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Asymmetric Rotor Design of IPMSM for Vibration
Reduction Under Certain Load Condition

Young-Hoon Jung *, Min-Ro Park

Abstract—This paper proposes the design method using a nu-
merical formula known as the Advanced Inverse Cosine Function
(AICF) to reduce vibration of the Interior Permanent Magnet
Synchronous Motor (IPMSM). The proposed method reduces the
vibration by modifying the rotor shape based on the numerical
formula that makes the air-gap flux density sinusoidal under cer-
tain load condition. The radial electromagnetic force that is the
source causing the vibration of the motor is related to the air-gap
flux density under load condition. Therefore, the AICF which
reduces the magnitude of the harmonic of the air-gap flux density
is derived in this paper and the radial electromagnetic force due
to the harmonic of the air-gap flux density decreases applying the
AICF. To verify the validity of the proposed method, an 8 pole 12
slot prototype applied with the AICF is proposed. Using the Finite
Element Analysis (FEA), the radial electromagnetic force and the
displacement of the prototype with the AICF are compared with
those of the normal model without the AICF. Finally, the results of
the vibration test of the normal and AICF models are compared.

Index Terms—Advanced inverse cosine function (AICF),
asymmetric rotor shape, concentrated flux-type synchronous
motor (CFSM), displacement, interior permanent magnet
synchronous motor (IPMSM), radial electromagnetic force,
vibration.

I. INTRODUCTION

N RECENT years, electric motors have been used in various

fields such as automobiles and home appliances, and the
use of these electric motors is increasing [1]. More specifically,
applications such as automobiles and home appliances require
high efficiency and high power density. The Interior Permanent
Magnet Synchronous Motors IPMSM) with a permanent mag-
net (PM) embedded in the rotor is the most attractive motor to
satisfy these characteristics among the various types of electric
motors. This is because the IPMSM can use not only magnetic
torque but also reluctance torque due to the difference in induc-
tance magnitude between the d-axis and g-axis. However, since
these applications are closely related to daily life, consumer
demand for noise and vibration reduction of these applications
is increasing and many related studies are being carried out.
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The radial electromagnetic force is one of the main causes
of the noise and vibration of the motor. The sources of the
radial electromagnetic force are divided into two categories:
magnetic, and electronic sources [2]. The noise and vibration
due to the electronic source of the radial electromagnetic force
are produced by input included the harmonics because the radial
electromagnetic forces due to the harmonics input are addition-
ally generated. In [3]-[7], the research has been studied from
the control point of view to reduce the electronic source. The
vibration and noise caused by the magnetic source are generated
when the radial electromagnetic force in the air-gap is applied
to the stator and the stator is deformed.

Much of the research on the noise and vibration has been
studied from the design point of view to reduce the radial
electromagnetic force due to the magnetic source. In [8]-[13],
studies on the effect of the number of poles and slots on the
vibration are investigated by changing the number of poles and
slots. Reference [8] studied the effect of the unbalanced radial
electromagnetic force on the vibration and noise on the electric
motor for 8 poles 9 slots and 8 poles 12 slots. In [9], the tendency
of the vibration is investigated by changing the pole and slot
combination; 8 poles 48 slots, 8 poles 72 slots, 46 poles 48
slots, and 50 poles 48 slots. In [10], the noise and vibration
characteristics of two concentrated windings are compared.
Reference [11] investigated the radial electromagnetic force and
vibration order of the various fractional slot machines, where
the vibration order represents a spatial distribution of the radial
electromagnetic force at a specific time. Reference [12], [13]
proposed the method of selecting the number of poles and slots
using the vibration order to reduce the vibration. This is because
the displacement that occurs during the vibration is inversely
proportional to the fourth order of vibration order [14]. However,
changing the number of poles and slots for vibration reduction
is the inconvenient because it requires the redesigning of the
electric motor and altering of the control characteristics due to
changes in carrier frequency.

In [15]-[24], the research on noise and vibration according to
the modified shape of the designed motor was conducted. In [15],
[16], the vibration is reduced by changing the pole angle. In [16],
the length of the PM, the length of the tooth, and the thickness
of the tooth shoe are additionally optimized to reduce the vi-
bration. Reference [17] researched the tendency of the vibration
on various yoke and tooth shapes and presented an improved
model. In [18], the slotting effect on the radial electromagnetic
force is researched and the slot opening width is optimized to
reduce the radial electromagnetic force. Reference [19], [20]

0885-8969 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Hanyang University. Downloaded on May 25,2020 at 08:29:43 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-5089-2874
https://orcid.org/0000-0003-0675-5829
https://orcid.org/0000-0002-5339-2728
mailto:yhjung207@hanyang.ac.kr
mailto:minro1226@hanyang.ac.kr
mailto:myungseop@hanyang.ac.kr
https://ieeexplore.ieee.org

