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QAT N Abstract: Utra-high-speed pernmanent nmagnet synchronous notors (PMEM) have been

Feng G JingR Ya0J, et al . Analysis w del y appl i ed i n aerospace, advanced rmanuf act uring, and consuner products due to the

and control of 2f noi seinan snal | size, highreliability, and high-power density. Astherotational speedincreases
ul tra- hi gh- speed per nanent nagnet . . . . . ) o

synchr onous not or. Sound & cool i ng requi renents, excitationforces, bearing !l osses, and noi se characteri stics of t
Mbration. 2025; 59(5): 3701. S ' . L

htt ps: // doi . or g/ 10, 59400/ sv3701 aresignificantly different fromthose of conventional notors. To nminimzeiron|osse

i nprove efficiency, ultra-hi gh-speed notors typically enpl oy al owpol e count confi gure
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exenpl i fied by the preval ent 2-pol e 3-sl ot (2P3S) design. |n 2-pol e nachi nes, | ow o
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el ectronmagneti c excitation forces nay cause significant el ectronagnetic vibration and

noisein2P3Snotors, iscritical. Therefore, the noi sereductionstrategies for a 120,
QPYR GTT PMBVar ei nvestigated. FHrst, theel ectronagneti cexcitati onfrequenci es and nagni t udes c
not or are anal yzed. Through changi ng t he pol e- sl ot confi guration (such as transi ti oni ng
=y 2P3St 0 2P6S), t he unbal anced nagneti c pul | intheoriginal 2P3Sdesigniselinmnate
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Sound &\ brat i ori s publ i shed by significantly reduci ngthe mai n source of vibration. Then, theinpact of the stator ass
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gap on el ectronagneti c excitationis exanined usi ng a segnented stator structure. Efe

Qonmmons ALtri buti on (GCBY) control of this assenbly gap further reduces the el ectronagnetic noi se of the notor. Fi
license. https://creativecomnmons. or g/
Ii censes/ by/ 4.0/ experinental tests denmonstrate asignificant noi sereducti oninthe 2f frequency band,

sound pressure | evel reduction of about 9 dB. Thereductionvalidatestheeffectivenessc
pol e-sl ot optimizationandstator assenbl y gapcontrol strategies.
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1. Introduction

Utra-high-speed notors (exceeding 100,000 rpm) are typically design
as PMBMs due to their conpact size, high efficiency, and robust reliabil
U tra- hi gh-speed PMBMVG are w del y appl i ed i n aer ospace, hi gh-end nanuf act uri ny
and househol d appl i ances. Inthe operation of ultra-hi gh-speed notors, noi se
becone an increasi ng concern for nanufacturers and users. As rotational spe
i ncreases, the noise issue becomes nore significant than in | ow speed notc
Efectively reducing the noise of ultra-high-speed motors is crucial for
devel oprent and appl i cati on.
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The noi se generated by ul tra-hi gh-speed pernanent - nagnet notors has beer
studi ed worl dw de. Gao et all] gstabli shed an el ect romagnet i c- st ruct ur al - acous
mul ti physi cs coupl i ng nodel for a150, 000 r pmul t ra- hi gh- speed PMBM They f ocused
onstructural vibrationandnoi se caused by el ectronagneti c f or ce waves, and achi
effective vibration and noi se suppression by optinizing the rotor sl eeve nat
and stator nodal properties. Ving et &].prlovi ded a conpr ehensi ve revi ew of
active vibrationcontrol nethods for hi gh-speed PMBMs, i ncl udi ng vol t age i nj ect
t echni ques t o count er act speci fi c el ectromagneti c excitati onforces. Active cont
be used as an ef f ecti ve suppl enent ary neans f or suppr essi ng br oadband vi brati on
hi gh-speed notors. Liuet &) dnal yzed el ectronmagneti c vi brati onin a hi gh- speec
nmotor, and i nnovatively consideredtheflexibility of the stator core andthe ef
the housing. They found that traditional rigid assunptions overestinate the ne
frequenci es of the structure. Aflexible nodel can predict nid-to-high freql
vi bration responses nore accurately, providi ng a new perspective for preci se N
design. Peng et al .4] [i nvestigated a 150, 000 r pmconpressor not or supported
by magneti c bearings, with afocus on rotor dynanics and vi bration reduction. T
nagnet i ¢ beari ngs can provi de acti ve danpi ng t o suppress vi brati ons when passi
through critical speeds, and conpensateinreal tinefor unbal anced nagneti c f ol
These st udi es focus on noi se reduction through the pat hway of structural vibre
transnmission. Wile vibration path control nethods are val uabl e, their applice
to ultra-high-speed notors is linmted, as they do not directly address the s
of excitation. Specifically, these nethods prinarily concentrate on controll |
transnission of structural vibrationsrather thannmtigatingthe el ectronagneti
that generate the noi se. The | ack of direct engagenent wth el ectronagnetic n
sources, especially at hi gher speeds, neans that these nethods are unabl e to f
addr ess t he f undanent al causes of noi sei nul tra-hi gh- speed not or s.

