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Comparative Study of Vibration on 10-Pole
12-Slot and 14-Pole 12-Slot PMSM Considering
Tooth Modulation Effect

Jae-Hyun Kim®, Soo-Hwan Park

Abstraci—In this article, the electromagnetic force and
vibration characteristics of 10-pole 12-slot and 14-pole 12-
slot permanent magnet synchronous motors (PMSMs) are
examined considering the tooth modulation effect. In con-
trast to the conventional electromagnetic force analysis
process which considers only the radial force of the low-
est spatial harmonic order, the radial and tangential forces
include low and high spatial harmonic orders which can
be modulated with a lower spatial harmonic order, are an-
alyzed. Then, a structural finite-element (FE) model is de-
veloped, and vibration analysis is performed by applying a
modulated force and moment. In the analysis, the amplitude
and phase of the modulated radial force, tangential force,
and moment are considered. The vibration analysis result
shows that the 10-pole 12-slot PMSM is disadvantageous
with respect to vibration when compared to the 14-pole
12-slot PMSM owing to the large modulated force. Also, it
is confirmed that the effect of modulated tangential force
and moment cannot be neglected, and the phase difference
between modulated radial, tangential force and moment is
also an important factor in vibration. Finally, the two motors
are fabricated, and the validity of the FE analysis results is
verified using the test results.

Index Terms—Electromagnetic force, fractional slot con-
centrated winding (FSCW) permanent magnet synchronous
motor (PMSM), tooth modulation effect, vibration character-
istic.

[. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) are
widely used in many industries due to their high efficiency
and power density [1]-[3]. A PMSM is classified into integer
slot distributed winding and fractional slot concentrated winding
(FSCW) based on the combination of pole and slot numbers
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[4]. Among them, the FSCW PMSM exhibits high fundamen-
tal and low harmonic winding factors, and it exhibits high
manufacturability compared to integer slot winding [5]. How-
ever, the FSCW generates many electromagnetic force spatial
harmonics, which are also termed as vibration orders, due to
armature magneto-motive force (MMF) and slotting effect. This
leads to a lower vibration order of the electromagnetic force
when compared to integer slot winding [6]—[8]. Typically, the
vibration characteristics of FSCW are worse than those of integer
slot winding because a force with a low vibration order causes
a large vibration [9].

Hence, while utilizing the advantages of the FSCW PMSM,
many studies are being actively conducted to improve the vi-
bration characteristics of FSCW PMSMs [10]-[12]. It is well
known that the lowest vibration order of FSCW is determined
by the combination of pole and slot numbers, and the noise
and vibration levels are determined by the lowest vibration
order [13]. Therefore, many studies have been conducted on the
electromagnetic force and vibration based on to the combination
of pole and slot numbers [14]-[17]. In [16], according to the
combination of pole and slot numbers, radial force and vibration
performance of an FSCW PMSM were analyzed. The vibration
characteristics were solely predicted based on the amplitude of
the radial force of the lowest vibration order, without considering
high spatial harmonic order of radial force. Similarly, in [17],
noise characteristics were estimated using only the lowest vi-
bration order according to the pole/slot combination. However,
recently, the tooth modulation effect has been revealed that when
a high vibration order force is applied to the tooth-slot structure,
it is modulated to low vibration order [18]. Given that a high
vibration order can lead to vibrations that are as high as those of
a low vibration order, the vibration level cannot be determined
only with the lowest vibration order and its amplitude as in
previous studies. As a study related to tooth modulation, a hybrid
model for vibration synthesis, considering tangential force, was
proposed in [19]. The frequency response function (FRF) and
shape function due to a unit concentrated radial force, tangential
force and moment were developed, and the effects of the tooth
modulation effect and tangential force were analyzed. In [20],
the vibration characteristics of an FSCW PMSM with a bread-
loaf permanent magnet (PM) were analyzed, and it was revealed
that the bread-loaf PM can deteriorate the motor vibration when
considering the tooth modulation effect. In [21], the modulation
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Fig. 1. Configuration of the model. (a) 12s10p. (b) 12s14p.

effect was analytically derived based on the vibration order,
number of slots, and slot opening angle.