JUNG et al.: ASYMMETRIC ROTOR DESIGN OF IPMSM FOR VIBRATION REDUCTION UNDER CERTAIN LOAD CONDITION 929

applies the notch to the rotor for the vibration reduction. In
[19], the chamfer to the stator is also applied to decrease the
vibration. In [21], the vibration is reduced by optimizing the
stator shape. In [22]-[24], skew is applied to the rotor or stator
to decrease the vibration. These researches reduce the vibration
through modification of the air-gap flux density because the
radial electromagnetic force is proportional to the square of the
air-gap flux density. However, since the method of modifying
the shape of the designed motor for vibration reduction mainly
uses the optimization techniques, these methods require many
analysis results and are time consuming.

This paper proposes the method of the vibration reduction
by changing the rotor shape to make the air-gap flux density
sinusoidal under the certain load condition. Previous studies
reduced the vibration by changing the shape of the motor using
the optimization technique. However, the proposed method in
this paper is the method of making the air-gap flux density
sinusoidal by using the numerical formula without using the
optimization technique. The numerical formula used in this
paper is called the Advanced Inverse Cosine Function (AICF)
which is derived from the Inverse Cosine Function (ICF) [25].
Unlike the ICF, the AICF is considered the magnetic field by
the armature reaction as well as that of the PM. Therefore, when
the AICF is applied, the asymmetric rotor shape is obtained
because the armature reaction is considered. In [25], the torque
ripple is reduced by applying the AICF which makes the air-gap
flux density under the load condition sinusoidal. Also, as with
the torque ripple, the radial electromagnetic force that causes
the vibration of the motor is related to the air-gap flux density
under the load condition. Thus, this paper proposes the method
to reduce vibration by applying the AICFE. By applying the AICF,
the radial electromagnetic force due to the harmonic component
of the air-gap flux density of the AICF model is reduced than
that of the normal model. Therefore, the displacement causing
the vibration of the AICF model is reduced compared with
that of the normal model with the cylindrical rotor without the
AICF applied. To verify the vibration reduction of the proposed
method, the radial electromagnetic force and the displacement
of the AICF model are compared with those of the normal model
using a finite element analysis (FEA) in this paper. Finally, the
AICF model and normal model are manufactured and tested
under the rated load condition, and the test result of the AICF
model is compared with that of the normal model.

II. RELATIONSHIP BETWEEN ELECTROMAGNETIC FORCE AND
AIR-GAP FLUX DENSITY

The radial electromagnetic force generated in the element of
the air-gap is represented by (1), which is the product of the radial
electromagnetic force density and the cross-sectional area of the
element of the air-gap.

F,. = PTAe = Pr'rgeeLstk (D

where, F). is the radial electromagnetic force; P, is the radial
electromagnetic force density; A, is the cross-sectional area of
the element in which the radial electromagnetic force is gener-
ated; , is the radius of the air-gap; 6. is the angle between nodes

of the element; and Ly, is the stack length of the motor. If the
tangential air-gap flux density is ignored for the convenience of
the analytical approach, the radial electromagnetic force density
and the radial air-gap flux density have the relationship of (2) by
the Maxwell stress tensor method.
_ B, -B:, B,
240 2410
where B . is the radial air-gap flux density; B, ; is the tangential
air-gap flux density; and 1 is the permeability in vacuum.

The radial air-gap flux density is composed of the magnetic
field by the PM and the armature reaction. In the case of a motor
with a tooth and slot structure, the tooth and slot structure affect
the air-gap magnetic field. To reflect this effect in a smooth
air-gap, the relative specific permeance is considered in the air-
gap magnetic distribution. Thus, the radial air-gap flux density,
considering the tooth and slot structure, is expressed as (3).

Bg,r = (Bg,m + Bg,a) Aa (3)

where B, ,, is the radial flux density by the PM; B, , is the
radial flux density by the armature reaction; and A, is the relative
specific permeance.

Equation (3) is substituted into (2), and (4) is obtained. As
shown in (4), the radial electromagnetic force density is affected
by the resultant air-gap flux density which is the sum of the
magnetic flux density due to the PM and the armature reaction.

(Bgan + By.a)*Ad
210

The harmonics of the resultant air-gap flux density generates
the radial electromagnetic force with the various time harmonic
and vibration order [12], [13]. Especially, some harmonics of
the resultant air-gap flux density generate the radial electromag-
netic forces with the low vibration order. Since the relationship
between the vibration order and the displacement causing the
vibration is expressed as (5), the radial electromagnetic forces
with the low vibration order have a great effect on the vibration.

