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Abstract— This paper provides a comprehensive investigation Ay The average air gap permeance.
into the electromagnetic vibration associated with the side- A A, The relative rotor saliency and slot permeance.
band harmonic components introduced by space vector pulse M The modulation ratio.
width modulation applied in integral-slot permanent magnet

synchronous machine drives. The critical permanent magnet,  #0 Permeability of vacuum.
armature reaction, and sideband magnetic field components, £V Numb.er of turns in series per ph{;\se.
which are the primary causes for sideband electromagnetic  w; Electrical angular speed of machine.

vibration in integral-slot permanent magnet synchronous ma-
chines, are identified. The analytical derivations of the mag-
netic field components are carried out, and amplitudes and

W Natural angular frequency of the stator system
for m'" spatial mode.

frequencies of the resultant sideband radial electromagnetic force s Carrier gngular speed. .

components are obtained. Furthermore, the proposed models P Pole pair number of machine.

of the sideband radial electromagnetic force components are  p, The radial force density.

incorporated into the vibration model to analytically evaluate or Flux linkage of permanent magnet.

the c_orrespondl_ng sideband electr_omagnetlc vibrations of the Ymd, Umg d and ¢ fundamental armature reaction flux
machine. Experimental tests on an integral-slot permanent mag- .

net synchronous machine drive are comprehensively performed linkages. .

to confirm the validity and accuracy of the analytical models. 0 The mechanical angle.

Not only can the validated analytical models offer insightful 0, The initial phase of fundamental current.
details in understanding the impacts of the key factors, such Pole arc distance gi-order component.

as operation conditions, machine geometry, electromagnetic and U The direct current bus voltage
power converter parameters, on the sideband electromagnetic de el
vibration, but also can be readily extended to assess and reduce 4 Stator slot number of machine.
noise in integral-slot permanent magnet synchronous machine
drives. . INTRODUCTION

Index Terms—Electromagnetic vibration, integral-slot, per-

manent magnet synchronous machine, radial force, sideband VER-INCREASING demands on electric machine drives
harmonic, space vector pulse width modulation, variable speed with high performance and easy fabrication in various
drives.

existing and emerging applications are reviving the research in-
terests in permanent magnet synchronous machines (PMSMs)
NOMENCLATURE [1], which possess various distinctive advantages such as high
torque density, great efficiency, compact structure, and fast

ba, bq The d- andg-axis magnetic field components. 4ynamic response [2]. In general, PMSMs can be classified
D; The inner diameter of stator. according to the number of slots per pole per phase: integral-
0 The torque angle. o slot and fractional-slot configurations. The integral-slot de-

fr, by The PM provided MMF and magnetic field.

_ €18 signs have long been a preferred choice with PMSM drive
fs, s The current provided MMF and magnetic field gesigners due to the high winding factor and simple layout.

Ju by The sideband MMF and magnetic field. However, electromagnetic vibration, as one of the parasitic
ids i d- andg-axis components of stator current.  effects, is always of significant concern throughout the design
Kap The fundamental winding coefficient. and operation stages of the PMSM drive. Such vibration
Lad, Lag  d- and g-axis inductance components CONjs attributed to the electromagnetic forces acting upon the

tributed only by thep' spatial harmonic. stator and rotor cores which are induced by the air-gap
La, Lq d andq inductance components. magnetic field. There are generally two approaches to analyze
Ly Effective length of machine.

electromagnetic forces and their related vibration in PMSMs:

