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Phase of Radial, Tangential Force and Moment

Jae-Hyun Kim , Jun-Yeol Ryu , Soo-Hwan Park , Kyoung-Soo Cha ,
Yun-Jae Won , Graduate Student Member, IEEE, Chi-Sung Park , and Myung-Seop Lim , Senior Member, IEEE

Abstract—In this study, the radial vibration of fractional-slot
concentrated winding (FSCW) permanent magnet synchronous
motor (PMSM) was analyzed according to pole/slot combination
considering phase relationship of modulated radial, tangential
forces, and moment. First, to calculate the modulated forces and
moment according to pole/slot combination, the amplitude and
phase of modulated radial, tangential force and moment converted
by radial air-gap electromagnetic force density (AEFD) are an-
alytically derived. Since the lever arm effect by tangential force
varies according to the tooth length, tangential force was translated
on the yoke and an equivalent modulated moment was derived.
Subsequently, to analyze the radial vibration caused by modulated
forces and moment, the radial displacement response owing to a
unit radial AEFD is calculated using 3D structural finite element
analysis by applying unit modulated forces and moment. It was
found out that the tooth modulation effect hardly varied with
pole/slot combination and shape of the PMSM such as tooth length.
Rather, it was confirmed that the tooth modulation effect was
significantly influenced by the slot opening width. Especially, it
was analyzed that the radial vibration of PMSM is not simply
reduced by optimizing the slot opening width with reduced mod-
ulated radial force, but the amplitude and phase of the modulated
tangential force and moment should also be considered. Finally,
four prototypes of the PMSM with different slot opening widths of
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two 12-slot 10-pole and two 12-slot 14-pole are fabricated, and the
test and simulation results are compared and verified.

Index Terms—Air-gap electromagnetic force density, fractional-
slot concentrated winding permanent magnet synchronous motor,
tooth modulation effect, vibration.

I. INTRODUCTION

FRACTIONAL-SLOT concentrated winding (FSCW) per-
manent magnet synchronous motors (PMSMs) are widely

used in several industries owing to their high efficiency, high
power density, low cogging torque, and excellent manufac-
turability [1]. However, FSCW PMSMs have a disadvantage
of radial vibration characteristics because of their low spatial
harmonic order of electromagnetic force caused by the armature
magneto-motive force and stator slotting effect [2]. Accordingly,
many studies have been conducted to improve the vibration
characteristics of FSCW PMSMs while retaining the advantages
[3], [4], [5], [6].

The radial vibration of the PMSM is inversely proportional
to the fourth power of the spatial harmonic order of the air-gap
electromagnetic force density (AEFD) [7]. Because the lowest
spatial order of the AEFD is determined by the pole/slot combi-
nation, it is important to determine the pole/slot combinations at
the initial design stage of FSCW PMSMs to maximize the lowest
spatial harmonic order of the AEFD [8]. Recently, however, sev-
eral studies have been actively conducted on high-order AEFDs
that are modulated by the tooth-slot structure of the stator and
act as low-order AEFDs [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19]. Since this tooth modulation effect may be
changed depending on the pole/slot combination, it is necessary
to analyze it according to the pole/slot combination, not only
considering the lowest spatial order of the AEFD.

Many studies have been conducted recently related to the
tooth modulation effect. A previous study confirmed that vi-
bration at 2fe of the FSCW PMSM using bread-loaf PM was
greater than that of the FSCW PMSM using conventional PM
configuration [15]. In another study [16], an analytical model of
the tooth modulation effect was derived, and it was discovered
out that the slot opening width is an important factor that heavily
influenced the tooth modulation effect. Mao et al. studied the
vibration characteristics of the spoke-type machine with an
asymmetric rotor considering the tooth modulation effect [17]. It
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Fig. 1. Distributed AEFD and equivalent modulated force.

was discovered that an asymmetric rotor shape could effectively
reduce torque ripple but degraded the vibration performance. In
a previous study [18], unequal tooth design and PM flux density
harmonics injection method were proposed to reduce vibrations
caused by the modulated force. In [19], a hybrid model for
vibration synthesis considering tangential force was proposed.
However, in these studies, the modulation effect according to
the pole/slot combination was not analyzed.

A few studies related to tooth modulation effect with re-
spect to the pole/slot combination of the FSCW PMSM were
also conducted recently. In [20], the difference in the force
modulation effect of 12-slot 10-pole (12S10P) and 12-slot 14-
pole (12S14P) PMSM were analyzed. However, although the
force modulation effect was analyzed in detail, the analysis of
the vibration characteristics in terms of the modulated force was
insufficient. In addition, even though the slot opening width
is important factor in tooth modulation effect, it was not in-
vestigated. In [21], research was conducted on the similarities
and differences between the tooth modulation effect of the
integer slot winding PMSM and FSCW PMSM. However, the
modulation effect according to pole/slot combination was not
considered. In [22], the force modulation effect with respect to
the pole/slot combination of FSCW PMSMs was analyzed, and
a vibration reduction design method was proposed by changing
the slot opening width. However, only the radial modulated
force by the radial AEFD was considered, and the modulated
tangential force and moment were neglected. The radial AEFD
generates not only a radial modulated force, but also a modulated
tangential force and modulated moment, and these components
are not negligible [19], [20].