P,

@)

j A

“

Ad x % 5)
r

where, Ad is the displacement; and r is the vibration order.
Therefore, to reduce the vibration, the radial electromagnetic
forces with the low vibration order should decrease. As aresult, it
is necessary to make the resultant air-gap flux density sinusoidal.

III. ASYMMETRIC ROTOR SHAPE FOR HARMONIC REDUCTION
OF RESULTANT AIR-GAP FLUX DENSITY

There are various methods for harmonic reduction of the
air-gap flux density. Among the various methods, the eccentric
rotor shape or the Inverse Cosine Function (ICF) are generally
used to reduce harmonic of the air-gap flux density. The rotor
shapes applying the eccentric rotor shape and ICF are shown in
Fig. 1. As shown in Fig. 1, these two methods have the smallest
air-gap length in the d-axis and increase the air-gap length
toward the g-axis. Both methods also have symmetrical air-gap
length along the d-axis. These methods make the air-gap flux
density sinusoidal under the no-load condition [25]. However, as
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Fig. 2. Air-gap MMF distribution and flux density under the load condition.

mentioned earlier, the air-gap flux density on the load condition
must be made sinusoidal to reduce the vibration of the motor.
This paper proposes the Advanced Inverse Cosine Function
(AICF) which is a function that determines the air-gap length to
make the air-gap flux density sinusoidal under the certain load
condition.

A. Advanced Inverse Cosine Function: AICF

As previously mentioned, the AICF makes the air-gap flux
density sinusoidal on the load condition. The distribution of
the magneto motive force (MMF) in the PM (Green square
symbol in Fig. 2) and the armature reaction (Red circle symbol
in Fig. 2) under the load condition is shown in Fig. 2. As shown
in Fig. 2, the air-gap MMF by the PM is considered a square
wave, and the air-gap MMF by armature reaction is considered
only the fundamental component. The resultant air-gap MMF
(Blue triangle symbol in Fig. 2) is the sum of the MMF by the
PM and the armature reaction and is expressed as (6).

Fy,=F, — F,sin (0 + B) 6)
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where F is the resultant air-gap MMF; F,,, is the air-gap MMF
by the PM; I}, is the air-gap MMF by the armature reaction; ¢
is the electrical angle; (3 is the current phase angle.

The relation between the resultant air-gap MMF and the radial
air-gap flux density is shown in (7).
_ oFy  po{Fm — Fasin (0 + B)}

g,;r —

B

I, I, (N
where [, is the air-gap length. As seen in (7), to make the
radial air-gap flux density sinusoidal (Pink diamond symbol in
Fig. 2), the air-gap length should be adjusted appropriately. The
sinusoidal air-gap flux density can be expressed as (8), according
to the angle, §. The range of € is from —90° ~ 90° in the electrical
angle.

/J'O{Fm _FaSin(9+ﬁ)}
Ly (0)
where By ax 18 the maximum value of the air gap flux density
and [4(0) is the air gap length according to 6.
Therefore, the function determining air-gap length to make

the air-gap flux density sinusoidal is expressed as (9). Equation
(9) is called as the Advanced Inverse Cosine Function (AICF).

lg(9)= lg i ldSin(Q—i-ﬁ)

cosf cos
where [ is the d-axis air-gap length; kp is the MMF ratio; [4
and kg are expressed as (10) and (11), respectively.

Biax cos =

®)

9

ﬂOFm

1
Bmax ( 0)

ld =

kp = (11)

Fq
F,

To calculate k , the air-gap MMFs by the PM and the armature
reaction should be calculated. The air-gap MMFs by the PM
and the armature reaction are calculated by using (12) and (13),
respectively.

. By Aplmly 1)
Ho (NrecAmlg + Aglm)
2N 1,
F, = 1.5/%w (13)
2p

where B, is the residual induction of the PM; A,,, is the cross-
sectional area of the PM; [,, is the thickness of the PM; ti-¢. is
the recoil permeability of the PM; A, is the cross-sectional area
of the air-gap; k., is the winding factor; IV, is the number of
the series turns per phase; I,.,,,s is the rms value of the current;
and p is the number of pole pairs.

According to (9), the area 1 in the air-gap between the sim-
plified rotor and stator of Fig. 2 is the area in which the air-gap
length is shorter than the d-axis air-gap length, and the area 2
of Fig. 2 is the area that is larger than the d-axis air-gap length.
The areas of 1 and 2 differ on & and S.

