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A Design Strategy for Vibration Reduction
in a Dual-Stator PMSM Based on Combined

Mechanical-Electrical Shifting

Young-Jae Kang™, Cheon-Ho Song™, Byeong-Cheol Bae™, Dae-Kee Kim",

and Myung-Seop Lim

Abstract— A dual-stator permanent magnet synchronous
motor (DS-PMSM) offers both structural and electrical redun-
dancy, making it suitable for high-reliability applications such
as urban air mobility (UAM). To address vibration issues that
reduce the reliability of propulsion systems, this study proposed
a combined mechanical-electrical shifting method that combines
mechanical stator shifting with electrical phase adjustment of
armature currents. To determine the optimum stator shift angle
for effective vibration reduction, the radial air-gap electromag-
netic force density (radial AEFD), which is the primary cause of
vibration, was analytically derived from the spatial harmonics of
the radial air-gap magnetic flux density (AMFD). The variation in
AEFD with respect to the stator shift angle and current amplitude
was analyzed, and the resulting stator deformation was evaluated
using finite-element analysis (FEA). Experimental validation was
conducted to verify the stator shift angle that resulted in the
minimum deformation and to confirm the trend of deformation
variation. The proposed method enables the identification of
an optimum stator shift angle that reduces vibration while
maintaining torque and efficiency.

Index Terms—Dual stator, electromagnetic force, urban air
mobility (UAM), vibration characteristic.

NOMENCLATURE
Number of pole pairs.
Number of stator slots.
Number of slots per pole per phase.
Time.
Mechanical angular position.
Back-electromotive force.
Armature current.
Electrical angular speed.
Number of motor phases.
Mechanical stator shift angle.
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0. Electrical armature current shift angle.

A Air-gap relative permeance.

k Integer multiple index used in slot harmonics.

Lo Vacuum permeability.

fe Electrical frequency.

F Magnetomotive force (MMF).

7 Spatial harmonic order of field MMF.

v Spatial harmonic order of armature MMF.

n Temporal harmonic order of armature MMF.

P, Radial air-gap electromagnetic force density
(radial AEFD).

Pamp Amplitude of the radial AEFD.

B Air-gap magnetic flux density (AMFD).

B, Radial AMFD.

B, Tangential AMFD.

Bamp Amplitude of the radial AMFD.

8 Phase angle of the MMF.

8y Phase angle of the radial AEFD.

Sro Phase angle of the radial AMFD generated by

the rotor PM, considering slotting.
Subscripts denoting the rotor, outer stator,
and inner stator in the radial components,
respectively.
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I. INTRODUCTION

ECENTLY, urban air mobility (UAM), including heavy-

payload delivery drones and air taxis, has attracted
attention in the field of urban transportation [1]. In particular,
the electric vertical take-off and landing (eVTOL) propulsion
systems used in UAM are considered a fast and eco-friendly
alternative in congested urban environments, offering a new
approach to urban transportation [2]. As eVTOL systems
operate in urban environments, a high level of reliability and
safety is required [3].

A dual-stator permanent magnet synchronous motor
(DS-PMSM) comprises two separate stators and two invert-
ers that independently control each stator armature winding.
This topology provides both mechanical and electrical redun-
dancies, making it suitable for use in eVTOL propulsion
systems [4].

UAM platforms, as aircraft, are exposed to continu-
ous vibration [5] and acoustic noise [6]. The primary
sources of vibration and acoustic noise in UAM platforms
are the eVTOL propulsion systems. Among these, acous-
tic noise is mainly generated by rotor blades [6], and

2332-7782 © 2025 1IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. 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 January 23,2026 at 00:17:20 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0009-0004-8187-1605
https://orcid.org/0000-0002-2158-9382
https://orcid.org/0009-0007-7217-6872
https://orcid.org/0000-0003-2558-4981
https://orcid.org/0000-0002-5339-2728

KANG et al.: DESIGN STRATEGY FOR VIBRATION REDUCTION IN A DUAL-STATOR PMSM

the contribution of the drive motor to noise is limited.
In contrast, the drive motor, which generates mechan-
ical power in eVTOL propulsion systems, is a major
source of vibration. Such vibration can lead to failures
in power electronics and control systems, posing a seri-
ous threat to the overall system reliability and stability [7].
Therefore, the analysis of vibration in drive motors is
essential.