Gonversel y, nany resear chers striveto reduce notor vibration and noi se dur
the el ectronagneti c desi gn phase by mini mi zi ng coggi ng torque and torque ripp
Y et al. 5 appliedamulti-objective genetic al gorithmto optinize a 150, 000 r
not or. They al so opti m zedt he magnet shape, pol e arc coefficient, andair gapl el
to nmini mze the coggi ng torque, torqgue rippl e, and naxi mize efficiency, achi e\
an optinal bal ance between | owvi bration and hi gh perfornance. B anchi6gt al . [
systematical | y anal yzed t he causes of coggi ng torque in surface-nount ed PVBEM
and proposed net hods such as optinizing nagnet pole arc wdth and stator slo
openi ng to effectively suppress coggi ng torque. This work provides an inport:
theoretical basis for subsequent | ow noi se notor design. Zholetdiadcusged
the influence of several key design paraneters on cogging torque. The findi
were val i dat ed t hrough anal yti cal and nuneri cal net hods. Jahn8Jetr eli.eed
t he t echni ques for mni m zi ng pul sati ng torque (i ncl udi ng coggi ng t or que and t o
ripple) in pernmanent-nagnet ACdrives, including notor design optinizations a
control strategy approaches. |slame®]al oclised on reduci ng coggi ng torquein
nass- pr oduced BLDCnot or s and proposed apracti cal sol utionthat speci al |y consi de
nmanuf act uri ngt ol erances. \Eing et 80} ¢onpar ed di ff erent pol e-sl ot conbi nati ons
andel ectromagnet i c per f or mancenet ri cs (i ncl udi ngtorqueri ppl eandnoi se), provi
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an inportant reference for hi gh-speed BLDC not or design. Anuja and Md3s |
used nagnet segnent ationandcircunerential shiftingtechnol ogytoelininatecog
torque, significantlyreduci ngtorquerippl eandassoci at edforce harnonicsinal
notor. Hiang and Feng expanded t he scope fromel ect ronagneti ¢ noi se to i ncl ude
nechani cal and aer odynam ¢ noi sei nhi gh-speed not or s. Hiang éi2hlshgwed t hat
oncetherotati onal speedexceeds acertainthreshol d, hi gh-speedfriction betwe
rotor surface and ai r generat es si gni fi cant aer odynam c noi se. Thi s noi seis ger
broadband, andits sound pressure |l evel increases exponentiallywthrotational
They found that inproving the surface snmoot hness of the structure, or applyi
speci al coatings are effective neans of reduci ng aerodynamc noise. A ultra-
rotational speed, aerodynamc effects becone particularly pronounced. Mn
nmanuf act uri ng t ol erances and eccentric loading at theair inlet caninduce signi
eddy generation. These eddy currents subsequent!ly contribute to an augnent at i
i n nechani cal structural vibrations. Asaresult, the eccentricity of the notc
i ncreases, al ongw th msalignnent betweenthe stator androtor, | eadingto a not
ri seinboth nmechani cal and el ectromagneti c noi sel evel s. Fedgleprabpoged a

noi se reducti on net hod for the coupling of first-order aerodynam c and nechani
noi se in high-speed notors. These studies i nprove perfornmance by consi derir
aer odynam c effects and coupl i ng t hemw t h el ect romagneti c forces. However, ti
net hodi s chal | engi ngtoi npl enent i npracti cal hi gh- speed not or desi gns, asit req
significant conputational effort tonodel w de-freguency responses.