B. Offset 6 for Mechanical Clearance

If the air-gap length is calculated using (9), the air-gap length
less than the air-gap length of the normal model is calculated
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Fig. 3. Rotor shape considering § offset.

according to the position. Because the minimum air-gap length is
selected considering the mechanical stability and manufacturing
tolerance, the minimum air-gap length of the AICF should be the
same length as that of the normal model. Therefore, the AICF is
modified as (14) to have the same air-gap length as the normal
model. The added air-gap length, ¢ is calculated by (15).

la i lgsin (6 + B)

— 1)
cosf cosf +

lg (9) =

(14)

0= lg,normal - lg,AICF,min (15)

where I normal s the air-gap length of the normal model; and
lg, ATCF,min 1s the minimum air-gap length of the AICF model.
Fig. 3 shows the difference of the rotor shapes among the
normal model and the AICF models using (9) and (14). To
verify the effectiveness of the proposed method, the vibration
characteristics of the normal model and the AICF model are
compared using FEA in the next section.

IV. COMPARISON OF VIBRATION CHARACTERISTICS
USING FEA

The vibration characteristic of the AICF is compared with
that of the normal model. The process of the vibration analysis
is shown in Fig. 4. First, the radial and tangential air-gap flux
density of the analysis model is calculated for time and space
using the two-dimensional (2D) electro-magnetic field FEA.
The 2D electro-magnetic field FEA conducted in this paper is
nonlinear analysis considering the magnetic saturation of the
core. A transient analysis is conducted, and the input current
is assumed to be an ideal sine wave able to ignore the effect
of the pulse width modulation (PWM). Secondly, the radial
electromagnetic force of the analysis model is calculated from
the radial and tangential air-gap flux density using (1) and (2).
Next, the radial electromagnetic force is divided into the time

Geometric and material property of analysis model

@

Calculation of air-gap flux density

FEA B,

&t

|

&r

Calculation of radial electromagnetic force

B

i B — F,

=

Spectrum analysis of radial electromagnetic force

Vibration order

¥ & Frequency
Vibration analysis
, 1 — Displacement

Fig. 4. Process of the vibration analysis.

harmonic and the spatial harmonic to confirm the harmonics of
the radial electromagnetic force through the spectrum analysis.
Finally, the vibration analysis is conducted to calculate the
displacement of the stator applied the radial electromagnetic
force using the mechanical field FEA. The displacement of the
stator is calculated using the mode superposition method.

The two vibration characteristics of the normal model and the
AICF model are compared through the vibration analysis. First,
the radial electromagnetic forces of the AICF model and the
normal model are compared because the radial electromagnetic
force generates the vibration of the motor. Secondly, the stator
displacement generated from the radial electromagnetic force of
the both models is compared.

A. Model Information

In this paper, the normal and AICF models are proposed. All
the proposed models are spoke type IPMSMs with PMs arranged
diagonally to increase the air-gap flux density at the same outer
diameter of the rotor. The stator of the AICF model is used as
the same stator of the normal model. The model specification
is summarized in Table I. Fig. 5 shows the configuration of the
proposed models. To compare the differences in the rotor shape,
the overlapped rotor shape of the proposed models is shown in
Fig. 6. As shown in Fig. 6, the air-gap length of the AICF model
is asymmetric, unlike the normal model, because the armature
reaction is considered. Fig. 7 shows the torque waveforms under
the rated load condition (30 A5, 0°) of the two models obtained
from the FEA. As shown in Fig. 7, the average torque of the AICF
model is similar to that of the normal model, but the torque ripple
of the AICF model is much lower than that of the normal model.
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TABLE I
MODEL SPECIFICATION

Quantity Unit Value
Pole / slot number - 8/12
Rotor Outer diameter mm 119
Stator inner diameter mm 120.7
Stator Outer diameter mm 170
Stack length mm 135
Core material - S0PN470
Residual induction T 0.38
Rated speed rpm 2000
Rated torque Nm 24
Rated current Amms 30
Rated Power kW 5
Drive method - 1,=0 control
kr - 0.80
o mm 0.34

Fig. 5. Configuration of the proposed models.

/~ \ Normal (Cylindrical) #""7" AICF (Asymmetric)

Rotor core

Fig. 6. Overlapped rotor shape of the proposed models.

This is because the air-gap flux density of the AICF model is
more sinusoidal than that of the normal model. The comparison
of the air-gap flux density waveforms of the two models is shown
in the next section.