Several studies have been conducted to analyze the vibration
behaviors of motors. Some studies analyzed the radial elec-
tromagnetic force as the primary cause of vibration [8], [9].
Research has shown that radial electromagnetic forces con-
tribute to vibrations, and skewed slots have been proposed
to reduce this effect in induction motors [10]. In an interior
permanent magnet synchronous motor, a step-skewed rotor has
been studied as a method to reduce vibrations [11], and vibra-
tion reduction methods employing the response surface method
have been proposed [12]. Additionally, research has been
conducted on adjusting pole—slot combinations to reduce low-
frequency motor vibrations [13]. On the structural side, studies
have focused on increasing the mechanical stiffness of the
stator [14], [15] and adjusting the stiffness and damping ratios
to avoid resonance at specific excitation frequencies [16].
Vibration reduction studies have also been conducted on motor
types that have a topology similar to that of a DS-PMSM.
In these studies, current phase shifting methods have been
applied to reduce vibrations in dual three-phase PMSMs [17],
and optimization of winding configurations has been proposed
to minimize electromagnetic forces in dual-stator axial flux
PMSMs [18]. Research has also been conducted on the elec-
tromagnetic forces and vibrations in dual-stator consequent
pole hybrid excitation motors [19].

Despite these studies, the research on vibration reduction in
the DS-PMSM remains insufficient. In some studies, stator
shifting has been attempted to reduce cogging torque in
the DS-PMSM [20], [21]. However, those studies did not
address vibration analysis. The application of current phase
shifting methods, which were developed for the dual three-
phase PMSM, to the DS-PMSM has not been reported in
previous studies. Moreover, the direct application of current
phase shifting can lead to a reduction in torque and efficiency.
Therefore, a new approach beyond both conventional shifting
methods is required for effective vibration reduction in the
DS-PMSM.

In this study, a combined mechanical-electrical shifting
method was proposed to address the limitations of both
conventional shifting methods in the DS-PMSM. The proposed
method is a complementary strategy, in which mechanical
stator shifting and current phase shifting are coordinated. The
electrical current shift angle is defined in correspondence with
the stator shift angle to achieve vibration reduction and torque
preservation. To determine the optimum stator shift angle
that minimizes vibration, the radial air-gap electromagnetic
force density (radial AEFD) was derived analytically, and
the resulting stator deformation was analyzed using finite-
element analysis (FEA). These results were validated through
experimental measurements.
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Fig. 2. Comparison of air-gap permeance distribution. (a) Without a stator

shift. (b) With stator shift by 6.

II. COMBINED MECHANICAL-ELECTRICAL
SHIFTING METHOD

In this section, a mechanical—electrical shifting method is
proposed to reduce the vibration of the DS-PMSM. The refer-
ence model used in this study comprised 14 poles and 12 slots,
as illustrated in Fig. 1. This configuration is structurally
similar to a surface-mounted permanent magnet synchronous
motor, and thus the main drive control strategy is based on
the i; = 0 control. Accordingly, the analysis in this study
is conducted under the assumption that the influence of the
current phase angle, depending on the drive control strategy,
is limited.

A. Stator Shifting for Vibration Reduction

The DS-PMSM enables independent control of the ampli-
tude and phase of the armature current in the inner and
outer stators. The mechanical angle between the two stators
can be adjusted. The mechanical angle and phase difference
of the armature currents applied to each stator coil are
unique design variables of the DS-PMSM and are defined as
follows.

1) Mechanical stator shift angle, 6;.
2) Electrical current phase shift angle, 6,.

Both variables influence the performance and vibration
characteristics of the DS-PMSM. The mechanical stator shift
angle, 0;, changes the permeance distribution in the air-gap
owing to the tooth/slot structure. This change leads to a more
sinusoidal air-gap permeance, which improves the vibration
characteristics of the DS-PMSM, as shown in Fig. 2.
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the DS-PMSM. (a) Stator shifting. (b) Current phase shifting. (c) Proposed
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B. Current Phase Shifting for Torque Compensation

Stator shifting can reduce the vibration of the DS-PMSM,
but it also results in torque reduction caused by phase
misalignment between the magnetomotive forces (MMFs)
generated by the inner and outer stator coils. Torque reduction
also occurs even without stator shifting, when only the phase
of the armature current is shifted, as in conventional methods
applied to dual three-phase motors. To compensate for this
torque reduction, the proposed method adjusts the electrical
phase angle of the armature current 6, as a function of the
stator shift angle 6;. This relationship is defined by (1) and
illustrated in Fig. 3.

6. = pb. (D

The torque generated by the proposed method, in which the
inner stator is shifted, is expressed as (2), as shown at the
bottom of the page. Here, the subscripts a, b, and c¢ are
the three phases of the outer stator windings. The subscripts
u, v, and w are the three phases of the inner stator windings.
This torque expression represents the phase of the armature
current, which is adjusted as defined in (1), to align with the
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Fig. 4. Comparison of torque performance under mechanical, electrical, and
combined shifting.

shifted phase of the back-electromotive force caused by stator
shifting.

