1266. Combination resonances of parametric vibration
system of the field modulated magnetic gear

Xiuhong Hao!, Xiaoming Yuan?, Hongfei Zhang?, Lijie Zhang*

1.3School of Mechanical Engineering, Yanshan University, Qinhuangdao, 066004, China

2 “Hebei Provincial Key Laboratory of Heavy Machinery Fluid Power Transmission and Control

Yanshan University, Qinhuangdao, 066004, China

2 4Key Laboratory of Advanced Forging and Stamping Technology and Science, Yanshan University
Ministry of Education of China, Qinhuangdao, 066004, China

ICorresponding author

E-mail: 'hxhong @ysu.edu.cn, *xiaomingbingbing @ 163.com, 3454442984 @ qq.com, *zhangljys @ 126.com

(Received 1 March 2014; received in revised form 10 April 2014; accepted 13 April 2014)

Abstract. Considering the time-varying magnetic coupling stiffness caused by the component
eccentricity, the parametric vibration model of the field modulated magnetic gear (FMMG) system
is founded and the corresponding dynamic differential equations are deduced. The expressions of
the combination resonances are worked out when the excited frequency is close to the combination
frequency between the meshing frequency and the natural frequencies, and the resonance
responses are discussed. The results show that the resonance amplitudes are much bigger when
the excited frequency is close to the combination frequency between the meshing frequency and
the natural frequency of the inner rotor torsional mode than when the frequency is close to other
combination frequencies. Meanwhile, because the magnetic coupling stiffnesses are much smaller
than the supporting stiffness, the resonance displacement of only one degree of freedom is always
much bigger than the displacements of other degrees of freedom. The combination resonances
make the stability regions of the FMMG system decrease and worsen the dynamic characteristics.
All these can lay the foundation for the parameter optimization of the FMMG system.

Keywords: magnetic gear, field modulated, eccentricity, parametric vibration, combination
resonance.

1. Introduction

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

FMMG has got much attention of scholars because of its many virtues. Extensive researches
have been carried out, such as transmission mechanism [1-3], torque characteristics [6],
transmission efficiency [7], the effect of eddy current on dynamic characteristics [8], and so on.
Especially the parameter optimizations for the cogging torque [9-10], the component eccentricities
[11] and other dynamic characteristics are studied. All these have promoted the rapid applications
of FMMG in aerospace and other fields. Meanwhile, a variety of new type of magnetic gears [12]
and the permanent magnet motors [13-14] have been developed. The structural designs and the
control systems of the permanent magnet motors have been discussed deeply.

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

1 590 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2014. VOLUME 16, ISSUE 3. ISSN 1392-8716



1266. COMBINATION RESONANCES OF PARAMETRIC VIBRATION SYSTEM OF THE FIELD MODULATED MAGNETIC GEAR.
XIUHONG HAO, XIAOMING YUAN, HONGFEI ZHANG, LUIE ZHANG

dynamic characteristics more complicated and must be avoided 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 basic elements: (a) the inner rotor; (b) the outer
rotor; (c) the stator; (d) PMs arranged uniformly on the inner and outer rotors. The stator takes
charge of modulating the magnetic fields in two air-gaps beside it in order to make the inner and
outer rotors couple with equal magnetic poles.

permanent
magnets

Fig. 1. Topology and prototype of the field modulated magnetic gear

Although the high precisions of the manufacturing and installation in the FMMG system are
required, the eccentricities of the inner and outer rotors that will lead to the fluctuation of the
torques and the magnetic coupling stiffnesses are inevitable. So, the component eccentricities can't
be ignorable. Because the effects of two rotors eccentricities on the magnetic coupling stiffnesses
are similar, only the eccentricity of the inner rotor is considered in this paper.