B. Comparison of Radial Electromagnetic Force

The radial electromagnetic force of the normal model and
the AICF model is calculated using a nonlinear FEA. Using
the nonlinear FEA, the radial and tangential flux density of the
air-gap are calculated for time and space. The electro-magnetic

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 35, NO. 2, JUNE 2020

=== Normal (Cylindrical)
=== AICF (Asymmetric)

=
Z.
N
]
=
5} Average : 25.7 Nm Average : 24.2 Nm
= 10 Torque ripple : 37.3 % Torque ripple : 4.2 %

sk

0 1 1 1 1 1

0 60 120 180 240 300 360

Electrical angle (°)

Fig. 7. Torque waveform of the two models obtained from FEA.

analysis is conducted on the rated current condition, 30 A5 and
0°. The analysis time is an electrical one period and the air-gap
flux density is calculated mechanically for 360°. The air-gap
flux density waveforms of the normal and AICF models under
the rated load condition is seen in Fig. 8(a) and (b), respectively.
As shown in Fig. 8(a) and (b), the air-gap flux density of the
AICF model is more sinusoidal than that of the normal model.
Since the AICF is derived to make the spatial distribution of
the air-gap flux density sinusoidal, the spatial distributions of
the air-gap flux density of the two models at O sec., indicated
by red lines in Fig. 8(a) and (b), are shown in Fig. 8(c). As
shown in Fig. 8(c), the air-gap flux density of the AICF model
becomes lower in the region where the normal model shows a
high flux density. On the other hand, in the region where the
flux density of the normal model is low, the air-gap flux density
of the AICF model is higher. Therefore, the air-gap flux density
of the AICF model becomes more sinusoidal. In Fig. 8(c), the
total harmonic distortions of the normal and AICF models are
56.86% and 44.49%, respectively, indicating that the harmonics
of the AICF model are lower than those of the normal model.
This is because the air-gap length is adjusted using (14) so that
the air-gap flux density becomes sinusoidal.

The radial electromagnetic force is calculated from the radial
and tangential air-gap flux density using (1) and (2). The radial
electromagnetic force is also a function of time and space,
because the radial and tangential air-gap flux density is a function
of time and space. The radial electromagnetic force according
to the time and space in the mechanical angle of the AICF
and normal model is seen in Fig. 9(a) and (b). As shown in
Fig. 9(a) and (b), the radial electromagnetic force waveform
of the AICF model contains less harmonics than that of the
normal model. Fig. 9(c) shows the spatial distribution of the
radial electromagnetic force of the two models, indicated by
the red lines in Fig. 9(a) and (b). Since the air-gap flux density
of the AICF model is more sinusoidal than that of the normal
model, the radial electromagnetic force of the AICF model
has fewer harmonics and smaller magnitude than that of the
normal model, as shown in Fig. 9(c). To confirm the fact that the
radial electromagnetic force of the AICF model contains less
harmonics compared with that of the normal model, the radial
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Fig. 8. Air-gap flux density waveforms under the rated load condition. (a)
Normal (Cylindrical). (b) AICF (Asymmetric). (c) Comparison of the spatial
distribution of air-gap flux density between the two models at 0 sec.

electromagnetic force is divided into the time and vibration order
through the spectrum analysis. The vibration order represents
the spatial distribution of the radial electromagnetic force. The
results of the spectrum analysis of the two models under the rated
load condition are shown in Fig. 10. The frequency of the radial
electromagnetic force is an even multiple of the line frequency f
which is the frequency of the input current. The vibration order
of the radial electromagnetic force generated at each frequency
is obtained as shown in Table II [12], [13]. In Table II, i and v
are the spatial harmonic order of the air-gap MMF by the field
and armature reaction, respectively; s and k are the number of
slots and natural numbers, respectively. As shown in Fig. 10,
the radial electromagnetic force of all time harmonic order of
the AICF model is reduced more than that of the normal model.

Radial electromagnetic force (mN)

Radial electromagnetic force (mN)

(b)

30

=—{=Normal =O=AICF

Radial electromagnetic force (mN)

-10 I I L I L
0 15 30 45 60 75 90

Mechanical angle (°)

©)

Fig. 9. Radial electromagnetic force. (a) Normal (Cylindrical). (b) AICF
(Asymmetric). (c¢) Comparison of the spatial distribution of the radial electro-
magnetic force between the two models at O sec.

In particular, the decrease in the radial electromagnetic force
of the time harmonics above the fourth order or more of the
AICF model is remarkable. Thus, the vibration due to the radial
electromagnetic force of the time harmonics above the fourth
order or more of the AICF model is smaller than that of the
normal model.

According to (5), The vibration of the motor is affected not
only by the magnitude of the radial electromagnetic force, but
also by the vibration order of the radial electromagnetic force.
In the second order time harmonic, the lowest vibration order is
4. The radial electromagnetic force with the vibration order of
4 has a smaller radial electromagnetic force than that with the
vibration order of 8 but has a greater effect on the vibration than
that with the vibration order of 8 by (5). As shown in Table II,
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TABLE II
[12], [13] VIBRATION ORDER AND FREQUENCY OF RADIAL
ELECTROMAGNETIC FORCE
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because the radial electromagnetic force with the vibration order
of 4 is generated from the interaction of harmonics of the
PM and armature reaction fields, the magnitude of the radial
electromagnetic force with the vibration order of 4 of the AICF
model is smaller than that of the normal model. Therefore, the
vibration of the second order time harmonic, which is the largest
component in the vibration of the motor, is reduced.
Additionally, comparisons of the radial electromagnetic force
under load conditions other than the rated load condition are
shown in Fig. 11. The load conditions examined are 30 A5, 30°
and 30 A5, 60°. As shown in Fig. 11, the radial electromagnetic
forces of the AICF model are smaller than those of the normal
model, under both conditions. It can be concluded that the
vibration of the AICF model is also reduced than that of the
normal model under load conditions other than the rated load
condition to which the AICF was applied. In the next section,
the vibration analysis is performed only for the rated condition.