For ultra-hi gh-speed PMBVS exceedi ng 100,000 rpm the el ectromagnetic
excitation frequencies are exceedingly high, often reaching several kHz. T
hi gh-frequency excitations can easily couple wth the nid-to-hi gh order vibr.
nodes of thelightwei ght andflexiblestator structure, | eadi ngtoseverevibrati
audi bl e noi se. Conparedw th | ow speed not or s, addressi ngt he noi se, vi brati on,
har shness (NvH) i nul t ra- hi gh- speednot or srequi restraci ngbackt ot hespati ot enp
force waves generated in the ai r gap, whi ch constitute the basi c physical sour
excitation. Qurrent work nai nl y focuses ontraditional vibrationpathcontrol ne
and t he suppr essi on of coggi ngtorque and torque rippl e. However, the NvHi ssue
of ultra-hi gh-speed PMBMs require precise control of specific spatial orders
ti me-frequency conponents of radial el ectronagnetic force waves. |In additi
el ectromagnetic noise in ultra-high-speed notors is not caused by a single f:
such as coggi ng torque or torque ripple; onthecontrary, it is usually caused kb
coupl i ng of coggi ngtorque, radial el ectronagneti c forces, and nechani cal excite
Therefore, to effectively control vibration noise, it is necessary to elimi
critical loworder radial electromagnetic force waves and coggi hg torque at
sane tine [14-20]. Thisrequiresidentifyingkey f or ce wave f requenci es and spat
har noni cs fromthe air-gap fi el d, and t hen weakeni ng t hei r nai n conponent s at t|
sour ce t hrough t ar get ed neasur es. | nnovati ve pol e-sl ot conbi nat i o2He]gns [
nmagnetic circuit topol ogy optimzation, nulti-objective coupling design base
intelligent al goritBbsd6], and acti ve el ect romagneti ¢ for ce conpensati on have
becone t he cutting-edge and core strategi es for fundanental | y suppressi ng vi bre
noi se f romt he per specti ve of el ect ronagneti c desi gn.
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Inresponsetothis, wefirst cal cul atetheel ectronagneticforcesactingontt
surface of the stator in an ultra-hi gh-speed 2P3Snotor. Then the nai n excit at
frequency conponent s and spati al force waves are anal yzed. Toalleviate | ow or
spatial force waves, especially those wth 2f frequency, the pol e-slot conbir
is optimzed, |leadingto the devel opnent of a 2P6S opti nization schene. Takir
i nt o account the segnent ed st at or assenil y structure of the notor, theinpact of
assenbl y gap on | ow order el ect romagneti ¢ noi se i s di scussed. Fnally, a conbi
strat egy conbi ni ng pol e-sl ot confi gurati onand segnent ed stat or gap control is us
verifytheresul ts of noi sereduction.

2. Materi al s and net hods

A2-pol e 3-sl ot (2P39S) ul tra-hi gh-speed PVBMi s studi ed. Therat ed speed of tf
not or i s 120, 000 r pm andt he desi gned power i s 450 W The syst emconsi sts of astato
core, rotor assenbly (rotor coreandi npel | er), and ani nt ake and duct system