This study analyzes the radial vibration of FSCW PMSM with
respect to pole/slot combination considering phase relationship
of modulated radial, tangential forces, and moment. Because the
slot opening width influences the modulated forces and moment
[15], the effect of the slot opening width on the tooth modulation
effect is also investigated. In Section II, the force modulation
effect was analytically derived and analyzed in detail in terms of
the pole/slot combination and slot opening width. The amplitude
and phase of the modulated radial and tangential forces, and
moment caused by a unit radial AEFD were analytically derived.
Here, since the displacement caused by tangential force is greatly
affected by tooth length due to lever arm effect, the tangential
force was translated on the yoke and an equivalent modulated
moment was calculated. Subsequently, to analyze the radial
vibration caused by modulated forces and moment, the radial
displacement response due to the modulated forces and moment
was calculated using 3D structural finite element analysis (FEA)

in Section III. In Section IV, the vibration characteristics caused
by the modulated forces and lowest order radial and tangential
AEFD were analyzed and compared in terms of the slot opening
width in the PMSM. Finally, to validate the modulation effect
in the FSCW PMSM, the simulation and experimental results
were compared.

II. ANALYSIS OF RADIAL FORCE MODULATION EFFECT

A. Calculation Process of Radial Force Modulation Effect

In this section, the radial force modulation effect was an-
alytically derived with respect to the pole/slot combination.
Since the pole-number order tangential AEFD is relatively small
compared to that of radial AEFD, only the modulation effect
of radial AEFD is analyzed. It should be noted that this does
not imply that the vibration caused by tangential AEFD can be
ignored. Here, the slot opening width is also considered since it
significantly affects the tooth modulation effect [15]. As shown
in Fig. 1, the distributed radial and tangential AEFD can be
equalized to the modulated radial and tangential forces, and
moment. The modulated forces and moment can be expressed as
the integration of the AEFD acting on the tooth tip, as expressed
in (1)–(3) [20].

Fr,z = RsiLstk∫ θz+π/S(1−α)

θz−π/S(1−α)
{fr cos(θz − θ) + ft sin(θz − θ)}dθ (1)

Ft,z = RsiLstk∫ θz+π/S(1−α)

θz−π/S(1−α)
{ft cos(θz − θ)− fr sin(θz − θ)}dθ (2)

Mt,z = R2
siLstk∫ θz+π/S(1−α)

θz−π/S(1−α)
fr sin(θz − θ)dθ (3)

Here, F and Mt are the modulated force and moment acting
on the end of the tooth, respectively, f is the distributed AEFD,
Rsi is the inner radius of the stator, Lstk is the stack length, θ is
the mechanical angle, θz is the mechanical angle of the center
of the zth tooth, α is the slot opening pitch, S is the number of
slots, subscript r and t denote the radial and tangential directions,
respectively, and z is the tooth number. Additionally, the moment
term attributed to the tangential AEFD was ignored. The slot
opening pitch indicates the ratio of the slot opening angle to the
slot angle, and it can lie between 0 to 1. For instance, if the slot
opening angle is 12° for 12 slots, the slot opening pitch is 0.4. As
shown in (1)–(3), the radial AEFD generates a modulated radial
force, tangential force, and moment. The modulated forces and
moment caused by the nth spatial harmonic order radial AEFD
are expressed as (4)–(6). Here, 1-α is expressed as β to simplify
the equation.

Fr,z = fr,nRsiLstk

∫ θz+π/Sβ

θz−π/Sβ
{cos (nθ) cos(θz − θ)}dθ
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Fig. 2. Translation of force acting point to center of the yoke.

= fr,nRsiLstk

2 cos(nθz)
{
n cos

(
πβ
S

)
sin

(
nπβ
S

)
− sin

(
πβ
S

)
cos

(
nπβ
S

)}
n2 − 1

(4)

Ft,z = −fr,nRsiLstk
∫ θz+π/Sβ

θz−π/Sβ
{cos(nθ) sin(θz − θ)}dθ

= −fr,nRsiLstk
2 sin(nθz)

{
cos

(
πβ
S

)
sin

(
nπβ
S

)
− n sin

(
πβ
S

)
cos

(
nπβ
S

)}
n2 − 1

(5)

Mt,z = fr,nR
2
siLstk

∫ θz+π/Sβ

θz−π/Sβ
{cos(nθ) sin(θz − θ)}dθ

= fr,nR
2
siLstk

2 sin(nθz)
{
cos

(
πβ
S

)
sin

(
nπβ
S

)
− n sin

(
πβ
S

)
cos

(
nπβ
S

)}
n2 − 1

(6)

As shown in (4)–(6), the contribution of the radial AEFD to
the modulated force is affected by the spatial harmonic order of
the radial AEFD n, number of slots S, and slot opening pitch
α ( = 1 – β). However, if the point where the tangential force
is applied is located at the end of the tooth as shown in Fig. 1,
the radial displacement or vibration caused by the tangential
force changes according to the length of the tooth, thus it is
difficult to calculate the tooth modulation effect in general. The
displacement due to the modulated radial force and moment
is independent of the position where the force acts, but as the
tangential force creates a lever arm effect, the displacement
varies depending on the force acting point. Therefore, to exclude
the influence of the displacement response by the tangential
force with respect to the tooth length, the force acting point was
moved to the center of the yoke as shown in Fig. 2. Accordingly,
the modulated moment acting on the center of the yoke can be
expressed as follows:

Mz =Mt,z − Ft,z

(
Rso −Rsi − tyoke

2

)
≈ fr,nRsiRsoLstk
2 sin(nθz){cos(nπ

S ) sin(nπβ
S )−n sin(πβ

S ) cos(nπβ
S )}

n2−1

(7)

TABLE I
MAJOR PARAMETERS OF THE TARGET PMSMS

where M is the modulated moment, Rso is the stator outer
radius, and tyoke is the yoke thickness. In general, because the
stator outer radius is significantly larger than the yoke thickness,
the yoke thickness term is ignored for simplicity. The total
modulated moment is proportional to the stator outer radius,
unlike other modulated forces.

