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Incline Unbalanced Magnetic Pull Induced by Misalignment
Rotor in PMSM
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This paper analyzes the incline unbalanced magnetic pull IUMP) generated in the permanent magnetic synchronous motor (PMSM)
with the rotor misalignment. The motor magnetic field in such a motor is asymmetric, and both the magnitude and the action point
of UMP vary in motor operation. This paper presents an analytical model for analyzing the 3-D effects of the UMP induced by the
misalignment rotor. The numerical simulation results prove the effectiveness of the proposed analytic model.

Index Terms— Incline unbalanced magnetic pull IUMP), magnetic motive force (MMF), misalignment, permanent magnetic syn-

chronous motor (PMSM).

I. INTRODUCTION

HE spindle motor used in hard disk drives (HDD) is a typ-

ical outer rotor permanent magnetic synchronous motor
(PMSM), as shown in Fig. 1; it uses one end in a fixed fluid
dynamic bearing (FDB) structure, resembling a slender can-
tilever beam, to support the rotor. Another PM motor structure
is the inner rotor motor shown in Fig. 2. Both types of structures
would generate uneven axial unbalanced magnetic pull (UMP)
if there exists a misalignment of the rotor. The UMP is one of
the sources that could produce the repeatable run-out (RRO) and
nonrepeatable run-out (NRRO) in the motor. Therefore, the in-
fluence of the UMP is of great concern to the next generation of
HDD with ultra-high area density.

The UMP affected by the drive mode and current was
discussed in [1] and [2], and it will not be discussed in this
paper. The UMP caused by mechanical tolerance can be di-
vided into three types—dynamic UMP, static UMP, and incline
UMP—which is caused by rotor uneven misalignment in axial
direction. In previous work, most of the research was focused
on dynamic UMP analysis [3]-[5]; some work covers the static
UMP [6], but no detailed research exists for the IUMP. In this
paper, the detailed analysis will be concentrated on the incline
UMP (IUMP).

Normally, to improve the motor efficiency and power density,
the motor air-gap should be as small as possible. However, the
smaller the air-gap is, the more serious the rotor eccentricity
will become, and thus the stronger the UMP will be. Besides
HDD application, many PMSMs use self-alignment bearing [7],
shown in Fig. 3, for reducing the rotor-bending force. It is clear
that this kind of bearing could worsen the misalignment of the
rotor, and consequently stronger [IUMP could be induced.

There are many kinds of PMSM motors [8], [9]. In this paper,
the analysis will be focused on the motors with surface PM ring
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Fig. 1. Startup condition of spindle motor with FDB in hard disk.
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Fig. 2. Inner rotor PM-BLDC motor with self-alignment bearing.

on inner rotor shown in Fig. 2. This kind of motor is widely
used in low power applications. Figs. 4-6 show the simplified
electromagnetic (EM) models of PMSM with different types of
axial misalignment rotors, respectively. In the following anal-
ysis, it is assumed that the permeability of the rotor yoke and
stator core are infinite and the axial misalignment angles shown
in Figs. 4-6 are assumed to be small values. Fig. 4 shows both
ends of the rotor magnet center are misaligned in the same di-
rection with respect to (w.r.t.) the center axis of stator core. In
Fig. 5, only the right end of the rotor center is misaligned w.r.t.
the center axis of stator core. Fig. 6 shows the left end of the
rotor is downwardly misaligned while the right end is upwardly
misalignment. Only the UMP shown in Figs. 4-6 will be studied
in this paper. Moreover, the UMP caused by such misalignments
may contain components in radial X, y and axial z directions, but
only its component in radial X, y direction is considered in this

paper.
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Fig. 4. PMSM with two ends of rotor upward from stator center with different
distance.
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Fig. 5. PMSM with one end of rotor upward from stator center.
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Fig. 6. PMSM with one end of rotor upward from stator center and another
end of rotor downward from stator center.

II. TUMP CHARACTERISTICS IN SPACE DOMAIN
One cross section of the motor was taken as in Fig. 7, and the

stator geometry can be expressed as

[P(6,c,8) cos(t — a+6) +¢]”
+ P8, 0, 8)sin(6 — a + 8))° = R* (1)

where xg, yo are the rotor center coordinates, ¢ the distance be-
tween rotor center and stator center, 7 the outer diameter of rotor,
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Fig. 7. Mathematics model for calculating uneven air-gap.

