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Abstract
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Stable transmission characteristics of reduction gear play an important role in the dynamic
performance and structural reliability of reduction gear. To solve the problem of mechanical
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balance equations of force and torque of TRMG components are established, and the forces
act on the input shaft and support shafts are solved by combining electromagnetic FEM and
mathematical analysis. The dynamic characteristics of TRMG are optimized by changing the Keywords:
dynamic input mode of TRMG. Finally, the feasibility of the proposed new transmission Ring-Plate Permanent Magnet
mode is verified by multi-body dynamics analysis. Gear
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1. Introduction

Ring plate transmission device is a structure based on K-H type planetary gear transmission with small tooth
difference. It has the advantages of compact structure, large transmission ratio, strong bearing capacity, and high
transmission efficiency.

Chen et al. [1] first developed a mechanical three-ring reducer (TRR) transmission device, which moved the rolling
bearings from the inside of the cycloid wheel in K-H-V small tooth difference reducer to the outside, greatly dispersed
the payload of the rolling bearings, and effectively extended service life of rolling bearings.

TRR drives the eccentric rotation of the ring plate by two eccentric shafts and the fixed axis of the inner rotor rotates,
so that the center point of the inner rotor must be in line with the center points of the eccentric shafts on both sides of
the TRR. As a result, when the rotation angle of one eccentric shaft is 0° or 180°, the transmission trajectory of the
other eccentric shaft is uncertain, so that the ring plate cannot run smoothly for a whole week. Therefore, TRR sets
three ring plates, which are installed at 120° each other. When one ring plate is in uncertain motion, the other two ring
plates can drive it through the position smoothly.

However, due to the large number of TRR ring plates and a small number of eccentric shafts, the eccentric shafts of
TRR bear a large inertia force and radial force, which leads to large vibration and noise during the operation of TRR
[2,3], and its mechanical gears are prone to tooth surface bonding, pitting, falling off and surface crushing [4-6].
Although scholars have studied the transmission structure, vibration frequency, and elastic deformation of TRR to
improve its operating stability [7-11], due to the special structure of TRR, the inertia force and radial force borne by its
eccentric shafts are still large.

In Ge et al. [12], a three-shaft ring-plate Magnet Gear (TRMG) is proposed for contactless transmission by using the air-
gap magnetic field of permanent magnet gear, which can not only solve the problems of mechanical gear damage
caused by TRR, because the three eccentric shafts of TRMG are arranged around the inner rotor at 120° each other,
the uncertainty of ring plate movement caused by collinearity between the center of the eccentric shafts and the
center of the inner rotor can also be avoided, and the number of ring plates can be reduced to one, so that the radial
force and inertia force of the eccentric shaft of TRMG are much smaller than those of TRR [13].

Due to the multi-field coupling transmission mode of TRMG (the coupling of air-gap magnetic field and mechanical
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structure), the transmission analysis of its dynamic process is complicated, so the current research on TRMG is still in
the static electromagnetic analysis stage [14-17]. However, the key theoretical steps to realize the practical application
of TRMG are to analyze the dynamic transmission process of TRMG, and judge its motion stability and calculate the
dynamic force status of each transmission shaft.

Therefore, combining the theory of electromagnetic field with the theory of rigid body dynamics, the electromagnetic
drive equation and mechanical balance equation of TRMG components are established in this paper. By analyzing the
dynamic characteristics of TRMG transmission structure, the stability during operation of TRMG and the force of each
eccentric shaft are calculated, and the problems such as mechanical stuck of the structure and operation uncertainty
are judged. Finally, by changing the power input mode of the transmission structure, the stability of the transmission
structure is further improved and it has the possibility of practical application.

2. TRMG motion mechanism

Figure 1 shows the mechanical structure of TRMG. In Figure 1, shaft 1, shaft 2, and shaft 3 are eccentric high-speed
shafts, which are connected with ring-plate permanent magnet ring 4 through rolling bearings; the ring-plate
permanent magnet ring 4 is composed of a ring plate (outer yoke) 5 and outer ring permanent magnet 6, and are
located outside the low-speed permanent magnet ring 7; the low-speed permanent magnet ring 7 is composed of an
inner yoke 8 and inner ring permanent magnet 9. In general, the difference between ring-plate permanent magnet
ring and low-speed permanent magnet ring is 1 pair of magnetic pole pairs.