However, even though the pole and slot number combination
significantly affect vibration, there are few studies on vibration
considering the tooth modulation effect based on the combina-
tion of pole and slot numbers of FSCW PMSM. Therefore, in
this article, the vibration characteristics of the 10-pole 12-slot
(12s10p) and 14-pole 12-slot (12s14p) were analyzed consid-
ering tooth modulation effect. Specifically, the similarity of the
air-gap electromagnetic force density (AEFD) of the two models
was compared, and the difference in the modulation effect, which
led to difference in vibration characteristics was investigated.
The armature winding configuration, winding factors, vibration
orders of 12s10p and 12s14p FSCW PMSMs are the same. Also,
their amplitude of radial and tangential AEFD of lowest vibra-
tion order is similar. However, given that they exhibit different
numbers of poles, the amplitude of the electromagnetic force for
each vibration order differs. For example, in 12s10p, the tenth
vibration order is largely generated by the PM MMF at 2f,,
which is twice the fundamental frequency. However, in 12s14p,
the 14th vibration order is largely generated by the PM MMF at
2f.. The 10th and 14th vibration orders are both modulated to the
same 2nd vibration order by 12 tooth-slot structure. However,
the amplitude of the modulated force varies, which can lead to
a difference in vibration.

Il. AIR-GAP ELECTROMAGNETIC FORCE DENSITY

In this section, the amplitudes and phases of the radial and
tangential electromagnetic force densities are analyzed accord-
ing to the vibration order of a 12s10p and 12s14p PMSM. For
a fair comparison, the two models are designed such that they
exhibit the same current density. Furthermore, the tooth and yoke
thicknesses of each model were determined to maximize the
average torque. The 12s14p PMSM, which has a larger pole
number than the 12s10p PMSM, is designed with a thinner
yoke thickness. This is structurally disadvantageous with respect
to vibration [16]. The configuration and specifications of the
motors are presented in Fig. | and Table 1.

According to the Maxwell stress tensor method, the radial
AEFD can be expressed in terms of the radial and tangential
air-gap magnetic flux densities, as follows:

_Bl-B B
240 2410
where B, and By are the radial and tangential air-gap magnetic

flux density neglecting the slotting effect, respectively, and
denotes the vacuum permeability. Typically, the radial AEFD

fr ey

TABLE |
SPECIFICATIONS OF 10-POLE 12-SLOT AND 14-POLE 12-SLOoT PMSM

. Value
Parameter Unit 12510p slap
Stator outer diameter mm 100.0
Rotor outer diameter mm 45.0
Stack length mm 50.0
Tooth width mm 7.25 7.0
Yoke width mm 3.62 33
Airgap length mm 1.0
Slot opening mm 2.0
Number of series ) 12 114
turns per phase
PM height mm 3.0
Pole arc/pole pitch ratio - 0.8
PM remanence T 1.2
Current density Apmg/mm? 5.0
Rated torque Nm 3.0
Rated speed r/min 1,000

can be expressed as a radial air-gap magnetic flux density
because the tangential air-gap magnetic flux density is very small
when compared to the radial air-gap magnetic flux density. The
radial air-gap magnetic flux density can be expressed in terms
of the PM field, armature reaction, and relative permeance as
follows:

Br == (BPM + Barm)ks (2)
Bpy = Z B, cos (upf — pwt + B,,) 3)
pn=2k—1

Bym = Z Z B, cos (vpl — nwt + Bry) %)

As = Ao + Z Ask cos (ksH) (5)
k

where Bpy and B,y are the radial magnetic flux density caused
by PM field and armature reaction, respectively, p is the spatial
harmonic order of PM field, w is the electrical angular velocity,
tis the time, p is the pole-pair, 6 is the mechanical angle, /3 is the
phase angle, v is the spatial harmonic order of armature reaction,
As is the relative permeance, s is the slot number, and k is the
integer. The spatial harmonic order of the armature reaction is
determined according to the pole/slot combination, which can
be expressed as follows:

s b, Ok, ©6)

c c

= 2mp
where ¢ is the slot number per phase per pole, m is the number of
phases, b and c are relatively prime. By substituting (3)—(5) into
(1), the radial AEFD can be derived. The vibration order and
frequency of the radial AEFD are summarized in Table Il based
on their sources. In general, the AEFD has the highest amplitude
at twice the fundamental frequency, 2f., which is generated by
the synthesis of the fundamental air-gap magnetic flux density.
Therefore, the vibration orders of the 12s10p and 12s14p FSCW
at 2f, are calculated and given in Table III. Here, the interaction
between the armature reaction and stator slotting is excluded
because the armature reaction of a PMSM is generally less than
20% of the PM field under the full load condition [13]. The
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Fig. 2. Radial AEFD spectrum. (a) 12s10p. (b) 12s14p.

vibration orders generated at 2f. by the PM field are 10 (=
2p) and 14 (= 2p) in 12s10p and 12s14p PMSM, respectively,
and the vibration orders of 12k components are additionally
caused by the interaction of the PM field and stator slotting
effect. Also, additional vibration orders of -6k components are
caused by the armature reaction. Therefore, in 12s10p PMSM,
the vibration orders of ..., —14, —8, —2,4, 10, ... occur at 2f,,
and in 12s14p PMSM, the vibration orders of ..., —10, —4, 2,
8, 14, ... occur at 2f.. The vibration orders generated in 12s10p

and 12s14p PMSM are the same with exception of their signs.
However, it can be predicted that the amplitude of the AEFD of
each vibration order is different.