B. Force Modulation Effect According to Pole/Slot
Combination and Slot Opening Pitch

The amplitudes of the modulated forces and moment were
calculated according to the spatial order of the AEFD, number
of slots, and slot opening pitch based on (4)–(7). It should be
mentioned that since it is impossible to represent all pole/slot
combinations, only the pole/slot combinations where the number
of the slot is below 30 and 2p = S ± 2 are analyzed in this study,
where p is the pole pair. Therefore, the pole/slot combinations
of 6S4P, 6S8P, 12S10P, 12S14P, 18S16P, 18S20P, 24S22P, and
24S26P were analyzed. It does not imply that the analysis is ap-
plicable only to these pole/slot combinations, and the modulated
forces and moment for other pole/slot combinations can still
be calculated using (4)–(7). To calculate the modulated forces
and moment caused by a unit radial AEFD, the outer and inner
radii of the stator core are required. The major parameters of
the stator to be analyzed are listed in Table I. The modulated
forces by the unit radial AEFD were calculated according to
the force order, number of slots, and slot opening pitch, and the
results are shown in Fig. 3. Here, since the modulated force is
the largest at twice the fundamental frequency [20], 2fe, only
the pole number spatial order radial AEFD is considered. It is
noteworthy that this does not imply that the tooth modulation
effect does not occur in other time harmonic order. However, if
the waveform of the magneto-motive force by the PM is designed
sinusoidally, the electromagnetic force of the high time harmonic
order can be minimized. Therefore, in this study, we focused on
2fe caused by the synthesis of the fundamental magneto-motive
force. It should be noted that the modulated moment is not
shown as the amplitude trend of the modulated moment is the
same to that of the modulated tangential force. Although the
exact amplitudes are different according to the pole/slot combi-
nation, the amplitude trend of the pole/slot combinations with
2p = S – 2 are similar, and that of 2p = S + 2 are also similar.
For 2p = S – 2, the modulated radial force increases and then
decreases as the slot opening pitch increases, while the tangential
force and moment decrease monotonically. For 2p = S + 2,
there exists a slot opening pitch at which the modulated radial
force becomes zero. The tangential force and moment increase
and then decrease as the slot opening pitch increases. At the
slot opening pitch α = αmin, where the modulated radial force
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Fig. 3. Amplitude of modulated forces by unit radial AEFD according to the
slot opening pitch. (a) 2p = S – 2 radial force. (b) 2p = S – 2 tangential force.
(c) 2p = S + 2 radial force. (d) 2p = S + 2 tangential force.

becomes zero, the radial vibration cannot be guaranteed to be
minimized because the tangential force and moment are maxi-
mized. The displacement or vibration cannot be determined only
from the amplitudes of the modulated forces and moment. It is
necessary to determine the displacement response caused by the
unit modulated forces and moment, and the phase relationship of
the forces to calculate the displacement at which these modulated
forces act simultaneously.

Therefore, the amplitude and phase relationship between the
modulated forces and moment are analyzed in this section, and
the displacement caused to the unit modulated force and moment
is discussed in the next section. For 2p = S ± 2, the main spatial
harmonic order n of the radial AEFD at twice the fundamental
frequency, 2fe, is S ± 2. By substituting the above (4), (5), and
(7), the modulated forces and moment are expressed as follows:

Fr,z = fr,nRsiLstkKr(α) cos

{
(S ± 2)

2π
S
z

}

= fr,nRsiLstkKr(α) cos

(
4π
S
z

)
(8)

Ft,z = − fr,nRsiLstkKt(α) sin

{
(S ± 2)

2π
S
z

}

= fr,nRsiLstkKt(α) cos

(
4π
S
z ± π

2

)
(9)

Mz = fr,nRsiRsoLstkKt(α) sin

{
(S ± 2)

2π
S
z

}

= fr,nRsiRsoLstkKt(α) cos

(
4π
S
z ∓ π

2

)
(10)

TABLE II
PHASE OF MODULATED FORCE AND DISPLACEMENT WHEN 2P = S – 2

TABLE III
PHASE OF MODULATED FORCE AND DISPLACEMENT WHEN 2P = S + 2

where,

Kr(α) =
2
{
n cos

(
πβ
S

)
sin

(
nπβ
S

)
− sin

(
πβ
S

)
cos

(
nπβ
S

)}
n2 − 1

(11)

Kt(α) =
2
{
cos

(
πβ
S

)
sin

(
nπβ
S

)
− n sin

(
πβ
S

)
cos

(
nπβ
S

)}
n2 − 1

(12)

Therefore, for 2p = S – 2, the phase of the modulated radial
force leads the tangential force by 90° and lags the moment
by 90°. Since the phase of the radial displacement caused by
the tangential force lags by 90° from that caused by the radial
force [19], the phases of the radial displacement by radial force
and radial displacement by tangential force differ from each
other by 180°. This indicates that the radial displacement or
vibration caused by the modulated radial force and tangential
force suppress each other. Similarly, since the phase of the radial
displacement caused by the modulated moment leads that of
the displacement caused by the radial force by 90° [19], the
displacement caused by the moment and radial force also differ
from each other by 180° and suppress each other. The phase
relationship between the modulated forces and displacement
when 2p = S – 2 is summarized in Table II.

For the case of 2p = S + 2, different from 2p = S – 2,
the phase of the modulated radial force lags the phase of the
tangential force by 90° and leads the phase of the moment
by 90°. This indicates that the radial displacement due to the
modulated radial and tangential forces and moment enhance
each other. The phase relationship between the modulated forces
and displacement in terms of the slot opening pitch when 2p =
S + 2 is summarized in Table III. The amplitude and phase
relationships of the modulated radial and tangential forces, and
moment with respect to the force order, number of slots, and slot
opening pitch were calculated, but the amplitude of the radial
displacement was not investigated. The displacement response
caused by the modulated forces and moment is analyzed in the
next section.
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Fig. 4. Configuration of the 3D structural model. (a) 6 slots. (b) 12 slots. (c)
18 slots. (d) 24 slots.

