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Abstract. Considering the time-varying magnetic couplindfis¢éiss caused by the component
eccentricity, the parametric vibration model of fieéd modulated magnetic gear (FMMG) system
is founded and the corresponding dynamic diffee¢mtijuations are deduced. The expressions of
the combination resonances are worked out wheextited frequency is close to the combination
frequency between the meshing frequency and theralafrequencies, and the resonance
responses are discussed. The results show the¢sbeance amplitudes are much bigger when
the excited frequency is close to the combinatrequdency between the meshing frequency and
the natural frequency of the inner rotor torsiomalde than when the frequency is close to other
combination frequencies. Meanwhile, because thenatagcoupling stiffnesses are much smaller
than the supporting stiffness, the resonance disptent of only one degree of freedom is always
much bigger than the displacements of other degreé®edom. The combination resonances
make the stability regions of the FMMG system dasesand worsen the dynamic characteristics.
All these can lay the foundation for the paramef#imization of the FMMG system.

Keywords: magnetic gear, field modulated, eccentricity, p@etic vibration, combination
resonance.

1. Introduction

The field modulated magnetic gear (FMMG) can traihssn switch movement or force
between two components by the field modulated masha[1-2]. Compared with the traditional
magnetic gears which adopt the parallel shaft twypgl FMMG adopts a coaxial topology. So, it
has many advantages, such as free from lubricdtiaer noise, inherent overload protection, and
S0 on, besides the higher utilization of the perndammagnets (PMs), larger torque and higher
torque density [3-4]. Also, it can be widely usedhe medicine, vehicle, navigation, aerospace
and other fields [5].

FMMG has got much attention of scholars becaudts ahany virtues. Extensive researches
have been carried out, such as transmission meshafil-3], torque characteristics [6],
transmission efficiency [7], the effect of eddy remt on dynamic characteristics [8], and so on.
Especially the parameter optimizations for the égoggprque [9-10], the component eccentricities
[11] and other dynamic characteristics are studdidhese have promoted the rapid applications
of FMMG in aerospace and other fields. Meanwhileagety of new type of magnetic gears [12]
and the permanent magnet motors [13-14] have beeelaped. The structural designs and the
control systems of the permanent magnet motors besg discussed deeply.

Because FMMG system adopts a coaxial topology hedktare manufacture and installation
errors, the component eccentricities that will léathe periodic fluctuations of torques [11] and
the magnetic coupling stiffnesses are inevitablewNFMMG system is a typical parametric
vibration system. Similar to the parametric vibwatiof mechanical gears system arose from the
time-varying mesh stiffnesses, the component edcéigs will lead to the main resonances and
the combination resonances of the FMMG system. ddmbination resonances will make the

1590 © JVEINTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING MAY 2014.VOLUME 16, ISSUE3. ISSN1392-8716



dynamic characteristics more complicated and mestoided in parameter designs.
2. Parametric vibration model of the FMMG system

2.1.Time-varying magnetic coupling stiffnesses

FMMG system shown in Fig. 1 consists of four bab@nents: (a) the inner rotor; (b) the outer
rotor; (c) the stator; (d) PMs arranged uniformiytbe inner and outer rotors. The stator takes
charge of modulating the magnetic fields in twegdps beside it in order to make the inner and
outer rotors couple with equal magnetic poles.

Fig. 1. Topology and prototype of the field modulated netgngear

Although the high precisions of the manufacturingl @nstallation in the FMMG system are
required, the eccentricities of the inner and outd¢ors that will lead to the fluctuation of the
torques and the magnetic coupling stiffnessesanatable. So, the component eccentricities can't
be ignorable. Because the effects of two rotoremcicities on the magnetic coupling stiffnesses
are similar, only the eccentricity of the inneraiois considered in this paper.