The effectiveness of the proposed method, which combines
mechanical stator shifting and electrical current phase adjust-
ment, was validated through a comparison with each shift
strategy. As shown in Fig. 4, when only mechanical stator
shifting or current phase shifting is applied, a noticeable torque
reduction occurs, depending on the respective shift angle
of each strategy. In contrast, although the torque is slightly
reduced due to the increased effective air-gap caused by stator
shifting, the proposed method maintains the torque above
96.2% across the entire range of the shift angles. These results
demonstrate that the proposed method enables more effective
torque recovery, achieving up to 38.5 percentage points of
improvement compared with the conventional methods, while
reducing vibration.

ITI. RADIAL AEFD ANALYSIS

To validate the effectiveness of the proposed method, it is
essential to analyze the radial AEFD accurately, which is the
primary cause of stator vibration. In particular, the vibration
order and magnitude of the AEFD are closely related to the
stator deformation characteristics and serve as an analytical
basis for identifying the optimum stator shift angle. In this
section, the AEFD of the DS-PMSM is analyzed under the
conditions defined by the proposed method in three steps.
First, the dominant vibration orders and excitation frequencies
of the AEFD that influence stator deformation are identified.
Second, the spatial harmonic components of the radial air-
gap magnetic flux density (AMFD) that generate these AEFD
components are defined by incorporating the mechanical stator
shift angle and electrical current phase shift angle as defined by
the proposed method. Finally, the AEFD is derived analytically
based on the magnitudes of the AMFD obtained through linear

1 2 2
T =— IEa cos(wt)l, cos(wt) + Eyp cos(wt — ?n)lb cos(a)t — ?) + E. cos( t —
w

analysis.
4r 4r
I.cos| wt — —
3 3

1 2 2
+ —1 E, cos(wt — pO;) I, cos(wt — pby) + E, cos| wt — 3 pbs )1, cos| wt — 3 pbs
w

4 4
+E, cos{ wt — 3~ pos )1, cos| wt — 3 PO 2)
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A. Dominant Components of the Radial AEFD

To identify the dominant vibration orders and excitation fre-
quencies of the radial AEFD that influence stator deformation,
the radial AEFD P, is first defined as shown in the following
equation:

1
P(a,1,6,) = 2—M(Bf(a, 1,6;) — B (e, 1, 6y))

~ 2%033(05, 1,0y). 3)

Given that the effect of the tangential component is rel-
atively small, this term can be neglected, thus simplifying
the expression of P.. The radial AMFD B, is expressed in
terms of the components of each MMF source, as shown in
the following equation:

B, (a,1,05) = Bos(a, 1) + Byy(ex, t) + Bis(e, 1, 65)

Fos(a, 1) + Fro(a, 1)

A .
+R@noy )

4)

The MMFs generated by each source are shown in (5)—(7),
and the relative permeance of the outer air-gap is shown in (8)

Fos(aa t) = Z Z Fos,nv COS(I’la)t —vpa + 8nv) (5)
nwt — vp(a — 6y)

Fis(a, 1, 65) = Fis.nv cos 6
(a ) ; ZU: i - pev + anv ( )
Fola,t) = Z Frou COS(,U«G)I — ppa + 5;4) (7N

p=2k—1

where (6) incorporates the stator shift angle 6; and current
phase adjustment p6; defined in the proposed method

Aa) = Ao + Z A cos(k Q). 8)
k

Note that the relative permeance in (8) corresponds to the
outer air-gap, because the outer stator is the primary analysis
target in this study. To derive the radial AEFD, the spatial
harmonic order of the armature MMF must be identified first.
These harmonic orders, which determine the spatial harmonic
components of the radial AMFD, are calculated based on
the number of poles and stator slots using the following
equations [22]:

q= Q _ L& zare coprime 9)
2pm ¢
1
+-(2mj+ 1), cisodd
v=1 ¢ (10)

1
+-(2mj+2), ciseven
c

where j is an integer and ¢ and z are the denominator and the
numerator, respectively, of the irreducible fraction form of the
slots per pole per phase. Based on (9) and (10), the vibration
orders and excitation frequencies were predicted for the radial
AEFD corresponding to each source and are listed in Table I.
For the reference model with 14 poles and 12 slots, the spatial
harmonic components of the radial AMFD are determined as
v=,...,—17/1,-11/7,-5/7,1/7,1,13/7,19/7, ..., and
w=173,5 ...,
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TABLE I
SOURCE, VIBRATION ORDERS, AND FREQUENCIES OF RADIAL AEFD

Source Vibration order Frequency
Field (m1 £ p2)p (1 £ p2)fe
Armature (v1 £v2)p (n1 £ n2)fe
Field and armature (nEtv)p (pE£n)fe
Field and stator slotting (p1 £ p2)p £ kQs  (p1 £ p2)fe
Armature and stator slotting (v1 £v2)p £ kQs (n1 £ n2)fe
Field, armature, and stator slotting (pEv)p+kQs (nE£n)fe

TABLE I

PREDICTED SOURCE, VIBRATION ORDERS, AND FREQUENCIES
OF RADIAL AEFD WITH SINUSOIDAL CURRENT

Source Vibration order Frequency
Field ..-28, -14, 14, 28... 2fe, Afe...
Armature ..-10, -4, 2, 8, 14... 2fe
Field and armature ..-10, -4, -2, 8, 14...  2fc, 4fc...
Field and stator slotting ..-12, 2, 12, 16... 2fe, 4fc...
Armature and stator slotting ..-10, -4, 2, 14... 2 fe
Field, armature, and stator slotting .-2,2,4,6,8... 2fe, 4fc...