i ) ! . numerical and analytical. The electromagnetic forces can be
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minimization of cogging torque and torque ripple [3]—[7] anahetic vibration and acoustic noise originated from SVPWM
their resultant torsional vibration [8]-[10] in PMSMs usingechnique, especially in PMSM drives. As SVPWM car-
analytical and numerical methods have been well covereter frequency is normally two orders of magnitude higher
Meanwhile, the characteristics of radial electromagnetic fortlean the electrical frequency of the machine, excessively
[11]-[14] and vibration [15]-[17] have also been extensivelgmall time steps are essential for numerical simulation to
studied by analytical and numerical approaches. accurately predict the sideband harmonic components. This
The aforementioned studies typically only focus on thmakes the finite element analysis (FEA) approach compu-
electromagnetic forces and vibrations associated with the loationally extremely demanding and no longer practical for
frequency air-gap magnetic fields, which are contributed lige sideband electromagnetic vibration evaluation. Therefore,
the permanent magnets (PMs) and low-order current harmoitiés of particular importance to develop fast yet effective
components. Meanwhile, space vector pulsewidth modulatianalytical methods for sideband harmonic components. Not
(SVPWM) technique has been rountinely implemented tmtil quite recently have there been focused investigations on
achieve excellent steady-state and dynamic performancedulh direct analytical developments of sideband voltage and
PMSM drives. However, SVPWM technique will inevitablycurrent harmonic components in the induction machine [25]
generate sideband harmonic components, whose frequeneied PMSM [26] drive systems with SVPWM technique. This
are generally located nearby the carrier frequency and faper extends from the analytical sideband current harmonic
multiples, during the intrinsic switching process. The sidebamdodel [26] to the corresponding radial electromagnetic force
harmonic components will generate high frequency harmordensity and hence vibration derivations in integral-slot PMSM
magnetic fields which become one of the main causes drives. In order to derive the analytical expressions for the
high-frequency electromagnetic vibration and noise in PMSkadial electromagnetic forces, it is particularly important to
drives. As the amplitudes of the sideband harmonic compdecompose the air-gap magnetic field into the key radial
nents are relatively small, the resultant sideband electromamd circumferential components. The air-gap magnetic field
netic torque ripple will be trivial compared with the low-components,contributed by permanent magnet, low-frequency
frequency ones. Despite the small amplitudes of the sidesmature current components, and high-frequency sideband
band radial electromagnetic forces, the corresponding highrrent harmonics, are first revealed and investigated. The
frequencies are sometimes much closer to the natural resntical permanent magnet, armature reaction, and sideband
nance frequencies of the radial vibration modes and henoagnetic field components, which are primarily responsible
susceptible to high radial electromagnetic vibration and infier the sideband electromagnetic vibration in integral-slot
portantly severe ear-piercing acoustic noise. ConsequenByISM drive, are then identified and analytically obtained, and
the sideband harmonic magnetic fields and the associafeliowed by the analytical derivations of the amplitudes and
high frequency radial electromagnetic forces are of particulktequencies of the resultant critical sideband radial electromag-
importance for electromagnetic vibration analysis in PMSMetic force components. Furthermore, the proposed models
drives. The high-frequency sideband electromagnetic vibratioh the sideband radial electromagnetic force components are
generated by SVPWM technique is distinguished from thatcorporated into the vibration model to analytically evaluate
close to the fundamental electrical frequency. The unpleas#im corresponding electromagnetic vibrations of the machine.
high-frequency electromagnetic noise associated with su€imally, comprehensive experimental tests on an prototype
sideband electromagnetic vibration is quite a common issirtegral-slot PMSM drive are carried out and the broadly
in many different applications, such as electric propulsiom$ose agreements between the analytical and experimental
and elevators. results have confirmed the accuracy and validity of the an-
However, the literature on high-frequency electromagnetitytical models. The factors which affect the sideband radial
vibration and acoustic noise related to pulsewidth modulati@tectromagnetic force density, such as electrical parameters,
(PWM) techniques is very limited. Novel PWM techniquesontrol strategy, power converter parameters, and operational
which employ trapezoidal modulator with fixed [18], variableondition, have all been taken into considerations during the
frequency triangular [19], and sinusoidal [20] carrier signagnalytical derivations. Therefore, not only can the proposed
as well as random switching frequency [21], [22], have beamalytical approach promptly assess the sideband electromag-
proposed and investigated in order to reduce the acoustitic vibration during the design stage of integral-slot PMSM
noise in the drives. Moreover, a simplistic switching frequenajrive with SVPWM technique, but also serve as an effective
strategy is implemented to avoid close proximity to the naturedol for minimization during optimization stage.
frequencies for vibration and noise reduction [23]. However,
evident audible noise can still occur even though the excitation
frequencies are far away from the natural ones. Thus, it is
proposed that an active filter is introduced between the voltageGenerally, the interactions between the PM and low-
source inverter (VSI) and induction machine to improve thigequency armature magnetomotive forces (MMFs), together
acoustic behavior [24]. Nonetheless, those studies are with air-gap variation due to slot openings and rotor saliency
carried out for induction machine drives and unlikely to beffects, will result in abundant low-frequency magnetic field
applicable for PMSM ones as the mechanism of electromagpmponents in the air gap of integral-slot PMSMs. Therefore,
netic flux generation is different. it is of particular importance to reveal those components
There is a dearth of research on sideband electromamd identify the critical ones for sideband electromagnetic

II. LOW-FREQUENCY AIR-GAP MAGNETIC FIELD
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vibration study. In order to obtain the analytical expressio TABLE |
of the magnetic field, it is assumed that the superposition  LOW-FREQUENCY AIR-GAP MAGNETIC FIELD COMPONENTS
principle of the magnetic field is valid.