C. Comparison of Displacement

Fig. 11.  Spectrum analysis result of two other conditions. (a) 30 A;ms, 30°.
(b) 30 Apms, 60°.

electromagnetic force under the rated load condition. The previ-
ously calculated radial electromagnetic force is applied to each
node of the inner surface of the stator as the nodal force. In the
mechanical field FEA, the governing equation to calculate the
displacement of the stator is expressed as (16). The displacement
with respect to the time is calculated considering the spatial
distribution of the radial electromagnetic force [12], [13].

MY (@3} i+ (€13 @i} i+ K1Y (@i} s = {F)

(16)

where, [M] is the matrix of mass; N is the number of modes
to be summed; {®,} is the modal shape of mode i; y; is nodal
displacement in modal coordinates; [C] is the matrix of damping;
[K] is the matrix of stiffness; [M], [C], and [K] are calculated for

The vibration analysis is conducted using Ansys Mechanical
APDL. The displacement of the stator is calculated using the
mode superposition method and the previously calculated radial

each element via the mechanical field FEA using the material
properties and shape of the stator. {F} is the radial electromag-
netic nodal force varying in time.

The harmonic analysis of the displacement with respect to
the time calculated using (16) is performed. The results of
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Fig. 12.  Harmonic analysis result of displacement according to the models
under the rated load condition.
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Fig. 13.  Experimental setup.

the harmonic analysis of the displacement of the AICF model
and normal model under the rated load condition are shown in
Fig. 12. The frequency at which displacement occurs is also
equal to the frequency of the radial electromagnetic force (2nf,
n=1,2,3, ...). As shown in Fig. 12, at all frequencies, the
displacement of the AICF model is less than the displacement of
the normal model. This is because the space and time harmonic
components of the radial electromagnetic force of the AICF
model are reduced compared to that of the normal model under
the same stator condition, as shown in Fig. 10.

V. VALIDATION

In order to validate the vibration reduction of the proposed
method, the experiment is conducted at the rated load condition,
30 Apms, 0°, and 2000 rpm. During the test, the test motor
is connected in series with the torque sensor and the load,
mechanically. The induction motor of 50 kW is used for the
load and the 4503A type of KISTLER is used as the torque
sensor. The OR35 Modular Analyzer of OROS is used for the
vibration measurement. The sensor is attached to the motor
housing surface. Figs. 13 and 14 show the experimental setup
and the manufactured motors which are the normal model and
the AICF model, respectively. The experimental results of the
torque and vibration are shown in Fig. 15. Fig. 15(a) shows the
experimental torque waveform under the rated load condition.
Also, the numerical values for the average torque and torque

(a) (b)

Fig. 14. Manufactured rotors and samples. (a) Normal (Cylindrical). (b) AICF
(Asymmetric).
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Fig. 15.  Experimental result. (a) Torque. (b) Vibration.

ripple of the two models are specified in Fig. 15(a). Like the
FEA result in Fig. 7, the average torque of the AICF model is
similar to that of the normal model, but the torque ripple of the
AICF model is lower at 21.7% than that of the normal model.
The experimental result of vibration is shown in Fig. 15(b).
As shown in Fig. 15(b), the vibration occurred at the same
frequency as the vibration analysis. The displacement of the
AICF model is smaller than that of the normal model at all
frequencies, which is the same result as the vibration analysis.
In particular, the displacement of the normal model occurs above
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1000 Hz, while there is little displacement of the AICF model.
The displacement of the AICF model at the 2f, 4f and 6f is
reduced by 43%, 88% and 69% compared to those of the normal
model, respectively. The tendency of the displacement of the
AICF model to be reduced compared to the normal model is
the same as the simulation result in Fig. 12. Therefore, it can be
concluded that the model applying the proposed method in this
paper is effective for vibration reduction.