To obtain an accurate radial AEFD, two-dimensional (2-D)
electromagnetic FEA is performed at the rated load condition.
The 2-D fast Fourier transform (FFT) is performed on the radial
AEFD, and the results are shown in Fig. 2. It is confirmed that 10
+ 12k and 14 =+ 12k, which are vibration orders that can occur
due to the PM field and interaction of the PM field and stator
slotting, are generated with a large amplitude at 2f,. The lowest

motors are similar with the exception of their vibration order.

Fig. 3 shows the phase angles according to the vibration orders
of 12510p and 12s14p PMSMs at 2f... As shown, the phase angle
distributions of the 12s10p and 12s14p PMSMs, including the
2pth order and the lowest order, are similar.

A local tangential force is applied to the edge of the tooth
and leads to a lever arm effect, which causes a radial vibration
that is as high as the radial force [22]. Also, tangential force
can enhance or weaken the radial vibration caused by the radial
force [23]. Therefore, it should be considered when analyzing
the vibration. According to the Maxwell stress tensor method,
the tangential AEFD is expressed in terms of the radial and
tangential air-gap magnetic flux densities as follows:

fi = 2B (7)
Ho
Since it is difficult to analytically derive the tangential air-gap
magnetic flux density, 2-D FEA is performed under the rated load
condition to calculate the accurate tangential AEFD. Then, 2-D
FFT is performed on the calculated tangential AEFD, and the
results are shown in Fig. 4. As shown in the figure, the amplitude
of the tangential AEFD is low when compared to the radial
AEFD. However, the generated vibration order is the same as
that of radial force. Additionally, similar to the radial AEFD,
the amplitudes of the lowest and 2pth order tangential AEFD
of 12s10p and 12s14p are almost the same. Fig. 5 shows the
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Fig. 6. Distributed electromagnetic force and equivalent concentrated
radial and tangential force and moment.

phase angles for each vibration order of the tangential AEFD,
which shows the phase angle distributions of 12s10p and 12s14p
PMSMs are similar.

Based on the conventional displacement equation assuming
the shape of the stator as a cylinder model, the displacement is
inversely proportional to the fourth power of the vibration order
as follows:

12R;, R3
Y(v>2 3—”2f (Ir| =) ®)
Etyoke( 1)

where Y is the displacement, Ry, is the stator inner radius, Ryoke
is the average yoke radius, v is the vibration mode number,
Iyoke 1S the yoke width, and E is the elastic modulus of the
equivalent ring model. The lowest vibration orders of the radial
and tangential AEFDs of the 12s10p and 12s14p PMSMs are
both 2, and the amplitudes of the second vibration order force
of the two motors are similar. Therefore, it can be expected
that the vibration characteristics of the two motors are similar,
or the vibration characteristics of 12s14p with a thinner yoke
width will be disadvantageous. However, considering the tooth
and slot structure of the stator, the force of the higher vibration
order is modulated to a lower vibration order [18]. Therefore,
it is necessary to analyze the radial and tangential forces by
considering the modulation effect.

I1l. TOOTH MODULATION EFFECT
A. Stator Tooth Modulation Effect

In this section, the tooth modulation effects of the radial
and tangential AEFDs were analyzed according to the vibration
order. As shown in Fig. 6, the AEFD can be equalized to the
concentrated radial force, tangential force, and moment. The
concentrated force and moment can be expressed as (9)—(11) as

Fig. 7. Tooth modulation effect of 10th and 14th order radial force due
to the 12 tooth-slot structure.

the integration of the force acting on the tooth tip
0.47/s—a/2
F’r',z - / Riantk {f’r Ccos (92 - 9)
0,—7/s+ta/2

+fisin(f, — 0)} db 9

0.47/s—a/2
ey B L { i cos (6 — 6)
0.—m/sta/2
4 f,sin (6, — )} df

0.47/s—a/2
M, = / RAL
0,—7/s+ta/2

(10)

stk frsin (6, — 6)d6. (11)