No. Spatial Order Frequency | Amplitude
1 P w1 Bry
A. PM Magnetic Field 2 p w1 Ba1
It is assumed that the rotation direction of the fundamental, 3 vp Vw1 Bry
the p!-order magnetic field is defined as positive. Then the 4 (k& 2m)p (v£2m)w1 | Bsvwm
MMF provided by PMs can be presented as 5 vptnZ VWi Bron
6 (rkx2m)ptnZ | (v£2m)w; Bsvrmn
fr(0,t) = Z Fpcos(vpl — vwit) (1)
wherev = 2k — 1,k = 1,2,---. By taking the slot opening B. Low-Frequency Armature Reaction Magnetic Field
and rotor saliency effects into account, the air gap permeancghe MMF provided by low-frequency current armature
distribution can be expressed as reaction can be expressed as
AO,t) = Ao - A (0,t) - As(0,1) (2 £.(0,1) = Z Z Fyp. cos(kpf — vwit — 6,)  (10)
where vk
- - o wherev=+6k + 1, k=0,1,2,--- refers to the corresponding
Ar(0,8) =30 A, (2mp — 2mwt) low-frequency current harmonics, especiallyl represents
_ w Anz () the fundamental one, while is related to the winding ar-
As(0,8) =220 Ty (nZ0) rangement. In integral-slot PMSM, for single layer integral

o . . . slot machinex are(+3k+1)p and(£6k+1)p, k=0,1,2, ...,
The PM magnetic field in the air gap can be derived by single-layer and double-layer windings, respectively.
applying Hopkinson's law as Similarly, the low-frequency armature reaction magnetic

be(6,1) = f(0,1) - \(0,1) (4) field components can be derived by applying Hopkinson’s law
as
By substituting equations (1) and (3) into (4), all the magnetic
field components with different spatial orders and frequencies bs(0,t) = f5(0,1) - A(0,1) (11)

can be obtained accordingly. The flux density in equation (4H1

can be divided into two parts: slotless components and sI?t ) ;
. aotless ones can be derived and written as
harmonic components. The slotless ones can be expressed as

ey can also be divided into slotless and slotted ones. The

f-AoA, and presented as bs, (0,t) = ZZ ZBsmm
br, (6,1) = Z By cos(upf) — vwnt) ®) cos((k £ 2m)ph — (v = 2m)wit — 6,)(12)
where where
FT‘(’U+277L)A2m Fr(v—Qm)AQm FSVHAQ’HL
Brv - - ~ - BSI/K,T)’L I — 13
'rnz>0 2 " 2;1} 2 2 ( )

Fram—u)Nam By neglecting the armature reaction of harmonic currents, the
+ Z ————— (6) fundamental magnetic field can be simplified as
2m>v 2

Particularly, the fundamental component can be expressed as bs1(0,1) =Fu(v=n=1) Ao cos(pf — wit = 61)

Ay
Frfom_ Friome1))Aom +F(y=r=1)— cos(pf —wit + 01) (14)
By = FralAo + o) + Friaminy) Ao (7) ( 2
2
m>1 where, 6, = 7/2 — arctan(iq/iq). On the other hand, the

On the other hand, the slot harmonic components can §j8{t€d ones can be expressed as

expressed as bey (0,6) = > D" " Buvwmn

bra(8,8) = Z Z Broncos((vp £ nZ)f —vert) - (8) cos(((k £2m)p £nZ)0 — (v £ 2m)wit — 6,) (15)

where B,.,,,, is presented as where
Br’uAnZ FSVKAQmAnZ
B,-,U,, = ——— 9 svkrn — T,
. oA, (9) B 4 (16)

Thus, the magnetic field components contributed by PMsAIl the magnetic field components induced by low-
are derived and given in Table I. Generally, the fundamenfaéquency armature reaction are obtained and given in Table |
component is the main one for most of the cases. accordingly.
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C. Analytical Model of Critical Components TABLE |I

. . . . SIDEBAND AIR-GAP MAGNETIC FIELD COMPONENTS
The fundamental component, first item in Table I, is nor-

mally designed as the primary one to optimize the overall No. Spatial Order Frequency | Amplitude
performance of integral-slot PMSM drive. On the other hand, 1 P Wy B
the fundamental component of the armature current is the 2 (k £ 2m)p Wy £ 2man Burm
dominant one in PMSM drive with SVPWM technique, while 3 | (k£2m)ptnZ | wy+2mwi | Busmn

the integral-slot configuration makes thé" spatial order
component much larger than the higher order ones. Therefore,
thep" spatial order component generated by the fundamental Ill. SIDEBAND AIR-GAP MAGNETIC FIELD
current component, second item in Table I, is the major The SVPWM technique will generate clusters of sideband
one from the low-frequency armature reaction in integral-slgbltage and current harmonic components near integral mul-
PMSM drive. Obviously, these two main components haviles of the switching frequency in the stator windings of
the same spatial order and electrical frequency, thus thge integral-slot PMSMs. These sideband current harmonic
can be synthesized by superposition principle as the critie&lmponents will induce numerous high-frequency sideband
air-gap magnetic field components in integral-slot PMSMnagnetic field components in the machine. Thus, it is essential
which will interact with the critical sideband ones to generat® identify the critical sideband current harmonic components
sideband electromagnetic vibration. Without loss of generalitynd their associated key magnetic field components for side-
the analytical derivation irl-¢ model of this critical air-gap band electromagnetic vibration in integral-slot PMSM drives.
magnetic field component is carried out here.