VI. CONCLUSION

This paper proposes the asymmetric rotor shape design using
the AICF to reduce the vibration. Because the vibration is caused
by the radial electromagnetic force, the magnitude of the radial
electromagnetic force needs to be reduced. More specifically, the
radial electromagnetic forces with a low vibration order have a
great effect on the vibration, and these forces generate from the
harmonics of the resultant air-gap flux density. Therefore, the
AICF that makes the resultant air-gap flux density sinusoidal is
derived and, by applying the AICF, the magnitude of the radial
electromagnetic force due to the harmonics of the air-gap flux
density is reduced. This is confirmed by the electro-magnetic
field FEA and spectrum analysis of the radial electromagnetic
force. As a result of the spectrum analysis, the magnitude of the
radial electromagnetic force due to the time and space harmonics
of the air-gap flux density of the AICF model is smaller than
that of the normal model. The result of the vibration analysis of
the AICF model also decreased compared to that of the normal
model because the magnitude of the radial electromagnetic force
of the AICF model was reduced compared to that of the normal
model. To verify the effect of the vibration reduction of the
proposed method, the test was conducted under the rated load
condition, 30 A5, 0°, and 2000 rpm. The test results have the
same tendency as the vibration analysis. In the test results, the
displacement of the normal model occurred above 1000 Hz, but
the displacement of the AICF model was little. Moreover, in
the case of 2f, 4f and 6f, the AICF model decreased by 43%,
88% and 69% compared with the normal model, respectively.
Therefore, it is concluded that the proposed method is effective
for the vibration reduction.

REFERENCES

[1] M.-R. Park, H.-J. Kim, Y.-Y. Choi, J.-P. Hong, and J.-J. Lee, “Charac-
teristics of IPMSM according to rotor design considering nonlinearity of
permanent magnet,” IEEE, Trans. Magn., vol. 52, no. 3, Mar. 2016, Art.
no. 8101904.

[2] P. Vijayraghavan and R. Krishnan, “Noise in electric machines: A review,”
IEEE Trans. Ind. Appl., vol. 35, no. 5, pp. 1007-1013, Sep./Oct. 1999.

[3] X.Han,D. Jiang, T. Zou, R. Qu, and K. Yang, “Two-segment three-phase
PMSM drive with carrier phase-shift PWM for torque ripple and vibration
reduction,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 588-599,
Jan. 2019.

[4] D. Torregrossa, D. Paire, F. Peyraut, B. Fahimi, and A. Miraoui, “Active
mitigation of electromagnetic vibration radiated by PMSM in fractional-
horsepower drives by optimal choice of the carrier frequency,” IEEE Trans.
Ind. Electron., vol. 59, no. 3, pp. 1346—1354, Mar. 2012.

[5] Y.Miyama, H. Kometani, and K. Akatsu, “Vibration reduction by applying
carrier phase-shift PWM on dual three-phase winding permanent magnet
synchronous motor,” IEEE Trans. Ind. Appl., vol. 54, no. 6, pp. 5998-6004,
Nov. 2018.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 35, NO. 2, JUNE 2020

[6] C. Gan, J. Wu, Q. Sun, W. Kong, H. Li, and Y. Hu, “A review on
machine topologies and control techniques for low-noise switched re-
luctance motors in electric vehicle applications,” IEEE Access, vol. 6,
pp- 31430-31443, 2018.

[7]1 R.Zhong, X. Guo, M. Zhang, D. Ding, and W. Sun, “Influence of switch
angles on second-order current harmonic and resonance in switched re-
luctance motors,” IET Electr. Power Appl., vol. 12, no. 9, pp. 1247-1255,
2018.

[8] 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.

[9] G. Verez, G. Barakat, Y. Amara, and G. Hoblos, “Impact of pole and
slot combination on vibrations and noise of electromagnetic origins in
permanent magnet synchronous motors,” IEEE Trans. Magn., vol. 51,
no. 3, Mar. 2015, Art. no. 8101104.

[10] G. Dajaku, H. Hofmann, F. Hetemi, X. Dajaku, W. Xie, and D. Gerling,
“Comparison of two different IPM traction machines with concentrated
winding,” IEEE Trans. Ind. Electron., vol. 63, no. 7, Jul. 2016.

[11] Z. Q. Zhu, Z. P. Xia, L. J. Wu, and G. W. Jewell, “Influence of slot and
pole number combination on radial force and vibration modes in fractional
slot PM brushless machines having single- and double-layer windings,”
in Proc. IEEE Energy Convers. Congr. Expo., San Jose, CA, 2009,
pp. 3443-3450.

[12] 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.

[13] M.-R. Park, D.-Y. Kim, J.-W. Jung, and J.-P. Hong, “Design of high torque
density multi-core concentrated flux-type synchronous motors considering
vibration characteristics,” in Proc. IEEE Int. Electric Mach. Drives Conf.,
Miami, FL, 2017, pp. 1-6.

