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Abstract. The electromechanical integrated magnetic gear (EIMQG) is a new type of the magnetic
gears, in which the traditional field modulated magnetic gear, drive and control are integrated.
Considering the torque wave, the dynamic model of the EIMG system with four subsystems was
founded and the resonance responses were discussed. The results show that the strong resonances
will occur when the excited frequency is close to the natural frequencies of the inner rotor, the
outer ferromagnetic pole-piece and the outer stator torsional modes. The resonances hardly happen
when the excited frequency is close to other natural frequencies.
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1. Introduction

Magnetic gear is a kind of the magnetic transmission and has many advantages, such as
non-contact, non-wear, lower vibration and noises, and so on. They overcome the mechanical
fatigues and other disadvantages of the mechanical gears, and have some significant advantages,
such as, reduced maintenance, improved reliability, no lubrication, overload protection, and so on
[1]. Field modulated magnetic gear (FMMG) proposed by K.Atallah adopts the coaxial topology
[2]. Compared with the traditional magnetic gears with the parallel shaft topology, FMMG has the
higher utilization of the permanent magnets (PMs), the bigger output torque and the bigger torque
density. So FMMG can be widely used in the medicine, chemical, vehicle, aerospace and other
fields.

FMMG has attracted the attentions of many scholars because of the many advantages. The
transmission mechanism [5], torque characteristics [6], structural optimization [7], transmission
efficiency [8], rotor eccentricity [9] and so on have been studied widely. Lots of study results have
been achieved. While, FMMG must be drived by the high performance motor. This make the
FMMG system take up more room and the FMMG system is easy to be affected by the
performance of the motor. For this reason, an electromechanical integrated magnetic gear (EIFM)
was promoted by author, in which the traditional FMMG, drive and control are integrated. The
EIMG system has a compact structure, the controllable torque and speed. So EIMG can be widely
used in medicine, food, robot, agriculture and so on.

Because of the torque wave on the output component, the resonances always occur in the
EIMG system. These will deteriorate the dynamic characteristics of the EIMG system and must
be avoided. In this paper, the dynamic model of the EIMG system with four subsystems was
founded. The forced responses were discussed. These can provided the theory basis for the
parameter optimization.

2. Dynamic model of the EIMG system

EIMG shown in Fig. 1 is composed of the inner stator, the inner and outer ferromagnetic
pole-pieces (FPs), the inner rotor and the outer stator. When the outer stator is fixed, the outer FPs
will export the torque.

The undamped differential equations of the 10 DOF of the overall EIMG system can be given
in matrix form as:
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mx +cx+ kx =F. (1)
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Fig. 1. Topology and prototype of the electromechanical integrated magnetic gear

The displacement vector X, the mass matrix m, the damping matrix ¢ and the load vector F
are given respectively as follows:

X=[us Vs Uir YVie U Y1 Uot Yof Uo yo]T,

m = diag([Ms ms My my My my My my M, m]),
F=[0 0 0 0 0 0 0 —T,cosw,/Rys 0 0],
c=diag([¢s " & " Co]),

where Mg, mg, Mg, mys, My, my, Mos, mos, M, m, are the the equivalent masses and the masses
of the inner stator, the inner FPs, the inner rotor, the outer FPs and stator, respectively; R are the
equivalent radius of gyration of the outer FPs. T, and w, is the wave amplitude and the excited
frequency of the torque on the outer FPs. ¢;, i = s, sy, If, Ify, 1, Iy, of, ofy, o, oy, are the damping
coefficients among parts.

Because k is a 10x10 matrix and bigger, the element in the matrix K can be expressed as
follows, respectively:

ki, = kigcos?ays + ks, kip = kigsinaggcosags, ki3 = —kjgcos?ay, ky = —kjgSinaggcosays,
kis = =kyy = =kyjo =0, kyy = ki, kpp = kigsin®agg + Ky, kg = —kygsinascosayg,
koo = —kigsin®ays, kps = =+ = ky; = = = kp19 = 0, k3y = k3, ksp = k3,

k33 = kigcos?ayg + kyjcos?ay + kyg, kaa = kissinajgcosayg + kysinaycosay;,

kss = —kycos®ay, k3s = —kysinaycosay, k3, = kyg = k3o = ksio, kay = ks, ks = kya,
kys = kay, kay = kyssin®agg + kysin?ay + kyyp, kg5 = —kysinaycosayy, kyg = —kysin®ayy,
ka7 = kag = koo = ky10=0,ksy = =kgy =+ = k101 =0,

ksy = =key = = k1o = 0, ks3 = ks, kss = kus, kss = kycos®ay + kjpcos?ay,,

keg = kysinagcosay + kiosina,cosay,, ksy = —kjocos?ay,, ksg = —kjosina;,cosa,,

kso = ks1o = 0, ke3 = Kzg, kea = Kug, Kes = Ksg, ke = kysin®ay + kyosin®ay, + kyt,

ke = —kiosinajocosayy, keg = —kioSin*ay,, Keo = k19 = 0, K73 = kys = 0, ky5 = ks,
k¢ = kg7, k77 = kjosinaj,cosay, + kooSina,,cosa,,,