When the eccentricity of the inner rotors equal to 0.05 mm, the fluctuation of the moment
of inertia of the inner rotor is very small and daignored. When the eccentricity of the inner
rotor occurs, the finite element model of the FMMy&tem shown in Table 1 can be founded in
Ansys and shown in Fig. 2. The inner rotor can anaund its translation axis, but the outer rotor
and the stator are fixed. When the inner rotortestathe static torque characteristics and th stat
magnetic coupling stiffnesses of the FMMG system lba worked out by the Maxwell stress
tensor [15]. Meanwhile, the time-varying magnetaugling stiffnesses can be obtained and
shown in Fig. 3(a). The fast Fourier transform (Ff6f the time-varying magnetic coupling
stiffnesses can be calculated and shown in Fig. 3(b

Fig. 2. The finite element model of the FMMG system
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a) Time-varying magnetic coupling stiffnesses b) The fast Fourier transform curve
Fig. 3. The time-varying magnetic coupling stiffnesses tedcorresponding FFT curves

Table 1. Parameters of example FMMG system

'0*+ - ../*.01+2 ,3 45* 133*+ +,4,+ '0*+ - ../*.01+2 ,3 45* 133*+ +,4,+ %
'0*+ .- 45% *++,(063*417 ., /* .1*7*2 4%+ 810(*4*+ - 45* '4*+ +,4,+ 9,7 ; ((

3218* 810(*4*+ ,- 45* ,'4*+ +,4,+ 9,* ; (( " | 517:3*22 - 2,345* "4+ +,4,+; ((

'4*+ 810(*4*+ ,- 45* ,'4*+ 01+60. ; (( % | 3218* 810(*4*+ ,- 45* ,'4*+ 01+60. ; (( %
'4*+ 810(*4*+ ,- 45* 133*+ 01+60. ; (( 3218* 810(*4*+ ,- 45* 133*+ 01+60. ; ((

'A%+ 810(*4*+ ,- 45* 133*+ +.4,+ 9,* ; (( 3218* 810(*4*+ - 45* 133*+ +4,+ 9,*: (( | $
517:3*22 - 2 ,345*133*+ + 4.+ (( <10/ /*3645 ; ((

*(03*37* ,- 2 D] H71=* 47 - 2>

Fig. 3(a) shows that the tangential magnetic cogpétiffnesses among the inner rotor, the
outer rotor and the stator fluctuate all. But, thagnetic coupling stiffness on the inner rotor
fluctuates more sharply and the wave of the magmetipling stiffness on the outer rotor can be
ignored.

In Fig. 3(b), is the harmonic frequency of the torque waves.r&lage multiple harmonic
components in the tangential time-varying magnetapling stiffness and the main
harmonic is the product of the rotary angular fiary and the number of pole pairs on the inner
rotor, and will increase with the rotate speedéasing. Then, can be expressed as follows:

@)

where is a small parameter, ; is the wave frequency of , namely, the
meshing frequency, ;  is the revolutions per minute of the inner rotoris the
pole pairs of PMs on the inner rotor; is the conjugate complex number of the right eggien
in Eq. (1),

2.2.Parametric vibration model and dynamic differential equation

The dynamic model of the FMMG system shown in Bigonsists of two subsystems, namely,
the inner rotor/stator subsystem and the outer/sitdor subsystem, when the stator is fixed. The
dynamic model allows each part rotate about theitral axes.

In the FMMG system, there are not frictions amdmg stator, the inner and the outer rotors.
But, there are frictions between each part anddatian. The friction forces on all parts can be

given as follows:
Co# g 98 2

where |, with$ %& ', is the torsional damping coefficient among theeinrotor, the outer
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rotor, the stator and the foundation, respectively.