When the eccentricity of the inner rotor e is equal to 0.05 mm, the fluctuation of the moment
of inertia of the inner rotor is very small and can be ignored. When the eccentricity of the inner
rotor occurs, the finite element model of the FMMG system shown in Table 1 can be founded in
Ansys and shown in Fig. 2. The inner rotor can turn around its translation axis, but the outer rotor
and the stator are fixed. When the inner rotor rotates, the static torque characteristics and the static
magnetic coupling stiffnesses of the FMMG system can be worked out by the Maxwell stress
tensor [15]. Meanwhile, the time-varying magnetic coupling stiffnesses can be obtained and
shown in Fig. 3(a). The fast Fourier transform (FFT) of 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 and the corresponding FFT curves
Table 1. Parameters of example FMMG system
Number of pole pairs on the inner rotor 4 | Number of pole pairs on the inner rotor 17
Number of the ferromagnetic pole pieces 21 |Outer diameter of the outer rotor yoke /mm | 214
Inside diameter of the outer rotor yoke / mm | 194 | Thickness of PMs on the outer rotor / mm 10
Outer diameter of the outer airgap / mm 174 | Inside diameter of the outer airgap / mm 172
Outer diameter of the inner airgap / mm 142 | Inside diameter of the inner airgap / mm 140
Outer diameter of the inner rotor yoke /mm | 120 | Inside diameter of the inner rotor yoke / mm 80
Thickness of PMs on the inner rotor / mm 10 | Axial length / mm 400
Remanence of PMs/T 1.3 | Coercive force of PMs/KOe 11.6

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

In Fig. 3(b), w is the harmonic frequency of the torque waves. There are multiple harmonic
components in the tangential time-varying magnetic coupling stiffness k;(t), and the main
harmonic is the product of the rotary angular frequency and the number of pole pairs on the inner
rotor, and will increase with the rotate speed increasing. Then, k;(t) can be expressed as follows:

kl(t) = EI + Aklengt + Akle—ngt = El(l + Sejwet + CC), (l)

where € is a small parameter, ¢ = Ak, /k;; w, is the wave frequency of k;(t), namely, the
meshing frequency, w, = 2mn;/60p;; n; is the revolutions per minute of the inner rotor; p; is the
pole pairs of PMs on the inner rotor; cc is the conjugate complex number of the right expression
in Eq. (1), cc = e~ /@et,

2.2. Parametric vibration model and dynamic differential equation

The dynamic model of the FMMG system shown in Fig. 4 consists of two subsystems, namely,
the inner rotor/stator subsystem and the outer rotor/stator subsystem, when the stator is fixed. The
dynamic model allows each part rotate about their central axes.

In the FMMG system, there are not frictions among the stator, the inner and the outer rotors.
But, there are frictions between each part and foundation. The friction forces on all parts can be
given as follows:

FCi = Cil:li, i= I,S, 0, (2)
where ¢;, withi =1, s, 0, is the torsional damping coefficient among the inner rotor, the outer
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rotor, the stator and the foundation, respectively.

Outer rotor

Inner rotor

Fig. 4. Dynamic model of field modulated magnetic gear system

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

ATjef®1t
Ji — gl (w — uy)
. o 1. — — I
R—Izul + Ciuy + k](ul us) - ATIe—ijC _ . !
+R— — k,é‘e_]wet(ul - us)
1

Js .. \ - kyeed et (u; — uy)
R_gus + csus + ksus - kI(uI - us) + ko(us - uo) = +E156_jwet(u1 _ us) ’
Jo . ' AT, e/®@ot AT, e~ j®wot

kR_aguo + Colty — ko(us —up) = ORO + ORO ,

where ug, u; and u, are the torsional vibration displacements, of the stator, the inner and the outer
rotors, respectively; J;, ], and J; are the moments of inertia of the inner rotor, the outer rotor and
the stator, respectively, J; = m, - R?/2, ], = ms - R2/2, ], = m, - R%/2; m;, m, and my are the
masses of the inner rotor, the outer rotor and the stator, respectively; R;, R, and R, the turning
radii of the inner rotor, the outer rotor and the stator, respectively; k; is the average magnetic
coupling stiffness along tangential direction between the inner rotor and the stator; k, is the
average magnetic coupling stiffness along tangential direction between the outer rotor and the
stator; k; is the torsional supporting stiffness of the stator; w; and w, are the excited frequencies
of the torques on the inner and outer rotors, respectively; AT; and AT, are the wave amplitudes of
the torques on the inner and outer rotors, respectively.
Eq. (3) can be expressed in the following matrix form:

mX + cx + kx = AF + Akx. “4)