1-3: Eccentric high-speed shaft. 4: Ring-plate permanent magnet ring. 5: Ring plate.
6: Outer ring permanent magnet. 7: Low-speed permanent magnet ring. 8: Inner
yoke. 9: Inner ring permanent magnet. 10: Low-speed shaft

Figure 1. TRMG mechanical structure diagram

In Figure 1, the eccentricity of eccentric high-speed shafts is equal to the eccentricity from ring-plate permanent
magnet ring to low-speed permanent magnet ring. Set the radius of low-speed permanent magnet ring and ring-plate
permanent magnet ring respectively is r; and r, respectively, and the eccentricity of the high-speed shaft is r, then:
r= 7‘2 - rl.

When anyone high-speed shaft shown in Figure 1 drives the ring-plate permanent magnet ring to move, the outer ring
permanent magnet rotates around the inner ring permanent magnet. Due to the change of the relative position of the
two permanent magnets, the inner ring permanent magnet embedded in the low-speed permanent magnet ring
rotates around its axis under the change of magnetic field force. Set the center of low-speed permanent magnet ring
as 0, the center of ring-plate permanent magnet ring as O,, and the revolution angle speed of ring-plate permanent

magnet ring as w, then the angular acceleration of O, around 0, is ag, = w?r, whose direction is from 0O, to O;.
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3. TRMG kinetic model and equilibrium equation

3.1 TRMG force analysis model

Figure 2 is the force analysis model of Figure 1.

Figure 2. TRMG force analysis model

In Figure 2, crank AA', crank BB' and crank CC' represent eccentric high-speed shaft 1, 2 and 3, respectively. Fr and F;
are the radial electromagnetic force and tangential electromagnetic force of low-speed permanent magnet ring and
ring-plate permanent magnet ring respectively; Fy,, Fa¢, Fgr, Fp:, For and F¢, are the radial force and tangential force
of each eccentric high-speed shaft acting on the ring-plate bearing seat hole through rolling bearing; I¢ is the inertial
force on the ring-plate permanent magnet ring; ¢ is crank rotation time and [ is the rack spacing.

3.2 TRMG electromagnetic force analysis

Establish the low-speed permanent magnet ring section X0O,Y rectangular coordinate system. Set up 5 Is the included
angle along the x-direction at a point on the circumference of the inner ring permanent magnet rotor surface. Set up
B is the air-gap magnetic density at any point on the surface of the low-speed permanent magnet ring, Bx and By are
components along with the x and y directions respectively, B; and By are components along with the tangential and
radial directions, respectively, then:

B:(B,t) = - Bxsin(B - iwt) + Bycos(B - iwt)

Br(8, 1) = Bycos(B - iwt) + Bysin(B - iwt) (M

where i is the TRMG transmission ratio.

Set up the tangential and radial electromagnetic force of the unit area of the low-speed permanent magnet ring are f;
and f,.. According to the Maxwell stress tensor method, it can be:

f = 2=Br (B,)B, (B, 1)

ﬁ_zuo r B’ t B;

where , is the permeability of vacuum.

Set up the tangential and radial electromagnetic force of the low-speed permanent magnet ring are F; and Fr
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respectively, then:

3
=¢fds=rlL 2”[3 (B.)B:(B,t)1dp :
t r ’ t H
gsf, = rlL [Bz(ﬁ t) -Bi(B,t)]dp

According to Eq. (3), Fr and F; can be obtained as long as the surface air-gap magnetic density B of the low-speed
permanent magnet ring is obtained.

By taking the torque of tangential electromagnetic force, the electromagnetic torque T of the low-speed permanent
magnet ring can be obtained:

21
- rﬂf (- B.OBB.0] 4 )

3.3 Force analysis of each shaft with TRMG single-shaft input

If crank BB' is used as the input shaft, and crank AA' and crank CC' are used as support shafts, the force model of each
shaft is shown in Figure 3.