I? the inner diameter of stator, « the rotor position in stator coor-
dinate, and é the phase difference between the eccentric position
and rotor position. P(#, «, §) can thus be deduced as

Pl a,8)=—e (:05(9—04—1—6):|:\/R2 + €2 [sin(d — a + 8)]°.
2

From Fig. 7, it can be known that P(¢, a,5) > 0 and esin(f —
«+ 6)/R < 1. Therefore, (2) can be deduced as
P, 0.6) =R —ecos(d —a+0). 3)

The eccentricity air-gap in the cross section can be expressed
as

8pas=Pl,a,8) —r=06[1—ccos(f —a+6)] 4

where g is the average air-gap and ¢ the relative eccentricity.
The unit permeance of motor air-gap can be expressed as

. Ho A(8)
A - =
b8 kubows 1—ecos(d —a+6b)
~A(B)[1 4 ecos(f — a + 6)] ©)
and
A(B) = Ao |1+ Z Aan - cos(nZf) (6)

n=0

where Z is the number of stator slot, A, the coefficient of the
nth order unit permeance of the air-gap, and Ay the average
permeance of the air-gap, which is related with . A¢ is also
linked with the thickness and permeability of the magnet and
the stator slot structure.
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In the motor operation, the magnetic motive force (MMF)
generated by the PM ring can be described by

Fr(f,a) = Z Frop_1sin[(2n — D)p(f + «)] @)

n=0

where 8 is the position of the field, p the pole-pair of the PM ring,
and « rotor phase difference w.r.t. the stator reference point. It
is clear that « is a function of time and rotor speed.

Using magnetic-circuit method, the effective magnetic flux
density in the air-gap can be expressed as

Ba(f,0,6) = A(f, 0, 6) - Fr(f, ). ®)

The local radial force area density at position £ can thus be

calculated by

Pa(8,0,68) = 2—32(9 o, §) )

Ho
where 1 is the permeability of vacuum.
Therefore, the UMP, P4(«, §), can be calculated by the fol-
lowing:

2

]DA(O{,(S) = /]?‘4((97&,6)]?,,449

0

2w
~ B4 B%(8,a,8)df
9#00

27r
Y A2(0, v, §)F2(0, ) do

10
2#0 (10)
0

where R 4 is the average radius of the air-gap.
From (5) and (7) it can be known that

Z Tam - cos(mZ8)

m=0

X [1+ecos(d — o+ 8)]°
Z Tam - cos(mZ8)

m=0

x [1 4 2ecos(6 — o+ 6)]

A2(0,a,6) =

X

(11)
and

F3(6,0) Z faon - cos [2np(f — «)] .

n=0

(12)

The definitions of 14, and {4, can be found in [10].
Using the results shown in (11) and (12), the UMP can be
deduced as

2w

/ [Z Tam - cos(mZ0)
0

By
a,d
Pal ) 2#0

m=0

(L + 2z cos(f — a + 6)]
X Z fazn - cos [2np(6 — a)] df

n=0

(13)

2711
and
Pyr(o) fa X/% Zl cos(mZ0)
EYR A, * ST
A 2o 0 o A
: Z faon - cos 2np(0 — )] d6 - (14)

n=>0

where Pa1(a) is just the component caused by EM structure
reported in [10] as intrinsic UMP.
For the UMP due to rotor misalignment, P ag(, §) can be

expressed as
R. 27
S D I
2 Jo

m=(
Aeos[(mZ +1)8 — a+ 6]
+ cos[(mZ — 1) — a + 6]}

PAE(CM>

X Z Jaon - cos 2np(6 — )] df.  (15)
n=0
Therefore, the UMP in X direction can be expressed as
eR 4 /\27\'
R 4 ) l m
1E_x (o 0 ), 7;) A
Heos[(mZ +2)0 — o+ 6]
+ cos[(mZ — 2)8 — a+ 6]}

X Z fazn - cos[2np(8 — )] db.  (16)

n=0

From the orthogonality of the triangular function, it can be
known that the integrations of all the items in (15) are zero ex-
cept the items which can meet the following condition:

2np = mZ + 2
{ 2np = mZ ' a7
Equation (16) can be simplified as
: R,
Pap x(a,8) == ;W x CoPgE_x (18)
0
where
COPGE_‘,\' - Z fA2nlAm
-cos [2npa — (o — 6)] |2np=mz+2
+ Z fAinAm,
-cos [2npa + (o — 6)] |2np=mz -2
+ Z fAinAm,
-cos 2npa — (a = 8)] l2np=mz
+ Z fAinAm,
<cos 2npa + (@ — 6)] |onp=mz. (19)

Using the same procedure, the UMP in the Y direction can
be obtained and expressed as

é‘RAT('
210

Pipy(a,d) = x CoPgEy (20)
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where

COPGE_Y == ZfAanAm

T
-sin 2npa — (o — 8)] |2np=mz+2
- Z fAinAm.
T

- 8in [27Lp06 + (CK - 6)] |2np:1nZ72

+ Z faonlam

-sin [2npa — (o — 8)] |2np=mz
- Z fAinAm.