According to the theory of vibration and noise, noise reduction requi
est abl i shing a coupl ed vi brati on equati on between the not or structure and acol
fieldd7]. By discretizingthis coupl ed equati on, one can aobtai nthe di spl acenen
accel erati on responses ont he surface of the structure can be obt ai ned by di scre
thi s coupl ed equation. Inaddition, usingthe acoustic wave equation, the Hel nf
i ntegral equationof sound pressure can be sol ved usi ng t he boundary el enent net h
toobtai nthe normal displ acenent or vel ocity of points onthe structural surfac
t he sound pressure gradi ent, thereby obtaining the sound pressure inthe fiel
ul tra-hi gh- speed not or s, noi se can be reduced by appl yi ng sound absor pti on/i sol ¢
al ong the transni ssi on path or by reduci ngthe excitationat the source. Inthis
t he noi se gener ati on nechani smi s f ocused on, andt he exci t ati on sources ar e anal
toreducetheexcitationl oads at the source. Based onthe excitationof the notor
| oad condi ti ons are concentrat ed on | oads t hat have a si gni fi cant i nf | uence on 2f
the el ectronagneti c excitati onl oad andt he eccentri c exci tati on caused by rot or
m sal i gnnent .

2. 1. Anal ysi s of el ectronagneticexcitationforce

InaPVBV using the Maixwel | stress tensor nethod, the radial and tangenti a
f orcewaves per uni t areaont hei nner surfaceof thestator core(causi ngel ect r ona
noi se) areproportional tothesquareof theair-gapfluxdensity, that is:

fr= 0 BZB | fi= “B/By ®
0 0

whereB; istheradial air-gap flux defsi fg;the tangential air-gap flux density:
fr(;t)istheradia electronagnetic force wave ddngifty) i s the tangential
el ectronagneti c force wave density, arics the perneability of vacuugy and
By arethe conponent s of theair-gapfluxdensity al ongthe axess Hnelrel ative
positionangl eof thestator androtor.

InaPVBM theair-gap field conprises the field generated by the per nanen
nagnets and the armature fiel d generated by the w ndings carrying current. K
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arerotating fields wth spatial distribution and ti ne-varyi ng characteristi
stator slottingonly affectsthe spatial distributionof theair-gapfield, andt
perneance of theair-gapistypicallyintroducedtoexplaintheslotting. The nag
fl ux density of t he per manent nagnet andt he nagneti c fl ux density of thearnature:
I'i nearly superinposed, andthennul tipliedbytherel ativenagnetic perneability
air gap:
Br=(bm+ha) a 2

where b, b, and 5 represent the radial pernmanent magnet flux density, radi:

arnature flux density, and air-gap rel ati ve perneance, respectively. They ce
expr essed as Fouri er seri es:

x°
bm= Bnncos(np  nlit);
n=1;35...
xe
ba= bcos(p 't ¢); 3
=1,57;...
x°
a= a0t a; COS(Q s ):

=1
where isthespatial ang eéstinepis the pole pair nunbe@;s i s t he nunber
of stator slots, larics t he not or angul ar spedsh-n, b, and 5. arethe harnoni c
anpl i t udes of the pernanent nagnet flux density, arnmature flux density, andrel
per neance, respectively.

The radi al forcewaves inanotor can be represent ed as a super posi tion of for
waves W thdifferent spatial orders andfrequenci es:

2 0 10 13,
S X X
fr= 427 @ bm;ncos(np  nit )+ bcos(p 't ®Ax@ o+ a Cos(Q s )AS
0 n=1:35.. =1:57.... =1
L Ux x X X
=12 Bn:n 1bm:n2 fcos[(n1tnz) p —(n1tnz) !t Jg +2 bnnb fcos[(nx )p —(n+l1)!t +d]g
0 ny ny n
X X
+ b,b,fcos[( 1+ 2)p -2t —2¢] +cos[( 1~ 2)p lgx (4)
1 2
( ) X X X )
2072 a0 abcos(Qs )+ a; 1 a; 2€0S[( 1x 2) Qs ]

1 2
AccordingtoEquation(4), under i deal conditions, thefreguency conponent of 1
radial forcewaveisanevenmltipleof thefundanental current frequency, that i
i nteger nul ti pl e of t he pol e-passi ng frequency. Time tar(r epresent s t he radi al
force waves generated by the i nteracti on between di fferent har noni ¢ conponent s
t he per nanent nagnet nagneti cfi el ast X) denotest heradi al forces generatedbyt he
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