Here, F and M are the concentrated force and moment, re-
spectively, f is the distributed AEFD, Ly is the stack length,
0 is the mechanical angle, 6, is the mechanical angle of the
zth tooth center, «v is the slot opening angle, subscripts r and ¢
denote radial and tangential directions, respectively, and z is the
tooth number. Here, the moment term caused by the tangential
AEFD isignored. The vibration order of the radial and tangential
AEFDs is determined by the pole and slot number combination
as explained in Section II, and the amplitude and phase can
be changed according to the PM field, armature reaction, and
magnetic saturation. By substituting (1) and (7) into (9)—(11), the
concentrated force and moment for each tooth can be calculated.
According to the Nyquist—Shannon sampling theory, if the sam-
pling frequency is lower than twice the signal frequency, then
the signal appears distorted [20]. A similar phenomenon occurs
in the electromagnetic force and stator tooth/slot structure. For
example, as shown in Fig. 7, the 10th and 14th order radial
AEFD can be modulated to the 2nd order modulated force by
the 12-teeth-slots structure of the stator. However, even though
10th and 14th order AEFDs are both modulated to 2nd order
modulated force, the amplitude and phase of the modulated force
differ according to the original vibration order. If the vibration
order of the AEFD is greater than half of the slot number, abs(r)
> s/2, then the AEFD is modulated to a low vibration order as

follows:
= fr/ cos[(|r| — ks)0 + w"t + 8] (12)

where superscript r denotes the vibration order, & is the integer,
and f~ denotes the modulated force density.
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Radial & tangential airgap magnetic flux density
calculation using 2D FEA

. B -B BB,
Maxwell stress tensor method e P
24 Ho

Radial & tangential AEFD calculation using (1), (7)

Perform 2D FFT l

Obtain amplitude & phase of
radial & tangential AEFD (Figs. 2-5)

Calculate modulated forces and moment
for main vibration orders using (9)-(11)

|

Sum all modulate forces and moment,
and perform FFT to obtain amplitude and phase

Fig. 8. Calculation process of total modulated force and moment.

B. Comparison of Modulated Forces and Moment of
12510p and 12s14p PMSM

The modulated forces and moments are calculated and com-
pared in this section. In 12s10p and 12s14p PMSMs, the vibra-
tion orders of 2p £ 6k occur, and according to (12), all of them
are modulated to the 4th vibration order with the exception of the
2p + 12k. The other vibration orders are modulated to the 2nd
vibration order. Given that the displacement by second-order
modulated force is much more dominant than the fourth or
higher order modulated forces, only the AEFD that modulates
the second vibration order is considered, and the other vibration
orders are ignored.

Fig. 8 shows the calculation process of the modulated radial
force, tangential force and moment from the AEFD. First, the
amplitude and phase of the radial and tangential AEFD are
calculated using the Maxwell stress tensor method, as shown
in Figs. 2-5, which was explained in Section II. Then, the
modulated forces are calculated using (9)—(11) for the vibration
orders that can modulate into the lowest vibration order, which
are ... —26, —14, —2, 10, 22, ... for 12s10p PMSM. Although
the original AEFDs are high order, they are modulated into the
lowest vibration order, which correspond to second order. There-
fore, the total second-order modulated force can be calculated
by summing all of the second-order modulated forces. Finally,
by performing FFT of the total modulated forces, the amplitude
and phase of the lowest vibration order modulated force can be
obtained.

Based on the aforementioned calculation process, the ampli-
tude and phase of the modulated forces and moment under the
rated load condition are calculated as shown in Fig. 9. In general,
since the amplitude of the AEFD decreases as the vibration order
increases, the vibration orders above the 30th were neglected.
As shown in Fig. 9, the modulated radial force and moment
of 12s14p PMSM are lower than those of 12s10p PMSM even
though the amplitudes of the lowest and 2pth order AEFD of
12510p and 12s14p PMSMs calculated in Section II (see Figs. 2
and 4) are similar. Although 10th and 14th vibration orders,
which are of the 2pth order of 12s10p and 12s14p PMSMs,

360 W 125100 7125140
315 ‘

270
© 225

180
135
90
45

°)

Phase ang

Radl Tangenial Moment
force force force

(a) (b)

Modulated force (N), Moment (Nm)

force

Fig. 9. Amplitude and phase of total modulated 2nd order force at 2f,.
(a) Amplitude. (b) Phase.
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Fig. 10.  Amplitude of modulated forces and moment caused by 1 MPa

AEFD for vibration orders which modulate to second order. (a) Radial
AEFD. (b) Tangential AEFD.

are modulated to the second vibration order by 12 slots, their
modulation amplitudes are different owing to their different
vibration orders.