kg = kioSinaocosayy + KooSiNApeCOSAgo, K7g = —KooCOS% g0,

k710 = —KooSINAooCOSAo, Kgs = kgs = 0, kgs = ksg, kge = Keg, kg7 = kg,

kgg = kiosin®ay, + KooSIN?@g + Kyof, Kgg = —KooSiNpoCOSAgq, kg1g = —kooSin® g,

_ _ _ _ _ _ _ 2

ko3 = koy = kg5 = kog = 0, kg = k79, kog = kgg, kg9 = kooCOS“ g0 + ko,

kg1o = kooSiNaeoC0SQAg0, K193 = k104 = K105 = K106 = 0, k107 = k710, k108 = Kg105
_ _ 2

k100 = Ko10, k1010 = KooSIN“Qgq + kyo,

where kyif, Kys, kyof, ky1, Ky, are the transverse supporting stiffnesses of the inner FPs, the inner

stator, the outer FPs, the inner rotor, the outer stator, respectively; ks, k, and k;¢ are the torsional
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stiffnesses of the inner and outer stator, the FPs around their axes, respectively; ks, ki, k1, and
koo 1s the electromagnetic coupling stiffness among parts; a;s, ay @y, and @, are the relative
displacement and the meshing angle among parts, respectively.
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Fig. 2. Dynamic model of the electromechanical integrated magnetic gear

The undamping differential equations of the EIMG system can be written in the matrix form
as:

Mx + Kx = 0. )

The natural frequencies of the EIMG system are w;. The normal mass matrix, the normal
damping matrix, the normal force vector and the normal shape matrix are the My, Cy, Fy and Ay,
respectively. The normal damping matrix Cy isn’t the diagonal matrix in most cases. But the
damping matrix c is a diagonal matrix and the elements in the principal diagonal are much bigger
than other elements. The new normal diagonal matrix Cy can be obtained by selecting the
elements in the principal diagonal. The normal differential equations of the EIMG system can be
written as follows:

iN + CNX + KNX = FN' (3)
The general formula of the equation (3) can be expressed:
Eni 2yt + 022y = Fug, “4)

where y; is the damping coefficient of the i-th order normal shape, y; = cyi;i/2w;.
The steady time responses of the i-th order of the EIMG system can be calculated as follows:
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t

xni = — | Fyi(e)e 7@t )sinw (¢ — t)dt’
o 5)
AT [(w + w,)sinwt + y;w;coswt 3 (w — wyy)sinwt + y;w;coswt
Rw,; w? + 0¥ + 20w, w? + 0¥ — 20w, ’

where w; = w;/(1 —y7).

The time responses of the EIMG system in the original coordinate system can be got:
X = ANXN' (6)

3. Forced responses of the EIMG system

The parameters of the example EIMG system are shown in Table 1. By substituting the
dynamic parameters into the equation (2) to equation (6), the forced responses can be worked out
and shown in Fig. 3.

Table 1. Characteristic parameters of the example EIMG system

koo (kKN/m) k1o(N-m) ky (N-m) ks (N-m) Xoo(®) ag, () an ()
8.6444x10% | 3.1446x10° | 4.5467x10° | 2.0416x10° 0.1014 0.1818 0.1435
as () ms (kg) myr (kg) my (kg) Mor (kg) | Moo (kg) | kys
0.2022 1.3 1.3 11 6.2 7.7 3x10°
kyig N'm) | ki (N'm) | kyy(N'm) | ko (N'm) | kg (N'm) | ko (N'm)
3x106 3x10°0 3x10° 3x10°0 3x10° 3x10°0

Fig. 3 shows that the resonance will occur when the excited frequency is close to the natural
frequencies of the inner rotor torsional mode, the outer FPs and stator torsional modes. When the
excited frequency is closed to the other natural frequencies, the resonances hardly happen.
Meanwhile, when the resonances happen, the torsional displacements of the inner rotor, the outer
FPs and stator will be bigger than the displacements of other degrees of freedom.

Because the electromagnetic coupling stiffnesses are smaller than the mechanical supporting
sitffnesses, the relative displacements of the different degree of the freedom in all modes are larger
different. In inner rotor torsional mode, the relative displacements of the inner FPs, the inner rotor,
the outer FPs and the outer rotor are bigger. In the outer FPs torsional mode, the relative
displacements of the inner rotor, the outer FPs and stator are much bigger than other degrees of
the freedom. In the outer stator torsional mode, the relative displacements of the outer FPs and
stator are much bigger than other degrees of the freedom. In other modes, the relative
displacements are ten times different at least. So, the torsional resonance amplitudes of the inner
rotor, the outer FPs and stator are much bigger than other degrees of the freedom.
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Fig. 3. Forced responses of the EIMG system

292 © JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. NOVEMBER 2014. VOLUME 4. ISSN 2345-0533



FORCED RESPONSES OF THE ELECTROMECHANICAL INTEGRATED MAGNETIC GEAR SYSTEM.
XIUHONG HAO, HONGFEI ZHANG, JIALEI SU

4. Conclusions

Because of the torque wave on the output component, the resonances will occur when the
excited frequency is closed to the natural frequencies of the inner rotor, the outer FPs and stator
torsional modes. The resonances hardly happen when the excited frequency is closed to other
natural frequencies. Meanwhile, the torsional displacements of the inner rotor, the outer FPs and
stator are bigger and the displacements of other degrees of the freedom are smaller. The EIMG
system can be widely used in the working conditions with low speed. So, the lower frequency
resonances easily happen and must be avoided.
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