Outer air-gap e
(Calculation section) [=—=]

2p™ order
(14,21

density
=

Lowest order

2219

al

Nomalized yadi:

Qectromagnetic force
° e
= ™

@8.4%)
< (2620

==

Fig. 5. Spectrum analysis of DS-PMSM. (a) Defined sections for radial
AEFD calculation. (b) Spectrum analysis results.

In this study, the current is assumed to be sinusoidal, and the
predicted vibration orders and excitation frequencies of the ref-
erence model are summarized in Table II. In practice, inverter
switching can generate additional temporal harmonics of the
current, which are represented by n; and n, in Table I. The
influence of these harmonics can increase if their frequencies
approach the natural frequency. In the low-frequency range,
where the excitation frequencies are sufficiently apart from the
natural frequencies, the vibration response is dominated by the
fundamental temporal component of the current. Therefore,
the influence of the current harmonics remains limited in this
range [23].

Spectrum analysis was performed using FEA to validate
the predictions and extract the vibration orders and exci-
tation frequencies of the radial AEFD. The radial AMFD
was measured at the outer air-gap, as shown in Fig. 5(a).
The results of the spectrum analysis are shown in Fig. 5(b),
confirming the analytically predicted vibration orders of the
AEFD presented in Table II. The second-order component
of the excitation frequencies exhibits the highest amplitude,
whereas other components, such as 4 f, and 6 f,, appear with
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relatively smaller magnitudes. In this study, only the second-
order excitation frequency components were considered.

Fig. 6(a) shows the vibration orders at 2f,. The 14th
vibration order had the largest amplitude, followed by the
second vibration order at approximately 67% of the 14th-order
amplitude. Despite its lower amplitude, Fig. 6(b) shows that
the second vibration order induces a significantly higher
deformation of the outer stator than the 14th vibration order.
This result is explained by (11), which states that for the same
excitation frequency, a lower vibration order leads to higher
deformation. Therefore, the vibration analysis in this study
focused on the second vibration order

12R;, Rgoke

Yv=>2) = —FF—
Et)%oke(rz - 1)2

Y

P, (rl=v)

where Y is the static displacement, E is the Young’s modulus,
R;, is the inner radius of the stator, and Ry is the inner
radius up to the yoke.

B. Harmonic Component of the Radial AMFD

Previous studies on fractional-slot concentrated winding
PMSM reported that the dominant spatial harmonic compo-
nents of the radial AMFD are the pole-pair order p and
the pole—slot interaction orders p — Q; [24]. The pole-pair
order p originates directly from the fundamental PM field
produced. The pole-slot interaction orders p — Qy originate
from the slotting effect, appearing as harmonics produced
by the modulation of the fundamental PM field by the slot
openings. These two orders exhibit relatively large amplitudes
compared with other components. Since the vibration response
is mainly influenced by the lower-order spatial harmonics of
the radial AMFD, these two orders are adopted as the basis
for the analytical model. Fig. 7 presents the amplitudes of
the radial AMFD spatial harmonic orders obtained from FEA
under the conditions in Table III, which further supports the
application of these two orders in the analytical derivation.

C. Derivation and Prediction of Radial AEFD

To derive the second vibration order of the radial AEFD,
the radial AMFD generated by each MMF source, considering
the slotting effect, is defined in the following equations:

Bos(@.t) = > Bygycos(wt — ha)
h=p, p-Qs

(12)
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TABLE III
CONFIGURATION OF INDEPENDENTLY ACTIVATED MMF SOURCES

MMF source Bos Byro Bis
Outer stator armature ON OFF OFF
Rotor PM OFF ON OFF
Inner stator armature OFF OFF ON
wt — h(a — 6y)
Bi(a.t,6,) = D Bicos o (13)
h=p, p-Q, pos
By(a,t) = Z Bm,h cos(wt — ho — (Sru) (14)
h=p, p-Qs

where h is the spatial harmonic order considering the slotting
effect in the stator. In particular, (13) includes the effect of
stator shifting in both the spatial and temporal terms.