To analyze the modulation effect, the modulated force is cal-
culated according to the vibration order when an AEFD of 1 MPa
is applied to the 12 stator slots. Fig. 10 shows the amplitude of the
modulated radial force, tangential force, and moment according
to the vibration order. The modulated radial and tangential forces
and moments are generated by the distributed radial AEFD,
and the modulated radial and tangential force is generated by
the distributed tangential AEFD. As shown, the amplitude of
the modulated force and moment differs significantly based on
the original vibration order even though the amplitude of the
distributed AEFD corresponds to 1 MPa. When comparing the
10th and 14th original vibration orders, the amplitude of the
10th order when compared to that of the 14th order is much
higher in terms of the modulated radial and tangential forces,
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TABLE IV
AMPLITUDE AND RADIAL VIBRATION CONTRIBUTING PHASE OF TOTAL
MODULATED SECOND-ORDER FORCE

Radial displacement

Model Force Amplitude Phase -
contributing phase
Radial 28.1N 152.7° 152.7°
12s10p Tangential 36N 3.1° 273.1°
Moment  0.19 Nm 222.7° 312.7°
Radial 97N 6.5° 6.5°
12s14p Tangential 6.1 N 232.1° 142.1°
Moment 0.13 Nm 7.6° 97.6°

and moment. Given that the amplitude of 2pth order radial
and tangential AEFD is very high when compared to those
of the other vibration orders, the difference in the modulation
amplitude of the 10th and 14th orders can lead to a difference
corresponding to second-order total modulated force, as shown
in Fig. 9.

Although the amplitude of the modulated force and moment
of 12s14p PMSM is lower than that of 12s10p PMSM, itis neces-
sary to consider the amplitude and phase of the modulated forces.
Fig. 9(b) shows the phase of the total modulated second-order
force. In Figs. 3 and 5 of Section II, the phases of the 12s10p and
12514p PMSMs are similar, but it is confirmed that the phases of
the total modulated second-order force significantly differ from
each other because the modulation effect varies according to the
vibration order. It should be noted that the radial deformation
and radial force are in the same phase, while tangential force
and moment delays/leads by 90°, respectively, at frequencies
below the natural frequency [19]. Therefore, considering the
aforementioned phase relationship between the force and radial
displacement, the phase contribution to the radial displacement
of each total modulated second-order force is calculated and
summarized in Table ['V. Here, it was assumed that the deforma-
tion by the modulated second-order force becomes a pure second
mode. For 12s10p PMSM, the radial displacement contribution
phase of modulated tangential force and moment are almost the
same, whereas the modulated radial force is almost opposite.
This indicates that the vibration caused by modulated radial
force can be suppressed by modulated tangential force and
moment. For 12s14p PMSM, similarly, the radial displacement
contributing phase of modulated tangential force and moment
are similar, and that of modulated radial force differ by more
than 90°. Since the radial displacement contributing phase by the
modulated radial force and the tangential force is greater than
90°, the vibration caused by the two forces could cancel each
other out. The difference between 12s10p PMSM and 12s14p
PMSM is that the modulated radial force of 12s14p PMSM is
much smaller compared to 12s10p PMSM due to the modulation
effect. In the next section, vibration analysis is performed to
compare the vibration characteristics of the 12s10p and 12s14p
PMSMs.

IV. VIBRATION ANALYSIS CONSIDERING MODULATION
EFFECT

In the previous section, the modulated radial and tangen-
tial forces, and moments of 12s10p and 12s14p PMSMs are

‘ \

Vibration
Analyzer

¢ \
\  Impact
Accelerometer hammer
Fig. 11.  Modal test setup.
TABLE V
EQUIVALENT MATERIAL PROPERTIES
Items Stator core Winding Housing
Density (kg/m?) - 7700 8930 2700
Young’s E, 180
E, 180 1 68.9
modulus (GPa) E 761
Uy, 0.3
Poisson’s ratio Uy 0.3 0.1 0.33
Uy 0.3
G 50
Shear "
G,. 3.8 0.4 25.9
modulus (GPa) G.. 38

calculated based on the AEFD. In this section, the vibration
characteristics of the two models are calculated and compared
using 3-D structural FEA.

A. Modal Analysis

Before conducting vibration analysis of the motor by apply-
ing electromagnetic force, modal test and modal analysis were
performed to build an accurate structural model. Since it is
complicated to consider the laminated stator core and winding,
the equivalent material properties were obtained from the modal
test and parametric fitting, which technique was also adopted in
[18], [20]. Fig. 11 shows the modal test setup of 12s10p PMSM
prototype. The free boundary condition was realized by hanging
the stator assembly without rotor on the elastic rope, and the
FRF of a total of 18 points in the circumferential direction of
stator assembly was measured. The modal test was conducted
using the OROS NVGate data acquisition system, PCB impact
hammer 086C03, and the Kistler accelerometer 8776A50. From
the modal test, natural frequencies, modal shapes, and damping
ratios from the peaks of the FRF were obtained. The equivalent
material parameters, which are obtained by parameter fitting
using modal test and 3-D structural FEA results using commer-
cial software ANSYS, are given in Table V. The modal test
and modal analysis results are given in Table VI. The relative
error between measured and simulated results is less than 5.8%,
which means that the 3-D structural FEA model is accurate
enough. Also, the obtained damping ratio from modal test was
applied for the vibration simulation. The 12s10p and 12s14p
PMSM have a different stator core configuration and number
of turns. Therefore, their equivalent material properties would
be different. However, since the two models were designed to
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TABLE VI
MODAL TEST AND ANALYSIS RESULTS