In Eq. (4), x, m, Kk, AF, ¢ and AK are the displacement vector, the mass matrix, the stiffness
matrix, the incremental load vector, the damping matrix and the incremental stiffness matrix. They
have the following expressions:

]I ]s ]0
x=[U Us U], m=dia(— = —),
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kl —ki _ 0 AT, cosw;t —AT,cosw,t]"
k=|-k ki+k,+Fk —kO,AF=[— R 0 R )
0 —k, k, ! o
g 0 O - € 0
c= [0 ¢s 0], Ak = E,cosw,t[ e —e 0|
0 0 ¢ 0 0 0

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

mX + cx + kx = AF. (®)]
Based on the linear system in the Eq. (5), Eq. (4) can be normalized into the following form:
XN + CNX.N + kNXN = AFN' (6)

In Eq. (6), Xy, ky and Fy are the normal displacement vector, the normal stiffness matrix and
the normal load vector, which have the following expressions:

Xy = [uNl Un2 uN3]T; kN =|0 kNZ 0= dlag([w% w% w%]),

Anip Aniz AN
AFy = [AFy; AFy, AFy3]", Ay =|Anz1 Anzz Anzs|,
Anza _AN3,2 Az .
ANl_lATle]“”t —AN3,1ATOe]“’0t

AFNl = —(E1u1 + Ezus)gklejwet -

R, R,
—(Eyu; + Epug)eke /et — ANl'lAgie_]mlt._AMJ?:;o8_1“"”.’
AFy, = —(E3u; + Equg)ek e/®ett — ANl»ZA;Zejw’tt —AN3,2£Zwae.Jw”t
—(Esw; + Equg)ek e ™ @ett — ANLZAz,e_m‘tt _ANs.zi"e_]_%t,
AFys = —(Esu; + Egug)ek,e/@ett — AN1,3ARYZer1t —AN3,3I§Z"O%1mot
—(Esw; + Egus)ek,e et t — AN1»3A}2€_M” —szs,si?;ae‘f%t’

E; = AN1,1 - AN2,1: E, = _ANl,l + ANZ,lr E; = AN1,2 - ANZ,Zr
E, = _AN1,2 + ANZ,Z: Es = AN1,3 - AN2,3: Eg = _AN1,3 + AN2,3r

where w;, w, and w5 are the natural frequencies of the FMMG system; Ay is the normal shape
matrix of the FMMG system; Ay; ; is the element on the i line and the j column in Ay.

In each mode of the FMMG system, the relative displacement of only one degree of freedom
(DOF) is much bigger than other degree of freedoms (DOFs), namely, Ay 1, Ay, and Ays 5 are
maxima in the torsional modes of the inner rotor, the outer rotor and the stator, respectively. The
relative displacement in each mode is a difference of more than 20 times. So, E5 and E¢ can be
approximately equal to zero.

Because the damping matrix c is the diagonal matrix, the elements on the primary diagonal are
much bigger than other elements. So, the normal damping matrix ¢y in Eq. (6) can be simplified
into a diagonal matrix as follows:
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cyi O 0
cy=|0 c¢cy 0]

0 0 cn3

Eq. (6) can be solved by the multi-scale method. In order to balance the effects of the damping
forces and the time-varying stiffnesses, the following assumptions are adopted:

{uNi = Uyio(To, 1) + ey (To, Ty) + -+, 7

Cni = ECpp)

where i = 1, 2, 3; T,, is the multi-scale time, T,, = &™t.
In the actual coordinate system, the solution X of Eq. (5) can be calculated by Xx = AyXy,

namely:

Uy = Ay1,1Unt + An2Unz + AnasUng,
Us = Anz Uyt + AnzoUnz + Az sUns, (8)
U, = Anz Uyt + AnsUng + AnzsUns.