The air-gap flux linkages related to the critical magnetic

field component ind- and ¢-axes of integral-slot PMSM can a - sideband Armature Reaction Magnetic Field

be approximately expressed as . .
bp y exp Resembling the low-frequency current armature reaction,

VYmd = Ladia + 05, Ymg = Lagi (17) the p-order sideband current induced MMF can be presented
as
where thed- and g-axis inductances are the component con- oo
tributed only by thept" spatial harmonic component in the fu(0,1) = Z Fu cos(wyt — kpl —6,,) (22)
machine. As thel-axis is the position reference for the air- k=0
gap magnetic field, and the gxpressmns_of the critical magneiiRalogously, the corresponding air-gap magnetic field compo-
field component can be derived accordingly as nents can be expressed as

(Ladta + 1¥y) cos(ph) b — Loqiqsin(ph)

) Ug = (18) b#(Q,t) = fﬂ(Q,t) A0, 1) (23)
OéTpNdeLef OszNdeLef

and the respective slotless and slotted ones can be obtained as

bg =

wherea can be approximated &/'r. With the superposition
principle, the critical air-gap magnetic field component can be by, (6, ) ZZ Z Bhwm

synthesized as
cos((wy £ 2mwi )t — (k £2m)pf — 60,,) (24)

bo(6,t) = By cos (pd — ) (19) and

where b (0,6) =D 3 " Brusmn

v (Ladia + ¥5)? + (Lagiq)?

By = _ _
0 ar NKayLes (20) cos((wy, = 2mwq )t — ((k £ 2m)p £nZ)0 —6,,) (25)
Loyt
6y = arctan ,7‘11[1 where
Ladld + wf FHHAQI,”
. L. . Bul = EL1A07Buﬁ7rL = T a5
By neglecting the voltage drop of the winding resistances, 2
6y ~ ¢ can be obtained. It can be presented in the stator Biurmn = M (26)
stationary reference frame as 2
All the magnetic field components generated by sideband
bo(0,t) = By cos (pl — wit — ) (21)  armature reaction are derived and given in Table II.

However, the nonlinearity of ferromagnetic material will in-

evitably bring about magnetic saturation in the PMSMs undBr Analytical Model of Critical Components

heavy load operations. This will result in interactions between For certain current harmonic component, thé¢ spatial

the magnetic field components from the PMs and armatureder component of the air-gap magnetic field related is
reaction so that the normal superposition principle is no longére dominant one in integral-slot PMSM. Therefore, e

valid and applicable. Consequently, the parameters, suchspatial order component induced by the main sideband current
Laa, Laq, andy ¢, are current-dependent and can be accuratdigrmonic components, first item in Table 11, is the critical one.
evaluated by FEA with frozen permeability technique. From the rotor synchronous reference frame, (the+ 3w )-
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and 2ws-order harmonic currents are the main ones in fir8y substituting the magnetic field components in Table | and
and second carrier frequency domains, respectively [25], [2@]into (31), the comprehensive list of sideband radial electro-
Normally, the sideband harmonic components beyond the filmaignetic force density components can be derived. However,
carrier frequency domain have quite high electrical frequenciemst of them are practically negligible due to their rather small
that are not sensitive to auditory. Without loss of generalitgmplitudes. As only the first sideband components considered,
only the main components in the first carrier frequency dthere are abundant components with the frequencieswear

mains are considered and expressed as [26] which can easily reach up to several thousands or above in
CaUe sin(wst £ 3wyt F 0) practice. Moreover, the PWM switching frequency is far
lg_13 = — - . larger than frequencies of the main components produced
2(ws £ 3w1) Ly . . .
C14Uqe sin(wst & 3wt £ 9) by PM and armature reaction, it can be considered that the
C S

2w, + 301) L frequencies of sideband radial force density are approximately
Cholse Cog(wstil 3051113 ¥ ) (27) equal tows. It is noteworthy that the damping factors have

ig13 = F 2w, + 301) L important roles for high-frequency resonance and the resonant
CraUue cog(wst il 3wat + ) effects will not be as significant as in the low nature frequency
+ cases. As a consequence, the amplitudes of the sideband radial

2ws & 3w1) Ly force density is the main factor rather than the spatial order. It
The detailed analytical expressions of coefficieGts and means the low order sideband electromagnetic vibration will
C14 are provided in Appendix. The fundamental air-gap fluxot be necessarily larger than the high spatial order one for
linkages (spatiallyp'" order) caused by the/" sideband sigeband components. Hence, only the critical components

current harmonic component can be expressed as proposed in (21) and (29) are taken into account in the model
Ladiay cos(pf) Lagiqu sin(ph) (31) to analyze the large amplitude components. However, it
dp = atyNKgpLep '™ - atyNKapLey (28) s still of particular importance to analyze the sideband radial