Relative
error

Damping
ratio

Spatial

Measured
order

Simulated

5.8% 3.06%

-1.3%

2.4%

-1.3% 2.54%

3660 Hz

3611 Hz

Constraint |

Fig. 12. Configuration of the 3-D structural model with constraint.

compare the effect of different modulated force at 2f,, the same
equivalent material properties were applied for the two motors.

B. Vibration Analysis Considering Modulated Force

Fig. 12 shows the 3-D structural model using commercial
software ANSYS, and for the same conditions as the vibration
experiment to be performed later, displacement constraints were
applied to the four holes as shown. For the fair comparison, the
configuration of enclosure is the same for two motors. Since
the lowest order modulated force and moment will cause most
of the vibration, vibration analysis was performed by applying
only the previously calculated total modulated radial, tangential
force, and moment, respectively, at 2f, as shown in Fig. 3.
Since 2f, of 12s10p and 12s14p PMSM is 166.6 and 233.3
Hz, respectively, resonance will not occur. As the displacement
occurs in the linear region, frequency analysis was performed.
Here, the modulated forces and moment are applied on the tooth
tip face in a concentrated form. Since the modulated forces
and moment have only second spatial harmonic order, which
is calculated in Fig. 9, the phase difference of the force for each
tooth was set to be 60° to express the second spatial harmonic
order.

Fig. 14 shows the vibration analysis results when the total
modulated radial, tangential forces and moment are applied,

1) Total 2" order
modulated force
(Calculated in Fig. 9)

2 00 pm s Top N 2siap

2
L =

z
02]
8

2) Force mapping into 3D structural model (Fig. 12)
Radial force

Al forces

£

FAF M

Tangential force Moment

ent (Nm)

3

Amplitude

F M

3 Radial Tangential Moment
= force force

o 2105 [ 12514 | Radalliorcs

—_—
3) Vibration analysis (Fig. 14)
Tangential force Moment

Al forces

Phase angle
ha

Radial Tangential Moment
force  force

Fig. 13.  Vibration analysis process by applying modulated force.

TABLE VI
MAXIMUM RADIAL DISPLACEMENT AT 2F, UNDER RATED LOAD CONDITION

Model Force
Radial only
Tangential only 0.049
Moment only 0.075
All 0.282
Radial only 0.110
Tangential only 0.098
Moment only 0.048
All 0.137

Maximum radial displacement (xm)
0.348

12510p

12s14p

respectively. It should be noted that the maximum radial dis-
placement varies according to the phase of the frequency re-
sponse. Therefore, in Fig. 14, the displacement results in the
phase where the maximum displacement occurs, which are 40°
and 76° for 12s10p and 12s14p PMSM, respectively, are shown.
The maximum radial displacements caused by each modulated
force are given in Table VII. Although the 12s14p PMSM is
structurally disadvantageous when compared to 12s10p PMSM
due to the thinner yoke thickness, the radial displacement of
12s14p PMSM is lower than that of 12s10p PMSM. This is due to
the fact that the total modulated force of 12s14p PMSM is lower
than that of 12s10p PMSM. Particularly, both motors have the
largest radial displacement due to the modulated radial force, and
the radial displacement due to modulated radial force of 12s10p
PMSM is more than three times larger than 12s14p PMSM. Also,
for 12s10p PMSM, the mechanical phases of radial deformation
by modulated radial force and radial deformation by modulated
tangential force and moment differed by more than 60°. Since
the deformation mode is second order, the electrical phase dif-
ference is larger than 120°, so the radial vibration by modulated
radial force was suppressed by modulated tangential force and
moment. However, since the radial displacement caused by the
modulated radial force is very large in 12s10p PMSM, the
phase of the total deformation is almost the same as the phase
when only the modulated radial force is applied. For 12s14p
PMSM, like 12510p PMSM, the phase of radial deformation by
modulated radial force and the phase of radial deformation by
modulated tangential force and moment are electrically different
by larger than 90°. However, because the 12s14p PMSM has very
small radial displacement due to small modulated radial force,
the phase of total deformation is not the same as that of radial
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Radial force only Tangential force only

000034801 Max 4.9302e-5 Max
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3.8437e-5 5.8976e-6
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-0.00034853 Min -4.8358e-5 Min
0.00010967 Max 9.751e-5 Max
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61531e-5 5403%-5
3.7461e-5 3.2303e-5
1.3391e-5 1.056%-5
-1.067%-5 -1.1168e-5
-34749e-5 -3.2003e-5
-5.8819e-5 -5.463%e-5
-82880e-5 -7.6374e-5
-0.00010696 Min -9.811e-5 Min

Fig. 14.
(a) 12s10p. (b) 12s14p.