[14] J. F. Gieras, C. Wang, and J. C. Lai, “Magnetic fields and radial
forces in polyphase motors fed with sinusoidal currents,” in Noise of
Polyphase Electric Motors, 1st ed., Boca Raton: CRC Press, 2006, ch. 2,
pp. 21-64.

[15] J.-W. Jung, S.-H. Lee, S.-H. Lee, J.-P. Hong, D.-H. Lee, and K.-N. Kim,
“Reduction design of vibration and noise in IPMSM type integrated starter
and generator for HEV,” IEEE Trans. Magn., vol. 46, no. 6, pp. 2454-2457,
Jun. 2010.

[16] D.Y.Kim,J. K. Nam, and G. H. Jang, “Reduction of magnetically induced
vibration of a spoke-type IPM motor using magnetomechanical coupled
analysis and optimization,” IEEE Trans. Magn., vol. 49, no. 9, pp. 5097—
5105, Sep. 2013.

[17] J.-P.Hong, K.-H. Ha, and J. Lee, “Stator pole and yoke design for vibration

reduction of switched reluctance motor,” IEEE Trans. Magn., vol. 38, no. 2,

pp. 929-932, Mar. 2002.

S. Zuo, E. 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.

[19] H.-S. Kim and B.-I. Kwon, “Optimal design of motor shape and mag-
netisation direction to obtain vibration reduction and average torque im-
provement in IPM BLDC motor,” IET Electr. Power Appl., vol. 11, no. 3,
pp. 378-385, 2017.

[20] G.-Y. Zhou and J.-X. Shen, “Rotor notching for electromagnetic noise
reduction of induction motors,” IEEE Trans. Ind. Appl., vol. 53, no. 4,
pp- 3361-3370, Jul./Aug. 2017.

[21] M. Jafarboland and H. B. Farahabadi, “Optimum design of the stator
parameters for noise and vibration reduction in BLDC motor,” IET Electr.
Power Appl., vol. 12, no. 9, pp. 1297-1305, 2018.

[22] J.-W.Jung, D.-J. Kim, J.-P. Hong, G.-H. Lee, and S.-M. Jeon, “Experimen-
tal verification and effects of step skewed rotor type IPMSM on vibration
and noise,” IEEE Trans. Magn., vol. 47, no. 10, pp. 3661-3664, Oct.
2011.

[23] C. Gan, J. Wu, M. Shen, S. Yang, Y. Hu, and W. Cao, “Investigation
of skewing effects on the vibration reduction of three-phase switched
reluctance motors,” IEEE Trans. Magn., vol. 51, no. 9, Sep. 2015, Art.
no. 8203509.

[24] D.-J. Kim, J.-W. Jung, J.-P. Hong, K.-J. Kim, and C.-J. Park, “A study on
the design process of noise reduction in induction motors,” IEEE Trans.
Magn., vol. 48, no. 11, pp. 4638-4641, Nov. 2012.

[25] Y.-H.Jung, M.-S. Lim, M.-H. Yoon, J.-S. Jeong, and J.-P. Hong, “Torque
ripple reduction of IPMSM applying asymmetric rotor shape under certain
load condition,” IEEE Trans. Energy Convers., vol. 33, no. 1, pp. 333-340,
Mar. 2018.

[18]

Authorized licensed use limited to: Hanyang University. Downloaded on May 25,2020 at 08:29:43 UTC from IEEE Xplore. Restrictions apply.



Young-Hoon Jung received the bachelor’s degree
in mechanical engineering from Hanyang University,
Seoul, South Korea, in 2013. He is currently working
toward the Ph.D. degree in automotive engineering
with Hanyang University, Seoul, South Korea. His
research interests are electric machine design for au-
tomotive and robot applications, and ultra-high speed
motors.

JUNG et al.: ASYMMETRIC ROTOR DESIGN OF IPMSM FOR VIBRATION REDUCTION UNDER CERTAIN LOAD CONDITION 937

Myung-Seop Lim (Member, IEEE) received the
bachelor’s degree in mechanical engineering from
Hanyang University, Seoul, South Korea, in 2012,
and the master’s and Ph.D. degrees in automotive
engineering from Hanyang University, Seoul, South
Korea, in 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
Yeungnam 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 electric machinery for mechatronics
systems such as automotive and robot applications.

Min-Ro Park received the bachelor’s degree in elec-
trical engineering from Chungnam National Univer-

sity, Daejeon, South Korea, in 2013. He is currently
working toward the Ph.D. degree in automotive engi-
neering with Hanyang University, Seoul, South Ko-
rea. His research interests are design and analysis of
electric machine for electromechanical system.

Authorized licensed use limited to: Hanyang University. Downloaded on May 25,2020 at 08:29:43 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 false
  /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 false
  /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 false
  /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