The radial AEFD was determined by the interaction between
the spatial harmonic components of the radial AMFD gener-
ated by each MMF source. For an analytical derivation of
the radial AEFD and to simplify the formulation, the total
radial AMFD was expressed in terms of its spatial harmonic
orders. Thus, using (4) and (12)—(14), the total radial AMFD
was decomposed into components for each spatial order,
as expressed in the following equation:

Bio.1.6)= D Bul.1.6).
h=p, p-Qs

(15)

The pth-order component of the total radial AMFD is
defined in (16), as shown at the bottom of the next page, from
the pth-order components generated by each MMF source.
The amplitude and the phase angle are given in (17) and (18),
as shown at the bottom of the next page, respectively. The
(p — Qs)th-order component of the total radial AMFD is
defined in (19), as shown at the bottom of the next page.
The corresponding amplitude and the phase angle are given
in (20) and (21), as shown at the bottom of the next page,
respectively. In particular, (19)—(21) are defined as functions
of the stator shift angle.

Based on (3) and (15), the (2p — Qy)th vibration order
component of the radial AEFD P.,_»,.o is derived in (22),
as shown at the bottom of the next page, and its amplitude is
expressed as a function of the stator shift angle. The conditions
for minimizing this amplitude are presented in (23) and (24).
The optimum stator shift angle that minimizes the vibration
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component is determined by (23), while (24) defines the load-
dependent phase term ¢. These conditions can be regarded
as a generalized relation. The validity of these conditions is
ensured only when the spatial harmonic components By, p-g,
and By, ,.g, are nonzero. Additionally, a special case occurs
when B, ,.0, = By, p-g, # 0 with §,, = 7 (mod 27r), which
corresponds to perfect cancellation. If both components are
zero, the vibration component disappears, and the conditions
in (23) and (24) become irrelevant. Although these situations
are analytically possible, they are rarely encountered in prac-
tical operating conditions

T+¢ 2mk
9s.opt = T + 0. , kel (23)
Bra -0 i 8,-0
¢ = tan’! ( ,p-@, SIn ) o4
B()S,]?-Q.; + Bro,p-QX COS 8,0

The derived generalized relation indicates that the optimal
shift angle for minimizing the radial AEFD is primarily deter-
mined by the pole—slot combination. It is also affected by the
load condition, which is reflected in the load-dependent phase
term ¢. This term accounts for variations in the magnitude and
phase of the radial AMFD. If additional harmonic components
exist beyond the two dominant orders considered in this study,
the relation can be extended as expressed in the following
equations:

2rk
brop = T TR g 03)
Q‘V Q.Y
(Bm,P'Qs + Zhe[-] Bm,h) sin &y,
[t](Bos,p—Q_\. + Z Bos,h)
¢y = tan’ P . 26)

+ (Bra,p—Q_v + Z Bro,h)cos 5ro

heH

To verify the variation in the radial AEFD amplitude
with respect to the stator shift angle, a linear analysis was
conducted to calculate the magnitude of the radial AMFD,
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calculated from (22) as a function of ;.

as presented in (12) and (14). A linear analysis was conducted
to neglect the effects of saturation at the same location as
shown in Fig. 5(a). Fig. 8(a) presents the magnitudes of the
radial AMFD generated by the rotor PM and the outer stator
armatures, obtained through linear analysis. By substituting
these magnitudes into (12) and (14), the amplitude of the
(2p — Qy)th vibration order of the radial AEFD expressed
in (22) was calculated, and the analytical result is shown
in Fig. 8(b). Furthermore, by applying the same AMFD
magnitudes to (23) and (24), the calculated optimum stator
shift angle was found to coincide with the minimum position
in Fig. 8(b).

Fig. 9 illustrates the influence of the radial AMFD mag-
nitude on the amplitude of the (2p — Q,)th vibration order
of the radial AEFD. This confirms that the waveform of the
radial AEFD varies depending on the magnitude of the radial
AMFD. In particular, as the magnitude of the radial AMFD
decreases, the maximum and minimum positions of the radial
AEFD tend to shift to the right.

IV. STATOR DEFORMATION ANALYSIS

To determine the optimum stator shift angle that minimizes
vibration, this section evaluates the stator deformation of
the DS-PMSM through FEA under the conditions defined

8p.0,(6,) =tan”! (

1
Pryv—2pg,(a,t,0s) = 2

B, p(a,t,65) = B, ,cos(wt — pa) + Bj , cos(wt — p(a — 65) — pby) + By, , cos(wt — pa — 8,,)
= Bump,p cos(wf — pa —3§,) (6)
Bamp,[’ = \/(Box,p + Bis,p + Bm,p COS (Sm)z + (Bm,p Sil’l 6r{))2 (17)
~1 By, p sin by,
8p = tan s
Bos,p + Bis,p + Bro,p €08y
By p-o, (@, t,0) = Bog p-g, cos(wt — (p — Qs)a) + Bis,p-g, cos(wt — (p — Q) (e — 05) — pby)
+ By, p-0, cos(wt — (p — Qg)a — 8y)