When the excited frequency is away from the natural frequencies of the FMMG system, the
following differential equations can be obtained by substituting Eq. (7) and Eq. (8) into Eq. (6),
and making the same order coefficients of the small parameters € on both sides of the equations

equal.
Zero order:
/ An11 AT, @1t Ays AT, e @0t
R R
DZupqo + 03Uy = r o ,
o Un10 Fuyyo = | AynsATje 19 Ay, AT, e oot
RI Ro
Ay1,AT; /%1t Ays,AT,e/ @0t
R R
S DEUnoo + WiUN- = r o , 9
o Un20 2Un20 An1oAT,e 91 —Ayys ,AT, eIt )
RI Ro
AN1’3ATIeijt AN3'3ATOejwot
R R
D2Upzg + WiUysg = r o
0 N30 3TN30 Ay13AT e ™91t Ayz 3 AT, e~ @ot
RI Ro
The first order:
(2 2 _ —2DyDyuy1o — cy1Dottn1o(Brun1o + Bounzo
Diuy11 + wiuyg; = T jwet T op—jwet)’
+B3uyso)k e?”e" + (Byuy1o + BaUnzo + Bsunse) ke /e
DZuyyy + whityy, = ( _ZDgDﬂ_lNzo — cn2Dounzo + (Cruygo + Czugzo _ ) (10)
| +C3uyz0)k e/ et — (Cruyqg + Coltyzg + Callyzo) ke /@t
kD§uz\131 + wiuyzy = —2DoDyupz0 — cy3Doliyszo,s
2
where B, = _(ANl,l - ANZ,l) > B, = _(AN1,1 - ANZ,l)(ANl,Z - ANZ,Z)’
B; = _(ANl,l - ANZ,l)(ANl,S - AN2,3)’ ¢, = _(AN1,2 - ANZ,Z)(ANl,l - AN2,1)’
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2
G, = _(ANLZ - ANZ,Z) ,C3 = _(AN1,2 - ANz,z)(AN1,3 - AN2,3)-
The solution of Eq. (9) can be expressed as:

uNiO = Aiejwit + Eiejwlt + Fiengt + Aie_jwit + Eie_jwlt + Fie—ngt' l = 1, 2, 3, (11)
where:

AT, AT,

"R -wf) " Ro(wf — wd)

The following differential equations can be got by substituting Eq. (11) into Eq. (10):

—2jw,Ajelert — ijlzle_fwlf
—Cyy (w1 A1/t + jow E1e/®1t 4 jow, Fiel@ot)
—cyy (jwi1 A1/t + jw, Ere Tt + jow,Fiej@ot)
+B1k (Aol @10t + 4, emi@1twot 4 | gi(@itwelt 4 F gilwotwelt)
+BZE,(AZej("’2J—r"’e)t + Ape (@220t 4 B, (@rtant 4 F, giwotwt)
+B3E1(A3ef(w3iwe)t + Aze/@stwo)t 4 Foei(@kwot 4 F3ef(woiwe)t)
—2jw,Apeio2t — 2jw,Aye it (12)
— 2 (jwzAr€092 + jw Aye 92t + jw ELe/1t + jw,Fpel®ot)
_ClEI(Alej(mlimE)t + AjeT /@it 4 B ef(@rtwelt 4 Flej(ﬂ)aiﬂ)e)t)
_CZEI(AZej(mzimE)t + Aye i (@W2twet 4 F,ei(wrtwet 4 erj(ﬂ)aiﬂ)e)t)
_C3E1(A3ef(w3iwe)t + Aze@stwelt 4 Foeilortwet 4 F3ej(“’0i“’e)f)
—2jwsAze3t — 2jwsAze @5t
—chz(jwsAze st + jwzAze ™93t + jow Ezel@rt +]'a>oF3ej“’af)).

2 2
Dgunyy + wiun11

2 2
Dgunzy + w3Up21

2 2 _
Doupz; + w3uyzy = (

From Eq. (12), we know that the resonances will occur when the excited frequency is close to
the natural frequencies of the FMMG system. Meanwhile, the resonances will occur too when the
excited frequency comes near to the combination frequencies between the meshing frequencies
and the natural frequencies, namely, w; = w; + w, or w, = w; + w, (=1, 2). These are called as
the combination resonances.

3. Combination resonances

When the excited frequency on the inner rotor w; is close to the combination frequency
between the meshing frequency and the first order natural frequency, the following assumption is
introduced:

w; = Wy + w, + £0. (13)

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

_ijlAl - C;VljwlAl + EI(BlEl + BZEZ + B3E3)eng1 = 0,
_Zj(l)zAz - C]’VijZAZ = 0, (14)
_Zj(l)3A3 - Cllv3jw3A3 = 0.