B bstituti 27) into (28 d Vi it electromagnetic force density components together with the
y substituting (27) in o ( ) and applying superposi IoEesonant frequencies of their corresponding spatial orders.
principle, the corresponding sideband magnetic field can be
derived and transformed into the stator stationary frame as
) B. Analytical Model of Main Components
b12 =F U1BM1C12 sm(p9 + (ws + 2&)1)!‘, — (5) . .
B sin(d 4+ 2w Vet 6 Based on the aforementioned critical components of both
T 0281014 Sl‘n(p (ws & 2w1)t +0) (29) low-frequency air-gap magnetic field and high-frequency side-
bia = £ 02B,1 Crasin(pd F (ws = dw1)t + 6) band one, the main sideband radial electromagnetic force den-
+ 01B,1Crasin(pd F (ws £ 4wi)t —0) sity components can be analytically derived. By substituting
(21) and (29) into (31), the corresponding sideband radial
electromagnetic force density components , which include
01 = Laa/La+ Laq/Lg, 02 = Laa/La = Laq/Lq 2p'" and 0" spatial order ones, are obtained respectively as

where

By = Uae (30) = T 0, Cra Ky sin(2p0 = (ws =+ wy )t — 26
pl 4anNdeL€f(ws ¥ 3w1) P11 = F 0101288 p1 Slﬂ( P (Ws w1) - )
F 02C14 K1 sin(2pf £ (ws £ wq)t)
IV. SIDEBANSETIZIID-I[?LAEI;IE\;DIEEC');\FAIAO?\INETIC FORCE P15 = £ 0101 K 1 Sin(2p0 F (ws £ 5w )t — 20)
_ ] ) ) + 01C12K 1 sin(2pf F (ws & 5wn )t) (32)
A. Sideband Radial Electromagnetic Force Density Compo- .
nents p13 = — 01(Ci2 + C14) Kp1 sin((ws + 3wy )t)
The high-frequency sideband magnetic field components — 0201 K S?n((% & 3wt F 20)
in the air gap will interact with the low-frequency PM and — 0201 Kp sin((ws £ w1 )t £ 26)
armature reaction ones to produce high-frequency sidebgggere
radial electromagnetic force components, which are prone to BB
high-frequency electromagnetic vibration and hence leading to K = % (33)
0

unpleasant acoustic noise despite small amplitudes. The radial
and circumferential components of the air-gap magnetic fieldFor the2p'” spatial order components, there are generally
are required for the calculation of the radial electromagnefiour different frequencies ofws + w;) and (ws + 5wy ). The
force density. Normally, the radial and circumferential counterespective amplitudes of them can be evaluated as

parts will have exactly the same spatial orders and frequenciﬁ{s

. . . . — 2012 202 «
while the amplitudes of the circumferential ones are muc Py = Kp/03CF, + 050, + 20102012014 COb(Z(S)(
smaller than the radial ones. For the sake of simplicity,| P15 = Kp1y/07C3, + 03CF, 4 20102C12C14 cos(26)

only the radial components are considered here. Thus, %anwhile, there are two different frequencies(f + 3w1)

sideband radial electromagnetic force density components car th ! .
. or the 0'* spatial order components. The corresponding
be derived based on Maxwell Stress Tensor theory as .
amplitudes can be expressed as

(b (6,t) + bs(6,1))bu(0,1) (31) Pis = Kp/Kis1 + K30 (35)

Ho

34)

pr(0,t) ~ —
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TABLE Il
KEY DESIGNPARAMETERS OF THEMACHINE

Machine Parameter| Value Machine Parameterl Value
Pole number 6 Slot number 36
Shell diameter 188mm Shell height 220mm

Stator outer diametef 162mm | Axial stator length | 129mm

Stator inner diameter; 104mm | Stator yoke height| 11mm

DC link voltage 280V PWM frequency 6kHz
Rated speed 1000rpm Maximum speed | 1250rpm
Rated torque 9.5Nm Rated power 1kw

d-axis inductance 5.8mH g-axis inductance | 18.6mH
Leakage inductance| 0.24mH | Winding coefficient 0.933

Fig. 1. The cross-section of the prototype integral-slot RMS

Where
K31 = (0% + 03)(0122 + Cil) +202C15C14 cos 45(36)
K30 = 20%012014 + 20102(Ch2 + 014)2 cos 20

Lq and Ly in integral-slot PMSM are contributed mainly
by the respectiveL,q and Lo, from pt" spatial harmonic
component, as the leakage components are relatively small
and normally negligible. Hence, the amplitudes of the sidey. 2. The experimentatetupof the PMSM drive system.
band radial electromagnetic force density components can be
approximated by assuming;=L.q and L,=L,, as

12 T T T
Piy ~2K,,C1o gl — ONm = — 10Nm
P15 ~ 2Kp1014 (37)
Pi3 ~ 2K,1(Ci2 + C1a)

Current, A

C. Sideband Electromagnetic Vibration

Based on the sideband radial electromagnetic force density 0 10 20 30 40 o
models above, the amplitude of sideband electromagnetic

Time, ms
vibration can be analytically derived as @
’/TDiLeme_w
Amwu = = (38) 120 T -
ey /(W —w2)? + 482,077, — ONm © ©10Nm