Electro-magnetic FEA 3D Structural model

\ 4

Nodal force mapping
(Virtual work principle)

Modal analysis

Mode
Superposition

method

I
v

Fig. 15, Vibration calculation procedure by coupled field analysis.

deformation when only modulated radial force is applied, but is
similar to that of modulated tangential force and moment. After
comprehensively considering all of the aforementioned results,
itis confirmed that the radial vibration of 12s14p PMSM is lower
than that of the 12s10p PMSM.

C. Vibration Analysis Via Coupled Field FEA

To verify the reliability of the previously performed vibration
analysis by applying only modulated forces and moment, an
electromagnetic-mechanical coupled field FEA is performed
using the commercial software, JIMAG. First, to calculate the
distributed radial and tangential nodal force of the stator, which
is calculated by virtual work principle, a 2-D transient elec-
tromagnetic FEA is performed. Then, the calculated force is
converted to the frequency domain and projected into the 3-D
structural FEA model. In a coupled field FEA, different from
vibration analysis done in Section IV-A, forces that include all
vibration orders are applied. The process of the coupled field
vibration FEA is shown in Fig. 15.

Fig. 16 shows the radial deformation under the rated load
condition at 2f,, which is calculated via coupled field FEA. The

Moment only

7.4702e-5 Max
5.8124e-5
4.1547e-5
2.496%-5

Radial + Tangential + Moment

0.00028245 Max
0.00021977
0.0001571
9.4428e-5

83911e-6 3.1755e-5
-8.1867e-6 -3.0018e-5
-24764e-5 -0.3591e-5
-4.1342e-5 -0.00015626
-5.792e-5 -0.00021894
-7.4498e-5 Min -0.00028161 Min
4.7748e-5 Max 0.0001372 Max
37184e-5 0.00010687
2.662e-5 7.6529¢-5
1.6056€-5 4.6193e-5
54921e-6 1.5857e-5
-5.0719%-6 -1.4478e-5
-1.5636e-5 -4.4814e-5
-2.62e-5 -7.515e-5
-3.6764e-5 -0.00010549
-4.7328e-5 Min -0.00013582 Min

(b)

Radial deformation of 12s10p and 12s14p PMSM caused by total modulated force and moment under rated load condition at 2f..

3.5000e-04 6.0000e-05
2.7777e-04 4.7777e-05
2.0555e-04 3.5555e-05
1.3333e-04 2.3333e-05
6.1111e-05 1.1111e-05
-1.1111e-05 -1.1111e-06
-8.3333e-05 -1.3333e-05
-1.5555e-04 -2.5555e-05
-2.2777e-04 -3.7777e-05
-3.0000e-04 -5.0000e-05

Fig. 16.  Total radial deformation by coupled field FEA under rated load
condition at 2f.. (a) 12s10p. (b) 12s14p.

maximum radial displacements of 12s10p and 12s14p PMSMs
are 0.303 and 0.0556 pm, respectively. Although the AEFDs of
the two models including the second-order force is almost simi-
lar, radial displacement of 12s10p is 5.45 times higher than that
of the 12s14p PMSM, due to the different modulation amplitudes
of 10th and 14th order AEFD. The deformation configuration
and phase of the vibration analysis results shown in Fig. 16,
calculated by coupled field FEA, and vibration analysis results
shown in Fig. 14 are very similar. Although there is a difference
between the maximum radial displacement, it was confirmed that
the tendency that the radial displacement of 12s14p PMSM is
significantly smaller than that of 12s10p PMSM was consistent.

The error between the results can potentially occur because of
different force calculation method. The modulated forces are

calculated based on AEFD, which is obtained by Maxwell stress

tensor method, while nodal forces in coupled field FEA are

calculated by virtual work principle. Also, higher harmonics that

are not reflected when calculating the modulated force, such as

the 38th, 50th, and 62nd order harmonics, may cause errors.