TABLE IV
MAJOR PARAMETERS OF THE STRUCTURAL MODEL

III. DISPLACEMENT RESPONSE BY UNIT RADIAL AEFD

In this section, to analyze the tooth modulation effect, the
radial displacement response is calculated for each spatial har-
monic order of the radial AEFD, number of slots, and slot
opening pitch. Even though torque ripple also can deteriorate
the vibration of PMSM, the dominant vibration of PMSM is
generally caused by radial force of PMSM [17]. Therefore, in
this study, the torque ripple was not investigated. To apply the
distributed unit radial AEFD to the structural model, the struc-
tural models for each slot opening pitch should be developed.
However, because the slot opening pitch does not affect the
stiffness of the motor, the radial displacement response caused
by the unit concentrated force was calculated instead of the dis-
tributed AEFD to reduce the computation time. Subsequently, by
multiplying the radial displacement response caused by the unit
concentrated forces of 2nd spatial order and calculated modulated
forces based on (8)–(12), the total radial displacement response
caused by the unit radial AEFD was calculated as follows:

Y = Fre
jψFryre

j0 + Fte
jψFtyte

−jπ
2 +MejψM yMe

jπ
2 (13)

where Y is the total displacement response, y is the displacement
response caused by the unit modulated force, and ψ is the
electrical phase angle of the modulated force.

A. Displacement Response by Unit Modulated Forces

To calculate the radial displacement caused by the unit radial
AEFD using (13), the displacement caused by the unit concen-
trated force was calculated. The radial displacement response
was calculated by 3D structural FEA using the commercial soft-
ware ANSYS. The 3D structural model was built by modeling
only the stator core as shown in Fig. 4, neglecting the enclosure
and winding. The major parameters of the structural model
are listed in Table IV. To apply the 2nd spatial order force to
the structural model, the phase difference of the force for each
tooth was set to π / S. For instance, to apply 2nd order force to

Fig. 5. 2nd order concentrated force application to structural model.

Fig. 6. Displacement response of 12-slot structure by unit 2nd spatial order
concentrated force. (a) Radial force. (b) Tangential force. (c) Moment.

Fig. 7. Radial displacement response by unit modulated force.

12 slots, the phase difference for each tooth was set to 60° as
shown in Fig. 5. To neglect the effect of resonance, the frequency
of force was set to 10 Hz.

Fig. 6 shows the displacement response when unit modulated
forces and moment of the 2nd order are applied to the 12-slot
structural model. As mentioned earlier, the radial force and dis-
placement have the same phase and radial displacement lag/lead
the tangential force/moment 90°. The radial displacement has a
2nd mode shape, and the maximum displacements for each slot
number are shown in Fig. 7. Although the radial displacement
response with respect to the unit force varies with the number
of slots, the ratio of the amplitude of the radial displacement by
the radial and tangential forces and moment does not change
significantly.

B. Tooth Modulation Effect by Unit Radial AEFD

The radial displacement responses caused by the unit AEFD
were calculated with respect to the spatial order of AEFD,
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Fig. 8. Calculation process of displacement response caused by unit AEFD
with respect to slot opening pitch.

number of slots, and slot opening pitch by substituting the
amplitude and phase of the concentrated force caused by the
unit AEFD (calculated in Section II) and the radial displace-
ment response caused by the unit concentrated force into (13).
Fig. 8 shows the calculation process of the radial displacement
response by the unit AEFD. Even if the process of transforming
distributed forces into equivalent concentrated forces is correct,
the local displacement caused by the two forces may be different.
However, according to Saint-Venant’s principle, if the location
of the point where the displacement is obtained is sufficiently
far from the point where the force acts, the displacement caused
by the distributed force and equivalent concentrated forces are
the same [23]. In this study, the force is acting on the tooth tip
and the displacement is obtained from the outer surface of the
stator, so this displacement calculation process is reasonable.

The calculated radial displacement with respect to the slot
opening pitch caused by the unit AEFD is shown in Fig. 9.
Based on the conventional displacement equation assuming the
shape of the stator as a cylinder model, the radial displacement is
inversely proportional to the fourth power of the spatial harmonic
order of AEFD as follows:

Y (ν ≥ 2) =
12RsiR3

yoke

Et3yoke(r
2 − 1)2 fr, (|r| = ν) (14)

where Ryoke is the average yoke radius, ν is the vibration mode
number, r is the spatial harmonic order of AEFD, and E is the
elastic modulus of the equivalent ring model. Therefore, when
the slot opening pitch is 0, the smaller the force order, the larger
is the radial displacement. However, when the slot opening pitch
exceeds 0, the displacement caused by the high-order AEFD is
larger owing to the tooth modulation effect. Especially, the radial
displacement is maximum when the slot opening pitch is 0.5,
regardless of the number of pole/slot combinations. Although the
modulated radial force in the condition 2p = S + 2 is minimized
at the slot opening pitch α= αmin, the displacement is not min-
imized. Therefore, it is confirmed that the modulated tangential
force and moment should be considered for analyzing the tooth
modulation effect owing to the high-order radial AEFD. These
results are almost constant regardless of the size or shape of the
motor. In (7), the tangential force was converted into moment to
ignore the difference in displacement with respect to the tooth
length owing to the tangential force. The modulated moment
itself differs from the modulated radial and tangential forces
in that it is proportional to the stator outer radius. However,

Fig. 9. Radial displacement caused by unit AEFD according to slot opening
pitch. (a) 6 slots. (b) 12 slots. (c) 18 slots. (d) 24 slots.

the displacement by moment is proportional to R2
yoke [24],

and displacement by radial and tangential force is proportional
to R3

yoke. Therefore, even if the configuration of the motor
changes, the displacement trend does not change. As shown in
the results, in the pole/slot combination with 2p = S ± 2, the
slot opening pitch from 0.5 should be avoided to minimize the
tooth modulation effect.