Figure 3. Force model of TRMG shafts

In Figure 3, M is input torque, and I, Iy, I, Ig, Icr, and I, are the radial and tangential forces acting on A', B, and C'
of the ring-plate permanent magnet ring through the rolling bearing, respectively.

The static equilibrium equations of ring-plate permanent magnet ring, input shaft B, and support shafts A and C can
be obtained from the theoretical mechanical rigid body force and moment balance equations, respectively

Fy + Fp + Fer = F

: o o d o \/§r2 (5)
FAF +FBr +FCF =Fr—IgFArSII1(wt-30 )_FBrCOS(OJt_GO )+FBtsln((,Ut_60 )+FCrCOS(ut = l 'Ft

If Fq, Fp,, and F¢ are set as the radial additional force acting on the ring-plate permanent magnet ring by the rolling
bearing of each shaft respectively, then:

FAr=FAr+Fa
Fp, = Fg + F, (6)
Fer =Fgr + Fe

In Eq. (6), Fy,, F5., and F, are respectively the radial force of support shafts A, C and input shaft B acting on the ring-
plate permanent magnet ring through the rolling bearing under the ideal condition, and:

Fy =Fg =Fg = rle [BF (B,t) - B{ (B, t) ]dp - 3Ig &

In Eq. (7), the inertia force Iy = may, = mw?r, where m is the weight of ring-plate permanent magnet ring.
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According to Eq. (7), the difference between Fy,, Fp,, and F¢, are proportional to the additional force applied.

If the contact stiffness of the rolling bearings of input shaft and the support shafts is K, and the ring-plate permanent
magnet ring generates angle by the radial additional force is a, then the coordination conditions of the body
displacement and its deformation can be obtained:

tana =

3
257 Faesin(t - 60°) - \/1;121 2 f [Br(B,t)B.(B,t)1dpB 8)

According to Eq. (8), the difference between the tangential force of crank BB' (input shaft) and the tangential
electromagnetic force of low-speed permanent magnet ring (output shaft) in TRMG can lead to deviation from the
ideal state during the operation of ring-plate.

Combine Eq. (8) with Egs. (3)-(7), it can be obtained:

Fpe =Fee = 9)
Fp=M (10)
3 3771, 2 (1)
= rlLI [B#(B,t) - B*(B,t)]dB ——Ig (\1/—2- sm2wt)FBt \/;';ersin(wt—SO") o [Br(B.0)B(B,
0
t)1dp
3ryr,L 2z e
Fg, = zlyL J [B(B,t) -B(B,t)]dp - _Ig + %FBtsm(Zwt -120°) - \/;ILOZ cos(wt -60°) | - [Br(B,t)B (B,
t)]dp

3 L 21
Fe, = rlLf [B4(B,t) -B*(B,t)]dp - 3Ig %Fmsm(wt—ew)coswt—%cosmtjo [Br(B,t)B:(B,t)1dg (13)

According to Eq. (10), when the structural parameters of TRMG permanent magnets remain unchanged, Fg; is
proportional to the input torque M and inversely proportional to the eccentricity of the high-speed shaftr.

It can be seen from Egs. (11)-(13):

(1) The radial force of each shaft in TRMG is composed of tangential and radial electromagnetic force of low-speed
permanent magnet ring and the tangential force of input shaft.

(2) When wtis equal to 0° or 180°, that is, when the crank AA' and the crank BB' are collinear with the connecting rod
AB, F., is larger than F,, and Fg,, indicating that the crank CC' drives the crank AA' and the crank BB' to move through
ring-plate and making them pass through the collinear position smoothly.

(3) Since the expressions of Fy,., Fg. and F, contain trigonometric functions of input tangential force and tangential
electromagnetic force, the impact load of input shaft and support shafts can be reduced by reducing their amplitudes,
to slow down the extrusion and elastic deformation caused by impact load and increase the service life of rolling
bearings.