- ¢in [2%[)0& + (Cf - 6)] |2np:mZ- (21)

Equations (18) and (20) are the x and y components of the cal-
culated UMP exerted on the rotor cross section shown in Fig. 7.

For the global radial IUMP of the motor shown in Fig. 4, the
eccentricity of any section can be expressed as

e=¢e1+ —(e2 —£1).

I (22)

Substitute (22) into (18) and (20), respectively, integrate (18)
and (20) with variable L within 0 ~ Lg, and the global [UMP
in the X, Y direction can thus be expressed as

(61 + EQ)LQRATF

X COPGE_X
Ao

PGE_X(OJ,(S) = (23)

and

(61 +e2)LoRam

X COPGE_y.
419

PGE_y(Oé, 6) = (24)
For the case shown in Fig. 5 where ¢; is zero, the

PeE x(w, 6) and Pig_y(«, §) can be calculated as

w Lo,
Pop x(a,6) = 5240—‘” % CoPap x (25)
Ho
and
LoR.
Pop_x (o, 8) = % x CoPgry.  (26)

The TUMP components Pgg_x(a,6) and Pgr v(a,6), in
Fig. 6, however, are more complicated. The relationships among
the variables can be expressed as

a; — L L—a
€01 = : €1,&02 = 152 27
a1 [£2}
and
€1
= Lo. 28
m = Lo (28)

Assume €9 > &1, and PGE_X((JA,é), and PGE_Y(UC;(S) in
Fig. 6 can be expressed as

a

1

R i — L

— A7r/a1 €1dL
21 J a1

PGE_X(O‘: 5) =
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Lo

R, L—a
+ Aﬂ-/ 0162(1[/ XCOPGE_X
2uo . a2
ay

_ 2L% —2a1Lg + (L% — a1a2

2@2

RATF
2”0
_ 25% + 169 + 26%
282
RATF

X COPGE_X

X COPGE_X (29)

2

and

EldL

ay
R. .
Popv(a )= {_ K,ur / a,
L 210 o ai
L

0
s [ 2 o)
Z[L(] a2 J
a1

2L% — 2a1Ly + (L% — Q102
2@2

X COPGE_Y

RATF
210
_ 28% +e189 + 25%
282
R.UT

X X COPGE'_Y

X COPGE'_Y. (30)

2”0

From the previous results, the following deductions can be ob-
tained.

* Deduction-1: TUMP has a constant component in eccen-
tricity direction only.

e Deduction-2: In one motor revolution, the lowest order
of the [IUMP harmonic is two times that of its pole-pair
number.

* Deduction-3: The orders of the [IUMP harmonics are inde-
pendent of the eccentricity.

III. NUMERICAL ANALYSIS ON I[TUMP

For verifying the analytical results obtained in Section II, a
misalignment PMSM motor is simulated with a 3-D finite ele-
ment method (FEM), and the FEM results are compared with the
analytical ones. The PMSM used has 12 stator slots and 5 mag-
netic pole-pairs, and its structure is shown in Fig. 8. The motor
will be called M1 in the paper. M1 has the rotor with surfaced
mounted magnet. Its detailed dimensions are shown in Table I.

In the simulation, the motor is processed with ten segments
as illustrated in Fig. 9. The eccentricity ratio and the direction
of eccentricity are thus different in each segment. Therefore, the
TUMP should be different in each segment and the IUMP center
may vary in different segments. In order to calculate the TUMP
accurately, the stator is processed to be formed by ten segments
in axial direction, and four sections in the XY plane, and they
are named Sections A, B, C, and D, respectively.
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Fig. 8. M1: Spindle motor with 12 slots and 5 magnetic pole-pairs.

TABLE I
DETAIL DIMENSIONS OF SIMULATION MOTOR
Rotor core inner diameter 10mm
Rotor core outer diameter 33.8mm
Rotor core width 13.0mm
Magnet inner diameter 33.8mm
Magnet outer diameter 39.0mm
Magnet width 17.8mm
Stator core length 15.0mm
Stator core inner diameter 66.0mm
Stator core outer diameter 76.0mm
Stator core teeth length 13.0mm
Stator core teeth width 4.8mm
Stator core teeth thickness 15.0mm
Y A
z &
4 sections 1mms

Fig. 9. Divided sections and segments of stator core of M1.