< L
where P, _,,, is the amplitude oin'" spatial order sideband E %
radial electromagnetic force density component with frequency g 60
of w,, and can be directly obtained from (34) and (35). 5 30l
The angular natural frequency of the stator systemifiét ©
spatial order modey,,,, can be accurately evaluated by eigen 0 . . .
frequency analysis in mechanical FEA software [27]. More- 5.6 5.8 6 6.2 6.4
over, the modal damping ratig,,, is suggested based on an Frequency, kHz
empirical expression for the small-size electrical machines as (b)
[28] Fig. 3. Current waveform and spectrum at 1000rpm with no-load condition:

1 (a) Current waveform, (b) Current spectrum at first carrier frequency domain.
Em = —(4.39 x 10~%w,, 4 0.062). (39)
27

with two slots per pole per phase, which can be facilitated
V. EXPERIMENTAL VALIDATIONS with tvyo—laye_r overlapping windi_ngs, are widely employed
i for various high-performance drive systems. Therefore, the
A. Prototype Integral-Slot PMSM Drive System prototype integral-slot PMSM for experimental validations
The experimental investigations on a prototype integral-slpbssesses such configuration with 6 rotor poles and 36 stator
PMSM drive system under different operational conditions astots. The machine, whose radial cross-section is depicted as
comprehensively carried out in order to validate the analyfig. 1, is driven by a conventional two-level VSI with SVPWM
cal derivations developed in the foregoing sections. PMSMschnique and maximum torque per ampere (MPTA) control
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strategy [29]. The main parameters of the drive system are Frequency:11730Hz

given in Table 1ll, and the experimental setup is shown in
Fig. 2. The Dytran 3023A1 triaxial IEPE accelerometer is
used to measure the radial vibration of the prototype stator
during the experiment, while Soundbook Expander 908011.6
from SINUS Messtechnik GmbH is employed for data ac-
quisition and process. The recommended measurement range
of the accelerometer is from 1.5Hz to 10kHz. The specific
combination of stator slot and rotor pole numbers together
with the winding configuration can significantly reduce the
harmful back electromotive force (EMF) harmonics, especially
the fifth and seventh ones, in the prototype PMSM. As a con-
sequence, harmful low-frequency armature current harmonics @
will be effectively mitigated in the experimental drive system.
Since the SVPWM switching frequency for the prototype
drive system is 6kHz, the frequencies of the first and second
sideband components will reach up to near 6kHz and 12kHz,
respectively. Electromagnetic vibration and acoustic noise for
such high frequency as 12kHz are beyond the recommended
measurement upper limit of the accelerometer. Moreover,
the human ear is not very sensitive to such high frequency
acoustic noise so that only the first sideband components for
the proposed prototype integral-slot PMSM drive system are
investigated in this paper.

The experiment test on the prototype integral-slot PMSM
drive system are first carried out at operational speed of
1000rpm without load, followed by a 10N load from the (b)
dynamometer. Due to the friction of the mechanical trans-
mission and dynamometer, there is still noticeable load 5\%&1
nearly 1.2Nm under no-load condition. The phase current
waveforms with ONm and 10Nm load from the dynamometer
are captured and compared in Fig. 3(a), while the corri®ad condition.
sponding spectra at the first carrier frequency domain areFrom the analytical derivations, those sideband current com-
compiled and illustrated in Fig. 3(b). Although tt%" and ponents will generate corresponditi§ and2p’” spatial order
7t" back EMF harmonic components have been minimized Isjdeband radial electromagnetic force density components on
the winding arrangement, the presences ofth& and 13! the stator by interacting with the main low-frequency magnetic
ones somewhat induce respective armature current harmoffielsls, and hence lead to sideband electromagnetic vibration
and evidently distort the waveforms in Fig. 3(a). Howeveand undesirable high-frequency acoustic noise. The natural
the armature reactions associated with these harmonics faeguencies of)’” and2p!" spatial order modes for the stator
quite small and hardly affect the modulation ratio and torqusystem are essential to analytically evaluate the respective elec-
angle during steady-state operation. The speed ripple of th@magnetic vibration. Consequently, two-dimensional (2-D)
prototype drive is well confined withint1rpm during the structural FEA model together with an eigenvalue subroutine
experiment. Therefore, the influences of these current harm@employed to get the corresponding natural frequencies of
ics on the sideband current harmonics and their associated0?” and2p'” spatial order modes. When the eigenvalues of
electromagnetic vibration can be neglected. Moreover, Fifiese modes are around the carrier frequency, serious sideband
3(b) provides the evidence of first sideband current harmortectromagnetic vibration and acoustic noise will potentially
components, and well validates that tfie, + 2w;), and occur. The two mode shapes and their natural frequencies are
(ws = 4wn )-order current harmonic components are the maabtained and illustrated in Fig. 4, which reveals 11730Hz and
ones near the first carrier frequency. With the MTPA contr@470Hz for 0** and 2p*" spatial order modes respectively.
algorithm, the modulation ratio with 10hh load is nearly the There are usually distant deviations between the switching
same as one with no load condition and changes slightly frdnequency and those natural ones to avoid potential resonances.
0.769 to 0.789. Meanwhile, the torque angle is adjusted frafdowever, distinctive audible noise can still be generated even
about 0 to 22 degrees. It can be easily observed from Fihough the carrier frequency is far away from the natural ones.
3(b) that the sideband harmonic components at first carrier
frequency domain have exactly the same frequencies forFurthermore, an accelerometer is attached to the centre of
both conditions. The negligible variation on modulation ratithe machine case surface along the axial direction, as shown
but significant increase on torque angle make the sidebandFig. 2, for the measurement of the stator vibration. The
current harmonic components decline slightly under -hON stator vibrations of the prototype PMSM at 1000rpm with