4. TRMG dynamic model simulation

To obtain the force relationship curve of each moving part in TRMG, Ansys Maxwell is used to analyzing the magnetic
field force between the low-speed permanent magnet ring and the ring-plate permanent magnet ring, to determine
the radial and tangential electromagnetic force in TRMG. F; and F; are then put into MATLAB force analysis program,
and the force curve of each motion shaft is determined.

4.1 Analysis of TRMG electromagnetic characteristics

Set rated power is P = 1kW rated output speed of low-speed permanent magnet ring is n, = 70r/min, transmission
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ratio is i =22, torque density is T;=148kN.-m/m? flux leakage coefficient is 0.2. The static and dynamic
electromagnetic fields that calculate the function of Ansys Maxwell are used to analyze the finite element structure of
TRMG and TRMG parameters are optimized according to improved torque characteristics. Finally, TRMG
electromagnetic model parameters as shown in Table 1 can be obtained.

Table 1. TRMG electromagnetic model parameters

Symbol Description Value (Unit)
p; Pole pairs of inner permanent magnet 22
Po Pole pairs of outer permanent magnet 23
r Inner radius of outer yoke iron 96(mm)

Ty |Outer radius of outer permanent magnet ring| 100(mm)
r3 Inner radius of outer permanent magnet ring 94(mm)

T4 | Outer radius of inner permanent magnetring| 90(mm)
g Inner radius of inner permanent magnet ring [ 84(mm)

Te Outer radius of inner yoke iron 88(mm)
hi Inner yoke iron thickness 15(mm)
ho Outer yoke iron thickness 15(mm)
r Eccentricity 3(mm)
Axial length 30(mm)
Mm Magnetization -890(kA/m)
Ho Vacuum permeability arx10”7

Figure 4 shows TRMG electromagnetic torque curve based on the parameters in Table 1 by ANSYS.

200
100
=
£ 9
~
-100
_200 L | L | L | L
0.00 4.09 8.18 12.29 16.36
B
Figure 4. Relationship between T and 8

As can be seen from Figure 4, the electromagnetic torque curve of low-speed permanent magnet ring is a sine wave.
When it rotates 1/2 and 3/2 magnetic pole angles, the maximum output electromagnetic torque is Tmax = 148KkN - m. In
this paper, the load torque is 125N-m.

Figures 5 and 6 show the harmonic comparison of radial and tangential air-gap magnetic density of TRMG under no-
load and load after Fourier decomposition.

As can be seen from Figure 5, the radial air-gap flux density waveform of TRMG is mainly composed of 22nd harmonic
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and 23rd harmonic, among which the 23rd and 22nd harmonic of no-load (about 0.65t and 0.55t) are larger than the
loaded harmonic (about 0.59t and 0.51t). As can be seen from Figure 6, the 23rd and 22nd harmonics (about 0.25t and
0.23t) of TRMG tangential air-gap flux density in no load are less than the loaded harmonics (about 0.34t and 0.29t).

0.8
No- Load
P23 I Rated Load
0.6 p=22
Y \\
~ 0.4
(S8
[,
02F

0'0 L 1 I L 1 L 1 L 1 {Jm

0 15 a0 45 60 75
Iarmonic Order

Figure 5. The spectrum of radial electromagnetic force
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Figure 6. The spectrum of tangential electromagnetic force

Combined with Egs. (3) and (4), the variation of radial electromagnetic force acting on low-speed permanent magnet
ring with no-load and rated load can be obtained, as shown in Figure 7.
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No - Load
Roated Load

Figure 7. The distribution curve of radial electromagnetic force

As can be seen from Figure 7, the positive direction of Fr deviates from the center of the circle, while the negative
direction of Fr points to the center of the circle. Therefore, the smaller side of the air-gap between permanent
magnets attracts each other, while the larger side repays each other. The average radial electromagnetic force under
no-load and rated load is 535N and 441N respectively. The tangential electromagnetic force is small at no-load, and
most of the air-gap magnetic field generated by TRMG acts on the radial magnetic field force, making the radial
magnetic field force larger at no-load.

Figure 8 shows the dynamic characteristic curve of low-speed permanent magnet ring under rated load.