For M1, as its pole-pair is 5 and slot number is 12, using (18)
and (23), the following results can be obtained conveniently.

1) TUMP contains constant value component in the x direction
when (o« — §) = 0.

2) The lowest order harmonic of the IUMP in the x direction
is 10, two times of pole pair, five in this case.

3) The lowest order harmonic of the [IUMP in each segment
is the same as (10) although eccentricity is different.

Equations (20) and (24) can lead to the following results.

1) ITUMP does not contain a constant value component in the
y direction when (@ — 8) = 0.
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Fig. 10. MI1: Magnetic field distribution.
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Fig. 11. MI1: IUMP in X direction of M1.

2) The lowest order harmonic of the IUMP in the y direction
is 10, two times the pole pair, five in this case.

As the geometry of each stator segment is symmetrical with
four cycles, it is necessary to calculate only one section in one
segment. In Fig. 9, it can be known that the geometry of Section
A is symmetric about the x-axis and the x coordinate of the
acting point of the [TUMP in Section A can be calculated by

C, = 4]0“'%3,(3:)4%. 31)
T (),

Here, it is assumed that the acting point of local UMP of Sec-
tion A is at (a,0). Because of the symmetrical structure of the
stator, the action points of Sections B, C, and D are (0,a), (-a,0),
and (0,-a), respectively. After the UMP in each segment is ob-
tained by ANSOFT, the total UMP in one section can be calcu-
lated. Fig. 10 shows the magnetic field distribution of PMSM
obtained with Maxwell 3-D static magnetic solver. From the
analytical analysis in Section II, the order of fundamental har-
monic of the UMP in space domain is 10, which is the same as
the numerical results obtained with FEM shown in Figs. 11-13.

Fig. 11 shows the [IUMP component in the x direction, which
is obtained with 3-D FEM. It can be found in the figure that
the frequency of the x component is also ten times that of rotor
rotating frequency, which is still the same as the one estimated
with the analytical model in Section II.

DC offset of [IUMP can be found in Fig. 11. The reason is that
the incline eccentricity is also a type of rotor static eccentricity.
This result confirms the one obtained by using the analytical
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Fig. 12. M1: IUMP in Y direction.
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Fig. 13. M1: IUMP in Z direction.
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Fig. 14. M1I: Variation of acting point of IUMP in x direction.

model shown in (18) when (« — ) is zero (refer to Fig. 7). It
can also be found that the lowest order harmonic of the [UMP in
all ten segments is the same and is ten times that of rotor rotating
frequency.

Fig. 12 shows the IUMP component in y direction. Though
there is not any incline eccentricity in the y direction, [UMP in
the y direction still exits and its frequency is also ten times that
of rotor rotating frequency. But, comparing its x component, the
TUMP component in the y direction is quite small. Fig. 12 shows
also that the [UMP in the y direction does not have any dc offset,
which is also the same as the one estimated in Section II.

Fig. 13 shows the IUMP component in the z direction. It can
be found that, besides the frequency being ten times that of rotor
speed, the local [IUMP at the end segment in the Z direction is
larger than that in the middle section of the stator. This phenom-
enon is caused by the end point angular effect of the misalign-
ment axis.

In Figs. 14 and 15, it can be seen that besides the variations
of the direction and amplitude, the acting point of [UMP also

IEEE TRANSACTIONS ON MAGNETICS, VOL. 49, NO. 6, JUNE 2013

Position of incline UMP in Y direction

Position of IUMP force (mm)
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Fig. 15. MI: Variation of acting point of [IUMP in y direction.

changes during motor operation, which would certainly cause
additional motor vibration and acoustic noise. As a result, the
RRO and NRRO of the motor would also be increased.

IV. CONCLUSION

The IUMP may induce serious vibration, acoustic noise and
run out in the motor operation. However, the influences of
the IUMP have not been well studied in many applications.
This paper presents an analytical model to analyze this kind
of UMP. The analysis shows clearly that the acting point of
TUMP varies at the frequency which is the fundamental rotating
frequency times the number of motor magnetic poles. The
deductions through the analytical model have been confirmed
by the numerical results, and they can thus be used to analyze
high performance PMSM and can also be used in motor mis-
alignment failure diagnosis.
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