V. VERIFICATION

To validate the vibration analysis results, tests of the proto-
types of 12s10p and 12s14p PMSMs were performed. Fig. 17
shows the prototype of 12s10p and 12s14p PMSMs. For a
fair comparison, the enclosure shapes of the two motors are
manufactured as the same, and the rotor and stator shapes are
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Fig. 19.  Vibration test setup.

given in Table [ and Fig. 1. To validate whether the prototypes
were fabricated correctly, the back electro-motive force (BEMF)
was measured, by rotating the prototypes using servo motor at
1000 r/min. Furthermore, the results are compared with the FEA
results as shown in Fig. 18. It was confirmed that the test and
FEA results are in good agreement.

Fig. 19 shows the vibration test setup, which includes a
prototype, torque sensor, hysteresis brake, accelerometer, data
acquisition and vibration analyzer. Four accelerometers were
attached to the surface of the motor enclosure, two at the center of
the tooth and two at the center of the slot. For the accelerometer,
Kistler 8776A50 was utilized, which has the acceleration range
of 50 g, sensitivity of 100 mV/g. The vibration test was per-
formed using OROS NVGate data acquisition system, under the
rated load condition, rotational speed of 1000 r/min and torque

0.0
100 200 300 400 500 600 700 800
Frequency (Hz)

Fig. 21.  Vibration test results of 12s10p and 12s14p PMSM under
rated load condition in frequency domain.

of 3.0 N-m. The measured accelerations by four accelerometers
in time domain are shown in Fig. 20. It should be noted that the
vibration waveforms are filtered by a low-pass filter with cutoff
frequency of 1500 Hz to highlight the harmonics at 2f,. It can
be seen that the acceleration of 12s14p in all accelerometers is
less than 12s10p PMSM. Then, time domain accelerations were
converted into frequency domain to analyze the low-frequency
vibration at 2f,, and the average acceleration was calculated.
To calculate radial displacement, the square of each angular
frequency was divided by the acceleration, and the results are
shown in Fig. 21. Since the fundamental frequencies of 12s10p
and 12s14p PMSM are 166.6 and 233.3 Hz, respectively, the
highest displacement occurred at 333.3 and 466.6 Hz, which
are twice the fundamental frequency, 2f.. As analyzed above,
due to the different modulation effect according to the original
vibration order, although the amplitude of the lowest vibration
order of 12s10p and 12s14p PMSM is similar, it is confirmed
that the radial vibration at 2f, was significantly different. The
radial displacement at 2f, is 0.354 and 0.0607 pm in 12s10p
and 12s14p PMSM, respectively, and 12s10p is about 5.83 times
higher than that of 12s14p PMSM.
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For 12s10p and 12s14p PMSMs, the test results are higher
than the simulation results, which are calculated in Fig. 16 of
Section IV-C with coupled field FEA. This error can potentially
occur due to the error of modal parameters, such as modal
damping, and equivalent material parameters. Also, this can be
caused since the structural FE model was built with equiva-
lent parameters without modeling the stacking structure, and
rotor. Also, the test system is much more complicated than the
structural FEA model due to the torque sensor and hysteresis
brake. All these factors can potentially lead to an increase in
the motor vibration level in the test when compared to that in
the simulation. However, the measured and simulated results
confirmed that the radial vibration of 12s14p PMSM is lower
than that of the 12s10p PMSM.

VI. CONCLUSION

In this article, the vibration characteristics considering the
tooth modulation effect of 12s10p and 12s14p FSCW PMSMs
were investigated. First, the radial and tangential AEFD were
analyzed, and the similarities of the AEFD in the two motors
were explained. The amplitude and phase of the lowest and pole
number vibration order AEFDs of the two motors were almost
similar, and the lowest vibration order was also equal to 2. Then,
the difference in the tooth modulation effect of the two motors
was investigated. Although the lowest vibration order of the two
motors was the same, the pole number vibration order (2pth) was
different. It was revealed that the modulation effects of 10th and
14th order AEFDs are very different, which leads to a difference
in the total modulated radial force, tangential force, and moment
of the two motors. More specifically, it was confirmed that the
2nd order modulated force and moment generated by the 10th
order AEFD are higher than those of the 14th order AEFD. Then,
vibration analysis was performed by applying the modulated
radial, tangential force, and moment, respectively, and it was
confirmed that the vibration of 12s10p PMSM is higher than that
of the 12s14p PMSM due to the difference in modulated forces
and moments. Finally, the validity of the study was verified
through coupled field FEA and a test. It is expected that the
analysis of the tooth modulation effect and vibration analysis
used in this article can be utilized for other pole and slot number
combination PMSMs. However, since the noise performance
is dependent on frequency, it cannot be concluded that noise
of 12s14p PMSM is more advantageous compared to 12s10p
PMSM, and this remains to be further studied.
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