IV. VERIFICATION OF TOOTH MODULATION EFFECT ON PMSM
VIBRATION

In this section, the tooth modulation effect on the PMSM
vibration characteristics was verified through 3D vibration FEA
and tests of the 2p = S ± 2 PMSMs. As shown in Fig. 9, the

Authorized licensed use limited to: Hanyang University. Downloaded on January 22,2024 at 00:46:10 UTC from IEEE Xplore.  Restrictions apply. 



KIM et al.: INVESTIGATION ON RADIAL VIBRATION OF FSCW PMSM ACCORDING TO POLE/SLOT COMBINATION CONSIDERING PHASE 445

Fig. 10. Configuration of the 2p = S ± 2 PMSMs. (a) 12S10P. (b) 12S14P.

TABLE V
SPECIFICATIONS OF 12S10P AND 12S14P PMSMS

Fig. 11. Modal test setup.

difference in the modulation effect was not significant regardless
of the pole/slot combination, thus, verification was conducted on
the 12S10P PMSM with 2p = S – 2 and 12S14P PMSM with
2p = S + 2.

A. Modal Analysis

In order to compare the vibration test and vibration analysis
results, modeling of the motor enclosure is required. To confirm
the reliability of the vibration analysis results, the modal test
results were compared to the modal simulation results. The stator
structure of the PMSM is complicated due to the laminated stator
core and winding. Therefore, the equivalent material properties
were obtained through parametric fitting [20]. The configuration
and specifications of the models are shown in Fig. 10 and
Table V. Fig. 11 shows the modal test setup of 12S10P PMSM
with slot opening pitch of 0.166. Through the modal test, the
natural frequencies, modal shapes, and damping ratios were ob-
tained. Then, the equivalent material parameters were obtained
using the modal test results and modal simulation results using
ANSYS, and it is summarized in Table VI. Since the spatial

TABLE VI
EQUIVALENT MATERIAL PROPERTIES

TABLE VII
MODAL TEST AND SIMULATION RESULTS

order of the main electromagnetic force of the 12S10P PMSM
is 2 mode, the results of the 2 mode shape are summarized in
Table VII. The relative error between measured and simulated
result is 3.65%, which is agreeable.

B. Vibration Caused by Modulation Effect of 2p = S ± 2
PMSMs

For 12S10P/12S14P PMSMs with the pole/slot combinations
of 2p = S ± 2, the vibration characteristics owing to the mod-
ulation effect were analyzed through 3D vibration FEA using
the commercial software ANSYS. The maximum slot opening
pitch was determined by considering the tooth width. In general,
as the load increases, the vibration caused by the lowest-order
AEFD dominates over the high-order AEFD [18]. Therefore, the
vibration was analyzed with respect to the slot opening pitch in
the no-load and rated load condition. The radial and tangential
AEFDs were calculated with respect to the slot opening pitch us-
ing 2D electromagnetic FEA based on the Maxwell stress tensor
method, and the displacement response caused by the AEFD was
obtained for each spatial order using 3D structural FEA based
on (13). Fig. 12 shows the amplitude trend of the lowest and
pole-number order radial AEFD with respect to the slot opening
pitch. Depending on the amplitude of the load, the amplitude
of the pole-number order radial AEFD caused by the synthesis
of fundamental component did not change significantly, while
the amplitude of the lowest-order radial AEFD increased as the
load increased. As the slot opening pitch increases, the magnetic
field itself changes because the saturation and relative permeance
change. The fundamental component of the magnetic field de-
creases, and the harmonic components increase. Therefore, the
lowest-order AEFD increases and the pole-number order AEFD
decreases. However, although the amplitude of the pole-number
order AEFD decreases, it can be predicted that the vibration
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Fig. 12. Radial AEFD amplitude of the lowest and pole number order ac-
cording to slot opening pitch at no-load and rated load condition. (a) 12S10P.
(b) 12S14P.

Fig. 13. Radial displacement according to slot opening pitch at no-load
condition. (a) 12S10P. (b) 12S14P.

increases as the slot opening pitch increases because the mod-
ulation effect increases as shown in Fig. 9, regardless of the
load condition. Figs. 13 and 14 show the radial displacement of
the 12S10P and 12S14P PMSMs with respect to the slot opening
pitch at no-load condition and rated load condition, respectively.
Regardless of the load condition, for the 12S10P PMSM with
2p = S – 2, the radial displacement by radial AEFD and tan-
gential AEFD are in the same phase, thus, the displacement is
large. For the 12S14P PMSM with 2p = S + 2, regardless of
the load condition, the radial displacement by the radial AEFD

Fig. 14. Radial displacement according to slot opening pitch at rated load
condition. (a) 12S10P. (b) 12S14P.

and tangential AEFD are in opposite phases, which leads a small
radial displacement.

To investigate the influence of the modulation effect on
PMSM vibration, the radial displacement caused by the radial
AEFD is decomposed by spatial order and shown on the right
side of Figs. 13 and 14. At no-load condition, common to both
the 12S10P and 12S14P PMSM, the radial displacement by the
pole-number order radial AEFD is dominant, which is induced
by the tooth modulation effect. However, under the rated load
condition, it can be seen that the radial displacement caused by
the lowest-order radial AEFD is as large as the pole-number
order radial AEFD. In other words, it can be confirmed that the
radial vibration caused by the tooth modulation effect becomes
dominant as the load decreases. Regardless of the load condition,
the displacements of the PMSMs caused by 10th order and
14th order radial AEFD show approximately similar amplitudes,
which implies that there is almost no difference in the tooth
modulation effect caused by the two AEFDs, as analyzed in
Section III. As explained above, even the amplitude of the
pole-number order radial AEFD decreases as the slot opening
pitch increases because magnetic field changes itself when slot
opening pitch varies, the radial displacement increases as the
tooth modulation effect increases.