= Bump, p-0, (05) cos(wt — (p — Q) — 8,0, (6;)) 19)
BﬁmP«P*Q;(G‘Y) - \/(Bm’piQY + Bis,prs COS(Q‘YGS) + B””I”Q: cos 8’0)2 + (BiS,P’Qs Sin(Qxes) + Bro,[?*Q: sin 8r0)2 (20)
Bis.p-0. sin(Q;6s) + Bio,p-0, sind,, 21

Bos.p-0, + Bis.p-g, €08(Qs6;) + Bio,p-0, €OS 8y

BamPvP Bamp.p—QA ) COS(Z(!)I — (Zp — Qs)o( — ((Sp + 8P-Q; (95)))

= Lamp,2p-Q; ) COS(Za)t — (Zp — Q0a — 5f (Qs)) 22)
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Fig. 9. Waveform shift of the radial AEFD calculated from (22) with respect
to the armature radial AMFD magnitude.

TABLE IV

MODE SHAPES AND NATURAL FREQUENCIES
OF THE OUTER AND INNER STATORS

Stator 2 Mode 3 Mode 4 Mode
. AT\ /A0
T~ AN AN
V.3 )\A A \ % > }
& A \ X, &
Outer V : 3 4 Lx 'Lf" ('S4 S/
742.8 Hz 2055.6 Hz 3847.1 Hz 6034.5 Hz
ij\) =) /‘f‘ /
by
Inner £
3951.9 Hz 7289.4 Hz 8959.1 Hz 9781.2 Hz

by the proposed method. The influence of the radial AEFD
on stator deformation was examined. Specifically, analysis
was performed on the AEFD and AMFD generated by each
MMF source, at the stator shift angles corresponding to the
maximum and minimum deformations. Also investigated were
the changes in the positions of the maximum and minimum
deformations depending on the current amplitude. Finally, the
proposed method was compared with two individual shift
strategies in terms of performance and stator deformation.
Based on this comparison, the optimum stator shift angle that
minimizes vibration while maintaining the performance was
identified.

A. Modal Analysis

Modal analysis was used to identify the inherent vibration
characteristics of the stator, including its mode shapes and
natural frequencies. Because the coils were wound around
the stator teeth, an equivalent density that accounted for this
effect was considered [20]. Table IV lists the mode shapes and
corresponding natural frequencies for both the outer and inner
stators. A comparison of the natural frequencies of the two
stators revealed that the outer stator exhibited lower natural
frequencies than the inner stator.

Because a DS-PMSM comprises both outer and inner sta-
tors, it was essential to clearly define the analysis target before
conducting a vibration analysis considering stator shifting.
In this study, the vibration analysis was conducted under the
assumption of a direct-drive configuration without a gearbox.
Accordingly, the rotational speed was set to 1000 r/min, which
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Fig. 10. Comparison of outer and inner stator deformations. (a) Deformation
calculation sections. (b) Normalized deformation of each stator.

corresponds to the typical blade rotational speed of UAM
systems [25]. At this speed, the dominant excitation frequency
of the radial AEFD was calculated as 233.3 Hz, which
corresponds to twice the electrical frequency. Based on the
modal analysis results, the natural frequency of the outer stator
(742.8 Hz) was significantly closer to the excitation frequency
compared to the inner stator (3951.9 Hz). Consequently,
the outer stator is expected to exhibit a significantly higher
deformation.

B. Vibration Analysis

To determine the analysis target, vibration analysis was con-
ducted for each stator without stator shifting. The deformation
of each stator was evaluated based on the previously obtained
modal analysis results and radial electromagnetic forces.
The deformation was measured in the section indicated by the
red line in Fig. 10(a). The vibration analysis results are shown
in Fig. 10(b). The normalized deformation of the outer stator
is 1, whereas that of the inner stator is 0.02865, indicating
that the deformation of the outer stator is approximately
35 times greater than that of the inner stator. Based on
these results, the vibration analysis was focused on the outer
stator.

After selecting the analysis target, the effect of shifting
the inner stator on the stator deformation characteristics was
analyzed. A sinusoidal peak current of 30 A was applied to
both the inner and outer stator armatures, and the rotational
speed was set to 1000 r/min. The stator shift angle was varied
from —15° to 15°, corresponding to half the stator slot pitch
of 30°. The results of the vibration analysis are presented
in Fig. 11. The normalized deformation varies with the inner
stator shift angle 6, reaching a maximum at 7° (6, = 49°)
and a minimum at —7° (§, = —49°). These results indicate
that the stator deformation varies with the stator shift angle,
which was consistent with the behavior of the radial AEFD.