Fig. 4. Dynamic model of field modulated magnetic geatesys

Considering the eccentricities, the driving torfuetuation of the motor, and other excitations,
the torques on the inner and outer rotors alwaydtuhte. If the torque waves can be simplified
into the cosine function, the differential equatafrthe parametric vibration system can be written
as follows:

5 €
+ n n
\ o, a4 _ 0 0 1 Q
! # 0"1 =2 . R
‘ 0 n O n l
2 7 3)
R : " . Woam 0",
v—71 % 1"10 0", c"10" woan S
vl 0",
ARER S - S -
_ll: II: O n 1 0 II:
(-: -. -
where" ;," and". are the torsional vibration displacements, ofdfa¢or, the inner and the outer
rotors, respectively; ,,. and,; are the moments of inertia of the inner rotor, dber rotor and
the stator, respectively, > ?- ,,, > (?-; ,,. > .?- ;> ,>. and>, are the
masses of the inner rotor, the outer rotor andsta®r, respectively; , - . and- ; the turning

radii of the inner rotor, the outer rotor and thatar, respectively; is the average magnetic
coupling stiffness along tangential direction bedwehe inner rotor and the stator;is the
average magnetic coupling stiffness along tangediiaction between the outer rotor and the
stator; ; is the torsional supporting stiffness of the stato and . are the excited frequencies
of the torques on the inner and outer rotors, rdspdy; 5 and 5. are the wave amplitudes of
the torques on the inner and outer rotors, resgagti

Eq. (3) can be expressed in the following matrixfo

@A EA CA LC CA 4)

In Eqg. (4),A @, C, D, Band?C are the displacement vector, the mass matrixstiffaess
matrix, the incremental load vector, the dampingrixand the incremental stiffness matrix. They
have the following expressions:

F ¢ " " @ KLn:s 2 &

TFEOTC
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5V 0 5vQ .
, 0,L C @ Q 'Q'.t

When the time-varying components of the magnetigpting stiffnesses are neglected, the
dynamic differential equations of the linear tinmedriant system can be got in the matrix form:

@ EA Ct L ©)
Based on the linear system in the Eq. (5), Eqcé)be normalized into the following form:
A, E/A, CyA, Gyl (6)

In Eq. (6),Ay, Cy andD, are the normal displacement vector, the normtihetis matrix and
the normal load vector, which have the followingeessions:

Yz
A, Cvyz "v. "y Cy oV Y. > O\ sy it
i
_Yzz _Yz. _vz|
G C vz Y. vil v Tv.z _v.. _v.(L
Y[z _Y[. _Y[I

5 €0 5 =
" o =Y22 Y[z 2

5 60 5
o =Y22 Y[z 2

" " 0 =Yz 5 & 0_y. 5 =

v. 0 g ap 1 N -
0a" a" 0 =% 5 i O—Y['_S. -
vi O0a” ag"y 0 =4 _5 "Ov [_.5'
0 a." a4y o =YZI > PO v 5

az _vzzO0_v.z a O_yzz _v.z & _vz. Ol_Y. .

ap O_vz. _v.. & _vz10O_v.1 a O_vzr _v.g

where 4, ,and j;are the natural frequencies of the FMMG systemijs the normal shape
matrix of the FMMG system;y, is the element on tH&line and theecolumn in_y.

In each mode of the FMMG system, the relative dispinent of only one degree of freedom
(DOF) is much bigger than other degree of freed(®Fs), namely, vz 7, _y.. and_y; are
maxima in the torsional modes of the inner rotoe, duter rotor and the stator, respectively. The
relative displacement in each mode is a differesfcaore than 20 times. Sa, anday can be
approximately equal to zero.

Because the damping matiis the diagonal matrix, the elements on the pyniiaigonal are
much bigger than other elements. So, the normapdegmatrixB, in Eq. (6) can be simplified
into a diagonal matrix as follows:
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YZ
B,V v, N

YI

Eq. (6) can be solved by the multi-scale methodrtter to balance the effects of the damping
forces and the time-varying stiffnesses, the follmrassumptions are adopted:

f" ! "Y_!g S 2 "viz5 5 h
v Vi

(@)

where$ , ,j; 5 is the multi-scale timeg, k.,
In the actual coordinate system, the solutoof Eq. (5) can be calculated By | Ay,
namely:

_vzz'vz _vz."v. _YZ[ " Y[
"1 _v.z'vz _v..'v. _v. ["Y[ (8)
"o _viz'vz vty vl

When the excited frequency is away from the natfiemjuencies of the FMMG system, the
following differential equations can be obtaineddmpstituting Eq. (7) and Eq. (8) into Eq. (6),
and making the same order coefficients of the spathmeters on both sides of the equations

equal.
Zero order:
5 € 5
+ _Yz2 _Yiz 2
\ 4 0 - 0 — a
v Ny vzg 7 yzg 5 6 5'. _R8
\ o =Y22 o =Yz >
\ 2 - T 7
\ -
5 6 5. =
_YZ. _Y[. 9:
) L0 - 0 — q
g v Yo 3 g 6 0_y. 5. _R 9)
\ 0=— ; —
\ 2 : 7
\ _vz[ O P F
\ 4 0 - 0 — a
NP " : E
g Yy [ Yo R 5 6 5 2
\ 0 —YZ[ 0 =Y[[
( 2 - T 7
The first order:
i Cu 0 ngnz"yzg0 \i(an" vzg 07" vzg 0. "vg c
Ng vzz 7'vzz N " " " " <
) O vig 0z vzg O 'vg Of vpg
n u On gnZ" Y.g 0 \I( ng" Y.g p ZlI YZg p ." Y.g (10)
*Ng vz vz N " " " S
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where 0z 00_ vzz0_vy o1, 0 0d_ vzzO_vzrg_vz. O_v 1,
O 00_ vzzO_v zrd_vz{ O_v g, Pz 00_ vz. 0_v. . M _yzzO0_vyzr,
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P. 0d_ vz O_v. r,pp 0d_ vz. O_v, rd_vz; O_vyr.
The solution of Eq. (9) can be expressed as:

0

Yia  _! a ¢ T ! < a € ! = 9 j (11)

_yz! O _Y[! 2
- i 0 -, ;0

The following differential equations can be gotdwpstituting Eq. (11) into Eqg. (10):
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From Eq. (12), we know that the resonances wiluoethen the excited frequency is close to
the natural frequencies of the FMMG system. Meateykiie resonances will occur too when the
excited frequency comes near to the combinatioguiacies between the meshing frequencies
and the natural frequencies, namely, ,w or . W ( 1,2). These are called as
the combination resonances.

3. Combination resonances

When the excited frequency on the inner rotoris close to the combination frequency
between the meshing frequency and the first ordeural frequency, the following assumption is
introduced:

. z| (13)

By substituting Eg. (13) into Eq. (12) and elimingt the secular terms, the following
differential equations can be obtained:

0 €, ,0\V5€ 5 5 o,a; oa opa 'l
m e _ O0We _ (14)
0 € [_[O\Jiy[E I |

The solutions of Eq. (14) can be expressed as:
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0za; 0.a 0 a

+ ny -1 : SRALY
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-z 2 0sa;, 0 a O (a R
—[ [ |f{| | (15)
* 2 7€ yz *Z - 7
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;(z z
vz °*Z €yz *z

In Eqg. (15), the components * 1 will gradually tend to zero with the time increagi So,
the zero-order analytical solution of the FMMG gystin the normal coordinate system can be
deduced:

0z8; 0. a Opa

+ : 1 o Ly a, ¢ ; =
. 4 € vz T 9
3 2 o]
YZg q 0zaz O a o [a[ I f, | f{l | az 6 7 =g (16)
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0,8, 0.a Opa
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When the transient components are neglected,rteofider analytical solution of the FMMG
system in the normal coordinate system can be raddai

+ PK “ZPK . 0 Y, W
:.. f: 20 = 20 ' zW Q z 2
NI 07,7 O o[ VQP.w
; 2 _ 20 .w 7
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PK... ——PK... ——VQP ,w 17
.40 0 T To Lw V9P @ an
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i i
A Y[ g M|
——PK PK |
(" o R

By substituting Eq (15) into Eq. (17) and subsititgtEq. (16), Eq. (17) into Eq. (7), the forced
responses of FMMG system in the normal coordingtéesn can be got:
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The forced responses of FMMG system in the natiwatdinate system can be calculated by
the special conversion, namedy, | Ay.

