequency band, that is the frequency is
more than 3000 Hz, the vibration level suppression effect is
more prominent.

3) From the perspective of vibration level, the concentric
and unequal-turn winding has different degrees of suppres-
sion effect on the average vibration level of the two sampling
points, and the maximum suppression ratio is 6.22%. The
overall vibration level suppression of the concentric and
unequal-turn winding scheme is 2.8 dB, which is reasonable
compared with the results of other motor vibration test.

VI. CONCLUSION
This study investigates the vibration characteristics of IM
considering supply with low-order harmonics, and a concen-
tric and unequal-turn winding is also proposed to suppress the
vibration. Main conclusions are as follows:

1) The characteristics of air gap flux density and radial
force of IM with low-order harmonic are studied. The ratio
of force change is firstly introduced to evaluate the change of
force characteristic between different cases.

2) To suppress unconventional vibration of IM caused
by low-order supply harmonics effectively, a cost-efficiency
low- harmonic winding design scheme aims at minimizing
the coefficient of harmonic winding is proposed and the
influence in different frequency bands is investigated.

3) Experimental validation on a 32-kW IM is performed,
the results show that the overall vibration level suppression of
the concentric and unequal-turn winding scheme is 2.8 dB.
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