C. Experimental Verifications

To verify the tooth modulation effect with respect to the slot
opening pitch, vibration tests were conducted on the prototypes
of 12S10P and 12S14P PMSMs with different slot opening
pitches. Four prototypes with two 12S10P PMSMs and two
12S14P PMSMs were fabricated with slot opening pitches of
0.166 and 0.4, respectively. For convenience, the 12S10P PMSM
models with slot opening pitch 0.166 and 0.4 are named Model
A and Model B, respectively, and the 12S14P PMSM models
with slot opening pitch of 0.166 and 0.4 are named Model C and
Model D, respectively; the details are summarized in Table VIII.
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TABLE VIII
INFORMATION ON THE FOUR PROTOTYPES

Fig. 15. Prototypes of 12S10P and 12S14P PMSMs with different slot opening
pitch. (a) Slot opening pitch 0.166 stator. (b) Slot opening pitch 0.4 stator.
(c) 12S10P rotor. (d) 12S14P rotor.

Fig. 16. Measured and simulated back electro-motive force at 1000 rpm.
(a) Model A. (b) Model B. (c) Model C. (d) Model D.

Fig. 15 shows the shapes of the stator with different slot opening
pitches, and rotors of the prototypes. To validate whether the
prototypes were fabricated correctly, the back electro-motive
force (BEMF) was measured and compared with the 2D electro-
magnetic FEA results at 1000 rpm. Fig. 16 shows the measured
and simulated BEMF results, and it was confirmed that the tests
and FEA results were in good agreement.

Fig. 17 shows the vibration test setup, which includes a proto-
type, load motor, accelerometer, data acquisition, and vibration
analyzer. The vibration test at no-load condition and rated load
condition was performed by rotating the prototype at 1000 rpm
by the load motor, and four accelerometers were attached to
the surface of the prototype enclosure, two at the center of
the slot and two at the center of the tooth. The measured time
domain accelerations were converted into frequency domain,

Fig. 17. Vibration test setup.

Fig. 18. Vibration test results of four prototypes at no-load condition at
1000 rpm. (a) 12S10P. (b) 12S14P.

and the average acceleration was calculated. Subsequently, the
square of each angular frequency was divided by the accelera-
tion to calculate the radial displacement. The measured radial
displacements at no-load condition and rated load condition
are shown in Figs. 18 and 19, respectively. For the 12S10P
PMSM at no-load condition, the vibration of Model B with a
larger slot opening pitch is significantly larger than Model A
with a smaller slot opening pitch. This is mainly caused by an
increased tooth modulation effect, and an increased amplitude
of the lowest-order radial and tangential AEFD, as depicted in
Fig. 13. At rated load condition, still the vibration of Model
B is larger than Model A. However, it can be seen that the
radial vibration difference between the two models is reduced
compared to the no-load condition. This was due to an overall
increase in vibration due to an increase in the lowest-order radial
AEFD as the load increased. It can be seen that as the load
increases, the difference in vibration between models due to the
tooth modulation effect decreases. However, it still implies that
the for pole/slot combination with 2p = S – 2 PMSM, a smaller
slot opening pitch can reduce vibrations.

For the 12S14P PMSM, similar results were obtained. At
no-load and rated load conditions, the vibration of Model D with
a larger slot opening pitch is larger than Model C with a smaller
slot opening pitch, as expected. However, the vibration of the
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Fig. 19. Vibration test results of four prototypes at rated load condition at
1000 rpm. (a) 12S10P. (b) 12S14P.

Fig. 20. Vibration test and FEA results at 2fe. (a) No-load condition. (b) Rated
load condition.

12S14P PMSM was smaller than that of the 12S10P PMSM,
and the increased vibration ratio with respect to the slot opening
pitch was also smaller than that of the 12S10P PMSM. This
is because the tangential AEFD increases simultaneously with
the modulation effect as the slot opening increases, and the dis-
placements caused by the radial and tangential AEFD suppress
each other, as described previously. Fig. 20 shows the measured
and simulated radial displacement results at no-load condition
and rated load condition of the four prototypes. Although the
two results are not completely identical, it can be confirmed
that the radial displacement increases as the slot opening pitch
increases, and that the radial displacement of the 2p = S – 2
PMSM is greater than that of the 2p = S + 2 PMSM.

V. CONCLUSION

In this study, the tooth modulation effect was investigated in
terms of the pole/slot combination and slot opening pitch. First,
the force modulation effect caused by the unit radial AEFD was
analytically derived. Here, the tangential force was translated

into the center of the yoke to neglect the lever arm effect and
an equivalent moment was calculated for a compensation. It
was found out that for 2p = S – 2, the amplitude of modu-
lated radial, tangential force and moment is greater than 2p =
S + 2. However, considering the phase relationship between
modulated forces and moment, it cannot be concluded that the ra-
dial vibration of 2p = S – 2 will be greater. Therefore, to analyze
the tooth modulation effect, 3D structural FEA was performed by
applying modulated forces. Unlike the force modulation effect,
the radial displacement by the modulated radial and tangential
forces and moment is enhanced/suppressed, confirming that
there is no significant difference in the tooth modulation effect
with respect to the pole/slot combination and shape of the motor
such as tooth length. Rather, it was confirmed that the tooth
modulation effect is greatly affected by the slot opening pitch.
Then, the radial and tangential AEFDs for each spatial harmonic
order were calculated with respect to the slot opening pitch of
the 12S10P and 12S14P PMSMs, and the vibration caused by
each harmonic order AEFD was calculated. The modulation
effect increased as the slot opening pitch increased, and the
effect of the lowest spatial order radial and tangential AEFD also
increased. However, for 2p = S ± 2, the radial and tangential
AEFD vibrations were suppressed and enhanced, respectively,
so the total radial displacement response was smaller in 2p =
S + 2 than in 2p = S – 2. Finally, two prototypes of 12S10P
PMSMs and two of 12S14P PMSMs were manufactured, and
results were verified through experiments.