In the same way, the resonance responses of theGBipdtem can be worked out when the
excited frequency comes near to the combination frequency’%e ~w , or when the
excited frequency . is close to the combination frequency % ,w ,with$ 1, 2.

Fig. 5 shows the resonance responses and FFT afrtles example FMMG system shown
in Table 2 when is closeto

Table 2. Parameters of the example FMMG system

T - -1 1 : : 1

mm | mm | mm | MN/m | KN/m | KN/m | N/(m/s) | N/(m/s) | N/(m/s) | kg
96.5| 70.5| 86 12 141 557, 0.01 0.01 0.0 B.5
>, | >, 5 5. °5 °5 -

kg kg | NNm| N-m N-m N-m | KN/m rad/s

25| 56 40 170 1 5 5 210 4

From Fig. 5, we know that the dominant frequendph@combination resonances is the natural
frequency, rather than the combination frequencyther meshing frequency. However, the
resonance amplitudes are much bigger whers close to , than when is close to

. , because the magnetic coupling stiffnesses aré smaller than the torsional supporting
stiffness of the stator.

In the normal coordinate system, the equivalerd @a in each mode of the FMMG system,
which is caused by torque waves, is decided byitsecolumn of the normal shape mattix.
Because the magnetic coupling stiffnesses are smelfier than the torsional supporting stiffness
in FMMG system, the relative displacement of onig @OF in each order mode is much bigger
than other degree of freedoms (DOFs). The nornsgeimatrid  can be expressed by:

z
>

Nt

Iy V]2
1.
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where] ,, § and | are all smaller than 0.1, ahd <] .
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Fig. 5. The resonance responses of the FMMG system with >

From the mode characteristics of the FMMG systdm, resonance amplitudes are much
bigger when %, ;w than when % w . Meanwhile, the resonance amplitudes of
the inner rotor and the outer rotor will respediiveeach the maximum when is respectively
close to , and . Similarly, the torsional displacement of the outetor will be
much bigger than the displacement of the innernateen . is respectively close to, or

The torque wave on the inner rotor is much bighganthe outer rotor. So the resonance arising
from the combination frequency, will be the main resonance source and must berdraw
more attention.

When the damping coefficients among parts incretgeresonance amplitudes will rapidly
decrease. But the increasing of the damping caeffis will lower the transmission efficiency
and the method isn’t desirable.

The average magnetic coupling stiffnesses are rsowdler than the mechanical meshing
stiffness. So, the natural frequencies are muclkeidhan the mechanical gear systems, and the
transient vibrations arising from resonances wdtay very slowly. These will lead to some
adverse effects, such as unstability or a certamponents’ damages. In order to solve this
problem, the electromagnetic coils are placedlje&iw the surfaces of the inner and outer rotors,
which can increase the electromagnetic dampinglandelay of the transient displacements will
be accelerated, and the dynamics of the FMMG syst#irbe improved [16].
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a) b)
Fig. 6. Resonance amplitude curves with the different daghpoefficient

4, Conclusion

Considering the eccentricity will lead to the pédim variation of the magnetic coupling
stiffnesses, the dynamics of FMMG system are tipéc#y parametric vibration. Because the
magnetic coupling stiffnesses are much smaller ttensupporting stiffness, the resonance
displacement of a certain DOF is much bigger thdweroDOFs, when the excited frequency is
close to the combination frequency of the meshimegdfency and the natural frequencies. The
dominant frequency in the combination resonancethésnatural frequency, rather than the
combination frequency or the meshing frequencyeEsfly the resonance caused by the torque
wave of the inner rotor is very big and must beidwd.
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