The solutions of Eq. (14) can be expressed as:
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—ChyT
Dye™N1'1 +

k;(B,E, + B;E; + By Es3) ej(91+gT1)\

wy+/ iy + 4o? |
)

Wy 4 + 4o

s)

=
Il
—

—chy,T
AZ = Dze N2 1’

—cn2T
\A; = D;e “N2"1,

where:

!
. CN1
sinf; = ——, cosf

[
Jott a0 Jep + 4ot
Cn1 g CNl g

In Eq. (15), the components D,-e_CII\IiT1 will gradually tend to zero with the time increasing. So,
the zero-order analytical solution of the FMMG system in the normal coordinate system can be
deduced:

EI(BlEl + BZEZ + B3E3)

wi~ e + 40?
Un1o = k ,
Nio = | +k1(B1E1 + ByE; + B3E3) e~H@1H014aTY) | | omjant | g-iwot |
) \ w4 + 402 / (16)
= Pcos(w,t + 6, + 0T;) + 2E cosw;t + 2F;cosw,t
Upzo = B,/ @1t + Fye/@ot + E,e /@1t 4+ Fye /%ot = 2F,cosw;t + 2F,cosw,t,
\Upyso = E3e /@1t + Fye/®ot + Ee /@1t 4 Foe™/®ot = 2Fcosw,t + 2F;c0sw,t,

j(w1t+601+0Ty) jort jwot
e + Ee + Fie

where:

wy+/ 4 + 4o? .

When the transient components are neglected, the first-order analytical solution of the FMMG
system in the normal coordinate system can be obtained:

cy W E N1 W, Fy B, kA
Ms'n w;t + Nl > Sinw,t — #cos(wl + w,)t
u _ wf — of wf — W} w, (2w, £ w,)
N1 (191F1 + BZFZ + B3 F3)k;cos(w, + w,)t ’
- (wo t we)
cno W E Crn2 W, F. B kA
3 /NZZ—IZS nw ,t+Nz—ozsmwot+21%cos((u1 iwe)t\ (17)
u =|w2_w’ W} — wé 2 — (w1 £ w,) |
Nzt L(GF CZFZ + C3F3)k,cos(wo + w,)t ’
\ oo T )
cnzwiEs - Cn3WoFs "
Uyz = —— Sinw sinw,t.
(e = o = T g g e

By substituting Eq (15) into Eq. (17) and substituting Eq. (16), Eq. (17) into Eq. (7), the forced
responses of FMMG system in the normal coordinate system can be got:
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EI(BlEl + BZEZ + B3E3)

w5y + 402
cyrw E Cyq W, F
/ MBI Gine,t + 2207 Ging, t
Wi — wf wi — w?
k;(B,F, + B,F, + B3F3)
wlz - (0)0 t we)z
Bk A,
we(zwl i we)
{ 2E,cosw;t + 2F,cosw,t (18)
Cnow i Ey CN2 W WoFy
ﬁsmw,t + 272511’1th
Wy — Wy w; — W,
Bik;A;
w% - (wl t we)z
k;(B1Fy + By F, + B3F3)
w% - (wo t we)z

cos(wit + 0, + 0Ty) + 2E;cosw;t + 2F;cosw,t

Uy =

cos(w, T w)t |+ -

cos(w;  w,)t

e = e cos(w; + w,)t + e |

cos(w, T w,)t

! !
cnzwwiEs Cn3W WoF3
uyz = 2E3cosw;t + 2F3coswot + €| —5———sinw;t + ————sinw,t | + -
w5 — Wi w5 — wé

The forced responses of FMMG system in the natural coordinate system can be calculated by
the special conversion, namely, X = AyXy.

In the same way, the resonance responses of the FMMG system can be worked out when the
excited frequency w; comes near to the combination frequency w; = w, * w,, or when the
excited frequency w, is close to the combination frequency w, = w; + w,, withi =1, 2.

Fig. 5 shows the resonance responses and FFT curves of the example FMMG system shown
in Table 2 when w; is close to w; + w,.