To investigate the relationship between the stator defor-
mation and vibration order of the radial AEFD, a spectrum
analysis of the radial AEFD was conducted at three stator shift
angles 6;: —7° (6, = —49°), 7° (6, = 49°), and 0° (6, = 0°),
corresponding to the minimum deformation position, maxi-
mum deformation position, and nonshifting case, respectively.
Fig. 12(d) presents the vibration orders of the radial AEFD
obtained through FEA. The second vibration order component,
previously identified as the dominant contributor to stator
deformation, exhibited different amplitudes depending on the
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stator shift angle under the proposed method. (a) Radial AMFD of rotor PM.
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(d) Vibration order of the radial AEFD at 2 f,.

stator shift angle. These differences correspond to the defor-
mation characteristics, reaching a maximum at 7°, where the
stator deformation is also the highest, and a minimum at —7°,
where the deformation is the lowest.

To identify whether the AMFD magnitude or stator shift
angle has a greater influence on the stator deformation, the
spatial harmonics of the radial AMFD generated by each
MMF source were analyzed. Fig. 12(a)—(c) presents the radial
AMFD results for the rotor PM, outer armature, and inner
armature, respectively. In particular, at 7°, where the second
vibration order of the radial AEFD component was the most
dominant, the radial AMFD magnitudes from all the sources
were relatively low. This suggests that the stator deformation is
influenced more by the stator shift angle than by the amplitude
of the radial AMFD.

In addition, the vibration analysis results for different
armature current amplitudes are presented in Fig. 13, which
show that the maximum and minimum deformation positions
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Fig. 13. Deformation of the outer stator according to the shift angle with
different current amplitude.

TABLE V

COMPARISON OF EACH SHIFTING STRATEGY AT THE MINIMUM
DEFORMATION POSITION RELATIVE TO THE NONSHIFTING CASE

Performance Stator Current Proposed
relative to non-shifting case shifting phase shifting  method
Maintained Torque 71.00% 79.99% 98.26%
Maintained Efficiency 89.48% 93.84% 99.49%

Reduced radial 2" AEFD 3297% | 17.06% | 52.60% |

Reduced stator deformation  38.15% | 27.94% | 87.55% |

shift with the current amplitude. As the current amplitude
decreased, both the maximum and minimum deformation
positions shifted toward the right. Although a slight differ-
ence in the optimal point is observed due to the simplified
assumptions and linear analysis condition, the shift tendency
of the deformation waveform is consistent with the variation
of the analytically derived AEFD waveform with respect to
the AMFD magnitude, as illustrated in Fig. 9.

To evaluate the effectiveness of the proposed method,
a comparative analysis was conducted of the three shift strate-
gies in terms of performance and stator deformation. Fig. 14
illustrates the FEA results of each method. Fig. 14(a) shows
the result of stator shifting, Fig. 14(b) presents the result of
current phase shifting, and Fig. 14(c) presents the result of the
proposed method. Fig. 14 reveals that the proposed method
enables the selection of a shift angle where the deformation
is minimized while maintaining performance. In specific cases
where a slight performance reduction must be carefully con-
sidered, the shift angle can be selected by adjusting the balance
between vibration reduction and performance according to
design requirements. Even in such cases, the proposed method
still achieves more effective vibration reduction compared with
the conventional methods.

As summarized in Table V, the proposed method maintains
98.26% of the torque and 99.49% of the efficiency, while
reducing the radial second AEFD and the stator deformation
by 52.60% and 87.55%, respectively, compared with the
nonshifting case. In contrast, other methods exhibit greater
losses in torque and efficiency and exhibit less effectiveness
in reducing radial AEFD and stator deformation. These results
demonstrate that the proposed method effectively reduces
vibrations while maintaining high torque and efficiency.

Authorized licensed use limited to: Hanyang University. Downloaded on January 23,2026 at 00:17:20 UTC from IEEE Xplore. Restrictions apply.



1280
;’ 1.2 o —/ = Efficiency ==O==Torque == == Deformation ’7_ 20 §
8 1.0 & L N N S s
2 0] SaapmnZ2FT ~~f %
=084 = 1.5 S
= “=
5] T B e i e S e S e e e MR s st oty S T o )
5 061 § e {102
No4ls et B
s g o {05 =2
£ 024 8 <
= Z =)
=00 — 0.0 5
6 -4 2 0 2 4 6 8 10 2’
Mechanical stator shift angle, 6, (°)

(a)
§ 1.2 0.3) == Efficiency ==C==Torque == == Deformation 10 g
&0l & s g
208 2 115 .5
5. 13 S
g 06 = = O SmGmtmtand 10 o
No4{'S 09
s £ 10.5 =
029 & s
= a
2 0.0 “ .0 . L L L 0.0 5
Z <70 -56 42 28 -14 0 14 28 42 56 70 -~

Electrical current phase shift angle, 6, (°)