Frequency:8470Hz

4. 0th and 2pt™ vibration modes of the stator system from mechanical
al analysis: (a)t” spatial order, (bRpt" spatial order.
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ON-m and 10Nm load from the dynamometer are captured & 107
and the corresponding spectra near the first carrier frequency g
domain is then compiled and compared with the analytical < 1072

ones f_rom (37) in Fig. 5, which clearly shows the vibrations 260 460 660 860 1600 1200
occurring at frequencies of 5950Hz/6050Hz, 5850Hz/6150Hz,
and 5750Hz/6250Hz, which are tHe, + w1), (ws £ 3w1),
and(ws £ 5w1) respectively. The results validate those are the 7 Machine vibrati . | validati it 1o load condi
main sideband electromagnetic vibration components in tﬁﬁére'nt S%‘;e'gg: \E",ﬂ?}f’_?wesxfzgﬁg ;;L_?gznivgzjl;’O(Cc)’%thc_c(’gs't'ion at
first carrier frequency domain. Although the natural frequenay, ).
of 0" spatial order mode is much larger, the vibrations
associated with th@'" spatial order ones with frequencies ) , , )
of 5850Hz/6150Hz are very close to the'" ones due to associated low-frequency armature reaction air-gap magnetic
their larger radial electromagnetic force density amplitude!d- That may require a rise on the modulation ratio. More-
However, the analytical results apparently overestimate sif/e'» the torque angle, which has a mild effect on the sideband
band electromagnetic vibrations, as observed from Fig. §dial electromagnetic force density components from (34)-
This is mainly due to the fact that the damping factor in thgp©): Will bé adjusted under load conditions. As expected from
analytical calculation from empirical equation (39) are much® analytical models, the amplitudes of the main sideband
smaller than the actual one. However, the employment of tHiECtromagnetic vibration components are very close between
empirical damping factor result will not lose the generality ofeSUlts of ONm and 10Nm load from the dynamometer in
the proposed analytical method, as it allows quick analytic 9. _5, as modulation ratios are ne_arly |dent|ca_l. Therefore,
evaluation without any experimental tests. the influence of torque angle on sideband radial force can
The prototype PMSM with interior PM configuration will pe somewhat neglected, and_ the S|r_an|f|ed analytical modgls
be in severe magnetic saturation under some extremely heflyt37) @re by and large valid for sideband electromagnetic
load conditions. The magnetic saturation will reduce the indu¢oration analysis of integral-slot PMSM in most cases. Both
tances values and introduce cross-coupling effect and hem%famalyncal models and expenmenta_tl tests have revealed th_at
increase the sideband current harmonics significantly [38]€ Impact of the torque load on the sideband electromagnetic
However, the relevant parameters and o given in (30) are Vioration is very trivial.
almost immune to load and magnetic saturation for integral- ) ) ) ) N
the sideband radial electromagnetic force density component&rom the analytical models, the sideband current harmonic
is very trivial and negligible. However, the load will increaseomponents and hence the associated sideband radial elec-
the fundamental armature current component and hence tl@magnetic force density ones are mainly determined by the

Speed, rpm
(©
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modulation ratio and torque angle. Furthermore, it can be o 10° , ,

inspected from (37) that the sideband radial electromagnetic é w0 b Exp. ¢ ¢ Ana ]
force density amplitudes are rather independent of the torque = °; o8 o

angle for integral-slot PMSM. As the prototype integral-slot .S 10" |

PMSM is operated with no load condition (albeit involving = 107}

small friction load), the modulation ratio of SVPWM is 2 107

approximately proportional to the machine rotational speed. < 107 | n . .
Therefore, the amplitudes of the sideband radial electromag- 76 78 8 82 8.4
netic force density components in the prototype drive with no Frequency, kHz