REFERENCES

[1] J.-H. Kim, J.-Y. Ryu, S.-H. Park, K.-S. Cha, C.-S. Park, and M.-S. Lim,
“Tooth modulation effect of electromagnetic force on fractional slot con-
centrated winding PMSM according to slot opening,” in Proc. IEEE Energy
Convers. Congr. Expo., 2022, pp. 1–5.

[2] T. Sun, J.-M. Kim, G.-H. Lee, J.-P. Hong, and M.-R. Choi, “Effect of
pole and slot combination on noise and vibration in permanent magnet
synchronous motor,” IEEE Trans. Magn., vol. 47, no. 5, pp. 1038–1041,
May 2011.

[3] Z. Wu, Y. Fan, H. Wen, and D. Gao, “Vibration suppression of FSCW-IPM
with auxiliary slots,” in Proc. IEEE Energy Convers. Congr. Expo., 2018,
pp. 3222–3227.

[4] F. Lin, S. G. Zuo, W. Z. Deng, and S. L. Wu, “Reduction of vibration and
acoustic noise in permanent magnet synchronous motor by optimizing
magnetic forces,” J. Sound Vib., vol. 429, pp. 193–205, 2018.

[5] S. Zuo, F. Lin, and X. Wu, “Noise analysis, calculation, and reduction of
external rotor permanent-magnet synchronous motor,” IEEE Trans. Ind.
Electron., vol. 62, no. 10, pp. 6204–6212, Oct. 2015.

[6] P. Asef, R. B. Perpina, and A. C. Lapthorn, “Optimal pole number
for magnetic noise reduction in variable-speed permanent magnet syn-
chronous machines with fractional-slot concentrated windings,” IEEE
Trans. Transp. Electrific., vol. 5, no. 1, pp. 126–134, Mar. 2019.

[7] S. J. Yang, Low-Noise Electrical Motors. Oxford, U.K.: Clarendon, 1981.
[8] D.-Y. Kim, M.-R. Park, J.-H. Sim, and J.-P. Hong, “Advanced method of

selecting number of poles and slots for low-frequency vibration reduction
of traction motor for elevator,” IEEE/ASME Trans. Mechatron., vol. 22,
no. 4, pp. 1554–1562, Aug. 2017.

[9] H. Fang, D. Li, R. Qu, and P. Yan, “Modulation effect of slotted structure
on vibration response in electrical machines,” IEEE Trans. Ind. Electron.,
vol. 66, no. 4, pp. 2998–3007, Apr. 2019.

[10] R. Pile, Y. L. Menach, J. L. Besnerais, and G. Parent, “Study of the
combined effects of the air-gap transfer for Maxwell tensor and the
tooth mechanical modulation in electrical machines,” IEEE Trans. Magn.,
vol. 56, no. 1, Jan. 2020, Art. no. 7502004.

[11] Y. Zhou, J. Ji, W. Zhao, S. Zhu, and H. Liu, “Modulated vibration reduction
design for integral-slot interior permanent magnet synchronous machines,”
IEEE Trans. Ind. Electron., vol. 69, no. 12, pp. 12249–12260, Dec. 2022.

Authorized licensed use limited to: Hanyang University. Downloaded on January 22,2024 at 00:46:10 UTC from IEEE Xplore.  Restrictions apply. 



KIM et al.: INVESTIGATION ON RADIAL VIBRATION OF FSCW PMSM ACCORDING TO POLE/SLOT COMBINATION CONSIDERING PHASE 449

[12] J. Hong, S. Wang, Y. Sun, and H. Cao, “A high-precision analytical method
for vibration calculation of slotted motor based on tooth modeling,” IEEE
Trans. Ind. Appl., vol. 57, no. 4, pp. 3678–3686, Jul./Aug. 2021.

[13] H. Yin, H. Zhang, W. Hua, Z. Wu, and C. Li, “Quantitative analysis
of electromagnetic forces by decoupling air-gap field modulation and
force modulation in rotor-permanent-magnet machines,” IEEE Trans. Ind.
Electron., vol. 70, no. 2, pp. 1310–1320, Feb. 2023.

[14] S. Wang, J. Hong, Y. Sun, and H. Cao, “Analysis of zeroth-mode slot fre-
quency vibration of integer slot permanent-magnet synchronous motors,”
IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 2954–2964, Apr. 2020.

[15] S. Zhu, W. Zhao, J. Ji, G. Liu, Y. Mao, and T. Liu, “Investigation of
bread-loaf magnet on vibration performance in FSCW PMSM considering
force modulation effect,” IEEE Trans. Transp. Electrific., vol. 7, no. 3,
pp. 1379–1389, Sep. 2021.

[16] W. Liang, J. Wang, P. C.-K. Luk, and W. Fei, “Analytical study of stator
tooth modulation on electromagnetic radial force in permanent magnet
synchronous machines,” IEEE Trans. Ind. Electron., vol. 68, no. 12,
pp. 11731–11739, Dec. 2021.

[17] Y. Mao, W. Zhao, S. Zhu, Q. Chen, and J. Ji, “Vibration investigation
of spoke-type PM machine with asymmetric rotor considering modula-
tion effect of stator teeth,” IEEE Trans. Ind. Electron., vol. 68, no. 10,
pp. 9092–9103, Oct. 2021.