(b)
?? 1.2 o 1.2 === Efficiency ==O==Torque === Deformation 1, 0 §
O 1.0 § 1.0 2 (e S et et et et et St S S | S
S S z =
,3: 0.81 =08 Optimum position S i £
@ 8 -t - o
< 064 $ 06 - 11072
2 = =l k=l
N044 S04 e 9
g E - {052
£021 5 0.2~ A =
5 Z F - =)
200 0.0 TR S SRR S S 0.0 £
-10 -8 -6 -4 -2 0 2 4 6 8 10 Z

Mechanical stator shift angle, &, (°)
=70 -56 42 28 -14 0 14 28 42 56 70
Electrical current phase shift angle, 6, (°)
(©)
Fig. 14.  Comparison of torque, efficiency, and deformation. (a) Stator

shifting. (b) Current phase shifting method. (c) Proposed method.

Meanwhile, the proposed method is primarily designed for
vibration suppression. Consequently, other performance cri-
teria, such as torque ripple, do not necessarily improve and
thus require independent consideration to ensure a balanced
assessment of overall performance.

As an additional analysis, the robustness of the proposed
method was investigated under varying rotational speeds.
In addition to the base condition of 1000 r/min, two additional
cases were considered. The first was 7000 t/min, representing
a high-speed operating condition in an eVTOL system with
a gearbox. The second was 3000 r/min, which is close to
the second-mode natural frequency identified in the modal
analysis. The corresponding results are shown in Fig. 15. The
deformation magnitude varies with speed, with the largest
value observed at 3000 r/min due to resonance. Nevertheless,
the optimum shift angle remains unchanged for all conditions.
This result confirms that the proposed method is robust to
variations in operating speed.

V. VERIFICATION

This section presents the experimental verification of the
vibration characteristics of the DS-PMSM under the conditions
defined by the proposed method, focusing on the effects of the
inner stator shift angle and input current amplitude. Fig. 16
shows the structure of the DS-PMSM used in the experiment,
and Fig. 17 presents the experimental setup for the vibration
measurement using accelerometers.
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The test motor was connected to a torque sensor and a
hysteresis brake, with the voltage and current supplied through
a power source and an inverter. To measure the vibration
response, four accelerometers (Kistler 8776A50, sensitivity:
100 mV/g, range: £50 g) were attached to the surface of
the outer stator, with two positioned at slot centers and two
positioned at tooth centers. Signals were recorded for 5 s using
the OROS NVGate data acquisition system. A low-pass filter
with a cutoff frequency of 1500 Hz was applied to suppress
high-frequency noise and to focus on the dominant excita-
tion component near the excitation frequency. The vibration
response was analyzed using the frequency response function
to evaluate the stator behavior under radial electromagnetic
excitation for each stator shift angle.

The inner stator was shifted in 2° increments in the negative
direction, with shift angles of 0°, —2°, —4°, —6°, —8°,
and —10°. Fig. 18 illustrates the stator shifting, in which the
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reference line of the inner stator is aligned with the guideline
on the outer stator in the experimental setup. Positive-direction
shifting was not feasible owing to a lack of calibration, and
precise control of the shift angle was limited, resulting in
measurement constraints.

The experiment was conducted at three current amplitudes:
24, 18, and 12 A. The purpose of varying the current was to
examine how the positions of the maximum and minimum
vibrations changed depending on the operating conditions.
Fig. 19(b) shows the measured stator accelerations for each
condition. Compared to the FEA results in Fig. 19(a), a similar
trend was observed in the increase and decrease in acceleration
depending on the inner stator shifting. The minimum vibration
positions for each current amplitude consistently matched
between the FEA and experimental results. Among these,
—4° was identified as the optimal stator shift angle that mini-
mizes vibration across all operating conditions. This confirms
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the effectiveness of the proposed method in enabling vibration
reduction while maintaining torque and efficiency.

VI. CONCLUSION

This study proposed a combined mechanical—electrical
shifting method to minimize the vibration of a DS-PMSM.
The proposed method reduces vibration by mechanically shift-
ing the stator and compensates for performance degradation
caused by stator shifting through the phase adjustment of
the armature currents based on the mechanical stator shift
angle. The second vibration order component of the radial
AEFD was identified as the dominant factor affecting stator
deformation, and its magnitude was analytically derived based
on the radial AMFD generated by the rotor permanent magnets
and inner and outer stator armatures. The variation in the
AEFD magnitude was analyzed with respect to the stator
shift angle and the magnitude of the AMFD. In addition,
the stator deformation was evaluated through FEA by varying
the stator shift angle and current amplitude, and the optimum
stator shift angle that minimized the vibration was determined.
The identified optimum stator shift angle and the trend of the
deformation variation with respect to the stator shift angle
were experimentally validated. This study confirms that the
proposed method effectively reduces vibration while maintain-
ing torque and efficiency in a DS-PMSM.
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