load conditions with different speed ranged from 0 to 1200rpm
are evaluated based on the analytical models and depict@rd 8. Stator system vibration spectrum near the first qafreguency at
in Fig. 6. The characteristics of those three sideband radi§POrPm with no load condition and switching frequency of 8kHz.
electromagnetic force density components generally comport
well with the ones of the corresponding current components.
As expected, the amplitudes of all three components will grad-
ually increase as the rotational speed and hence modulat&)n
ratio rise. It can be seen from the figure that tié spatial )
order ones with frequencies @fs, + 3w;) are largest ones AS the natural frequency ofp' spatial order mode for
among the three, whilev, +w; ) ones are generally larger tharfne stator system of the prototype PMSM is close to 8kHz
the (ws + 5w;) ones for the2p' spatial order components. from th(_a 2-D FEA estimation, the stator can pe p_oten_ually_
In order to validate the analytical models quantitativeljesonating and large sideband electromagnetic vibration is
the amplitudes of the corresponding electromagnetic vibrati§Pected with the switching frequency of 8kHz. The exper-
components can be analytically evaluated by (38) with tH@ent test on the prototype integral-siot PMSM drive system
results in Fig. 7. Moreover, comprehensive experimental te§€ carried out at operational speed of 1000rpm and no load
are carried out to capture the stator vibrations of the machig@ndition with switching frequency of 8kHz. Fig. 8 depicts
with no load condition at different speeds. The correspondiffge corresponding stator system vibration spectrum near the
amplitudes of the main vibration components in first carridifSt carrier frequency. The comparison between Fig. 5 and 8
frequency domain are derived by taking the mean value of tH¥eals that thep™" spatial order components with frequencies
amplitudes from five experimental samples in order to minff (ws = w1), and (ws + 5w,) are significantly aggravated
mize the test error. The amplitudes of thg’" spatial order PY the resonating phenomenon at 8kHz, while e spatial
components with frequencies ¢b, = w;) and (ws = 5w), order ones with frequencies @, + 3w1_) keep nearly the
are compiled and compared with the analytical counterpartsSaMe as the natural frequency @ spatial order mode are
Fig. 7(a) and Fig. 7(b), respectively. Whilst, the ones)6f far away from 8kHz. Consequently, it is always of particular
spatial order components with frequencies(@f + 3w;) are importance to keep the swﬂghmg frequency far away from
obtained and compared in Fig. 7(c). There are notable devig¢ natural ones of the main spatial order modes so that
tions between the analytical and experimental results in F@qtentlal resonance fqr sideband r_adlal electromag_net!c force
7, which reveals that the analytical models overestimate th@n be effectively avoided. Otherwise, severe ear-piercing and
2pth spatial order components but slightly underestimate tw@pleasant acouspc noise is more likely to be produced by the
0t" ones. However, the analytical results have demonstrag@ifleéband harmonic components.
the tendency of the sideband electromagnetic vibration versus
machine speed (modulation ratio) successfully. The analytical VI. CONCLUSION
derivations of the sideband current harmonic components and\nalytical investigations of the sideband radial electromag-
the associated sideband radial electromagnetic force densigfic force density components and the associated sideband
components do not take into account the impacts of othelectromagnetic vibration in integral-slot PMSM powered by
harmonics and magnetic saturation in the machine, whittsl with regular sampled SVPWM technique have been
are unavoidable in the prototype machine with interior Piomprehensively carried out. The critical magnetic field com-
configuration. Meanwhile, the analytical equation, which igonents from low-frequency main and high-frequency side-
employed to evaluate the vibration amplitude, neglects thand magnetic field responsible for sideband electromagnetic
influence of actual complex geometry of the stator. Moreovesipration are discussed and identified. The analytical expres-
the natural frequencies of the*" and 2p'" spatial order sions of the sideband current harmonics in the first frequency
vibration modes are obtained from 2-D FEA, which ignoredomain are employed to develop the main sideband radial
the axial effects and the impact of the phase windings. Moedectromagnetic force density components and electromagnetic
importantly, the modal damping ratios are estimated baseitbration in analytical models. Furthermore, the experimental
on the low-fidelity empirical formula which will potentially tests on a proposed integral-slot PMSM drive system are
introduce considerable error. On the other hand, there a@mpetently undertaken to validate the new derivations. The
always some inevitable experimental errors. By allowing fgroposed analytical models not only can be employed to
all these factors, it is reasonable to conclude that experimeniegdict the sideband electromagnetic vibration, but also can
results are in satisfactory agreements with the analytical onssrve as an effective tool during the design and optimisation

Influence of Switching Frequency
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stages for the machine, the power converter and the conf@l z. Q. zhu, Z. P. Xia, L. J. Wu, and G. W. Jewell, “Analytical modeling

algorithms. Moreover, the analysis approach presented can be

easily adapted and applied to further studies of radial force

density in other drive systems.

(23]

APPENDIX [14]

The parameterg’, and C14 in equations (25) are deter-

mined by [15]
4 M M M M
Cra (BB g (M) — gy (KT g, (M
1{' M2 M2§ 2 2 (40) [16]
Cua %;Jl(Tﬂ)zh( ; )
where [17]
M e 0.2/v8) = 23 (41)
8 18]
and thek!" order Bessel formula can be expressed as
(=D 1 T otk [19]
Jk(x)_n; W Thrnt1) 2 (42)
where (20]
F'k+n+1)=(k+n)! (43)
[21]
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