[18] W. Zhao, S. Zhu, J. Ji, G. Liu, and Y. Mao, “Analysis and reduction
of electromagnetic vibration in fractional-slot concentrated-windings PM
machines,” IEEE Trans. Ind. Electron., vol. 69, no. 4, pp. 3357–3367,
Apr. 2022.

[19] H. Fang, D. Li, J. Guo, Y. Xu, and R. Qu, “Hybrid model for elec-
tromagnetic vibration synthesis of electrical machines considering tooth
modulation and tangential effects,” IEEE Trans. Ind. Electron., vol. 68,
no. 8, pp. 7284–7293, Aug. 2021.

[20] J.-H. Kim, S.-H. Park, J.-Y. Ryu, and M.-S. Lim, “Comparative study
of vibration on 10-pole 12-slot and 14-pole 12-slot PMSM considering
tooth modulation effect,” IEEE Trans. Ind. Electron., vol. 70, no. 4,
pp. 4007–4017, Apr. 2023.

[21] S. Wang, J. Hong, Y. Sun, and H. Cao, “Mechanical and magnetic pivot
roles of tooth in vibration of electrical machines,” IEEE Trans. Energy
Convers., vol. 36, no. 1, pp. 139–148, Mar. 2021.

[22] S. Zhu, W. Zhao, J. Ji, G. Liu, and C. H. T. Lee, “Design to reduce mod-
ulated vibration in fractional-slot concentrated-windings PM machines
considering slot-pole combination,” IEEE Trans. Transp. Electrific., vol. 9,
no. 1, pp. 575–585, Mar. 2023.

[23] R. A. Toupin, “Saint-Venant’s principle,” Arch. Ration. Mech. Anal.,
vol. 18, no. 2, pp. 83–96, 1965.

[24] R. C. Hibbeler, Mechanics of Materials, 5th ed. Upper Saddle River, NJ,
USA: Pearson Educ., 2003.

Jae-Hyun Kim received the bachelor’s degree in
mechanical engineering and the Ph.D. degree in auto-
motive engineering from Hanyang University, Seoul,
South Korea, in 2017 and 2023, respectively. Since
2023, he has been with R&D Division of Hyundai
Mobis, Uiwang, South Korea. His research interests
include the design, and the analysis of vibration and
noise of electric machines.

Jun-Yeol Ryu received the bachelor’s degree in me-
chanical engineering and electronic systems engi-
neering from Hanyang University, Ansan, South Ko-
rea, in 2016, and the Ph.D. degree in automotive
engineering with Hanyang University, Seoul, South
Korea, in 2023. Since 2023, he has been with Korea
Automotive Technology Institute, Cheonan, South
Korea, where he is currently a Senior Researcher.
His research interests include design and optimization
of electric machines and analysis of electro-magnetic
field.

Soo-Hwan Park received the bachelor’s degree in
mechanical engineering and the Ph.D. degree in auto-
motive engineering from Hanyang University, Seoul,
South Korea, in 2014 and 2022, respectively. From
2019 to 2020, he was with the Korea Institute of In-
dustrial Technology, Daegu, South Korea. From 2022
to 2023, he was with R&D Division of Hyundai Mo-
tor Company, Hwaseong, South Korea. Since 2023,
he has been with the Department of Mechanical,
Robotics, and Energy Engineering, Dongguk Univer-
sity, Seoul, South Korea, as an Assistant Professor.

His research interests include electromagnetic field analysis, design and op-
timization of electric machines for automotive and robotics applications, and
thermal management system for electric-driven mobility system.

Kyoung-Soo Cha received the bachelor’s degree
in electric engineering from Chungbuk University,
Cheongju, South Korea, in 2015, and the Ph.D. degree
in automotive engineering from Hanyang University,
Seoul, South Korea, in 2022. In 2022, he was a Post-
doctoral Researcher with Hanyang University, Seoul,
South Korea. Since 2022, he has been with the Ko-
rea Institute of Industrial Technology, Daegu, South
Korea, where he is currently Postdoctoral Reseacher.
His research interests include electric machine design
for automotive and home appliance, system modeling

and optimization of electric vehicles, hybrid electric vehicle, and fuel cell electric
vehicles.

Yun-Jae Won (Graduate Student Member, IEEE) re-
ceived the bachelor’s degree in automotive engineer-
ing in 2021 from Hanyang University, Seoul, South
Korea, where he is currently working toward the
Ph.D. degree in automotive engineering. His research
interests include the design, and vibration and noise
of electric machines.

Chi-Sung Park received the master’s degree in elec-
trical engineering from Pusan National University,
Pusan, South Korea, in 2011. He is currently working
the Ph.D. degree in automotive engineering from
Hanyang University, Seoul, South Korea. Since 2010,
he has been with LG Electronics, Changwon, South
Korea, where he is currently a Senior Research Engi-
neer. His research interests include the design, and the
analysis of vibration and noise of electric machines.

Myung-Seop Lim (Senior Member, IEEE) received
the bachelor’s degree in mechanical engineering and
the master’s and Ph.D. degrees in automotive engi-
neering from Hanyang University, Seoul, South Ko-
rea, in 2012, 2014, and 2017, respectively.

From 2017 to 2018, he was a Research Engineer
with Hyundai Mobis, Yongin, South Korea. From
2018 to 2019, he was an Assistance Professor with Ye-
ungnam University, Daegu, South Korea. Since 2019,
he has been with Hanyang University, Seoul, South
Korea, where he is currently an Assistant Professor.

His research interests include electromagnetic field analysis and multi-physics
analysis of electric machinery for mechatronics systems, such as automotive and
robot applications.

Authorized licensed use limited to: Hanyang University. Downloaded on January 22,2024 at 00:46:10 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