Table 2. Parameters of the example FMMG system

R, R; R kg k; ko cr Co Cs my

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 0.05 3.5
mg | m, T, T, AT, AT, Ak, Wy p

kg | k¢ INm| Nm | Nm | N'm | KN/m | rad/s !

25 | 5.6 40 170 1 5 5 210 4

From Fig. 5, we know that the dominant frequency in the combination resonances is the natural
frequency, rather than the combination frequency or the meshing frequency. However, the
resonance amplitudes are much bigger when w; is close to w; + w, than when w; is close to
w, + w,, because the magnetic coupling stiffnesses are much smaller than the torsional supporting
stiffness of the stator.

In the normal coordinate system, the equivalent load Fy; in each mode of the FMMG system,
which is caused by torque waves, is decided by the first column of the normal shape matrix Ay.
Because the magnetic coupling stiffnesses are much smaller than the torsional supporting stiffness
in FMMG system, the relative displacement of only one DOF in each order mode is much bigger
than other degree of freedoms (DOFs). The normal shape matrix Ay can be expressed by:

1 b
AN = al b2 1 l,
a, 1 c
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where a;, b; and c; are all smaller than 0.1, and a; < a,.

0.3 : ‘ ‘ : 0.3
0.2 “
N - = = L
202
g 0 &
z g
(9]
=01 2
E So1
s -02 R -
& /)
0.3 i J k
0.4 :
0 0.2 1 % 500 1000 1500
w (rad/s)
b)
0.06 0.06 :
) | y ”I
_ \ | I | |
= 0.04, M ‘H M‘\“w w\\‘ “ oy 0.05
£ i (| | |
~ H H \\ H I \\ o u | o
g 002 ‘”‘ I ‘\ - ‘ i ‘ ‘ S Zo.04f 1
‘W LT
o |
@ [0):fase ok osataty ¥ s < 0.031 q
& & “‘H ‘ “;U f °
£ 002, H‘MHH H Il 1T ‘J 1 oo |
I A AT ATAYAVE PR YR ~
§~. ‘HHM““ “H‘d AN
S 0.0411 [ M MMMV MM 0.01} M ]
‘ ‘ I T {
1 i " 002004006od8 JAV
-0.06 ‘ ok : : :
0 0.1 02 0.3 0.4 0.5 0 500 1000 1500 2000 2500 3000
t(s) w (rad/s)
c) d)

Fig. 5. The resonance responses of the FMMG system with w; = w1 + w,

From the mode characteristics of the FMMG system, the resonance amplitudes are much
bigger when w; = w; + w, than when w; = w, + w,. Meanwhile, the resonance amplitudes of
the inner rotor and the outer rotor will respectively reach the maximum when w; is respectively
close to w; + w, and w, + w,. Similarly, the torsional displacement of the outer rotor will be
much bigger than the displacement of the inner rotor when w, is respectively close to w; + w, or
Wy + W,.

The torque wave on the inner rotor is much bigger than the outer rotor. So the resonance arising
from the combination frequency w; + w, will be the main resonance source and must be drawn
more attention.

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

The average magnetic coupling stiffnesses are much smaller than the mechanical meshing
stiffness. So, the natural frequencies are much lower than the mechanical gear systems, and the
transient vibrations arising from resonances will decay very slowly. These will lead to some
adverse effects, such as unstability or a certain components’ damages. In order to solve this
problem, the electromagnetic coils are placed just below the surfaces of the inner and outer rotors,
which can increase the electromagnetic damping and the delay of the transient displacements will
be accelerated, and the dynamics of the FMMG system will be improved [16].
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Fig. 6. Resonance amplitude curves with the different damping coefficient
4. Conclusion

Considering the eccentricity will lead to the periodic variation of the magnetic coupling
stiffnesses, the dynamics of FMMG system are the typical parametric vibration. Because the
magnetic coupling stiffnesses are much smaller than the supporting stiffness, the resonance
displacement of a certain DOF is much bigger than other DOFs, when the excited frequency is
close to the combination frequency of the meshing frequency and the natural frequencies. The
dominant frequency in the combination resonances is the natural frequency, rather than the
combination frequency or the meshing frequency. Especially the resonance caused by the torque
wave of the inner rotor is very big and must be avoided.
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