According to the transmission ratio and Maxwell stress tensor method, the input torque M =5.64N-m, and the
tangential and radial electromagnetic force received by the low-speed permanent magnet ring is F; = 1378N and F; =
441N, respectively.

4.2 TRMG each shaft force analysis

Suppose that the force of shaft A, shaft B and shaft C on the ring-plate bearing hole through the rolling bearing is Fy,

Fg and F¢, respectively, then:
(14)
Fy =/Fir + Fiq
Fp =, /Fp + Fg,

i
Fe =4 [Fé +Fe,

According to TRMG mechanical analysis model, TRMG dynamic force is analyzed in MATLAB, and F; = 1378N and Fr =
441N are replaced into the equation to obtain the change curves of force of input shaft and support shafts in Figure 9.
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Figure 9. Change curves of F , Fp and F> under single shaft driving
Figure 9 shows that:

(1) When the cranks rotate, the force of the input shaft and the support shafts change periodically, and the varying
degree of support shaft A and C is the same. According to Eq. (9), F4; and Fg, are O, shaft A and C are only TRMG
connection structures, and both transmission process are the same, so the bearing force trends is the same.

(2) When the cranks rotate, the force of the input shaft and the support shafts can make fluctuate in addition to
periodic change. For example, when wt = 120°, the change of Fy produces fluctuation.
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Because in Figure 9, when wt = 120°, crank BB' and crank CC' are collinear with connecting rod BC. At this time, due to
F, is small and it fails to pass smoothly through the collinear position, resulting in the fluctuation of Fj.

When wt = 180°, although the crank AA' and crank BB' are collinear with the connecting rod AB, F¢ is large at this time,
which enables to pass through the collinear position smoothly, so Fz does not fluctuate at this time. Similarly, the
same is true for F, and F fluctuations.

5. TRMG multi-shafts drive mode

Due to TRMG's low operating efficiency driven by a single shaft, the force range of the rolling bearing is large and has
large fluctuations, leading to low service life. The power is input and studied by three cranks of TRMG at the same
time.

5.1 Force analysis of TRMG with multi-shafts drive

Figure 10 is a schematic diagram of the force acting on each shaft in the multi-shafts drive.

Figure 10. TRMG force analysis under multi-shafts driving

As can be seen from Figure 10, since the support cranks are changed to input cranks, the force between the input
cranks is the same. At this time, the static balance equations of input crank AA', BB' and CC' are:

Fp=Fy=Fe= 2L (15)
(16)
i} rlLJ 2 1 My -1 _age M e
Fur = Bito [BF(B.t) -Bi(B,t) |dB - 3Ig + Togr ~ Say SiN2wt — g sin(wt - 30°)sinwt - Fg—sin(2wt - 60°)

\/_’"21

21
T‘UOSH‘I((P - 30°)J‘0 [Br (,B, t)Bt (ﬁ, t) ] dﬁ

(17)
3M
_ FILI [B3(B,t) - BX(B, t)]dﬁ 3le + g5 M sm(2wt—120°)—M3m‘Ut cos(wt - 600)_\4; "

27
Wstwt - \/;lz 01 cos(wt - 60°)J‘0 [B-(B,t)B:(B,t)]1dB

(18)

3M 21
Fer = 7‘1LJ‘ [B2(B,t) - B¥(B,t)]dp - 3 \/9-1” cos wt+msm2wt+ \/_r costh‘O [Br(B,t)B:(B,

t)1dp

By comparing Egs. (16)-(18) and Eqgs. (11)-(13), it can be seen that the difference between TRMG tangential
electromagnetic force and the input tangential force is reduced by using the multi-shafts drive, thus reducing the
magnitude and amplitude of F,,, Fp,. and F,.
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SCUIPEDIA

5.2 Force relationship curve of TRMG each shaft by multi-shafts

By substituting Eqs.(16)-(18) into MATLAB transmission force analysis program, the force variation curves of input
shafts A, B, and C shown in Figure 11 can be obtained.

3
—— Input shaft A
i |—=— Input shaft B
i) . . SR AR S e e B0 i ] IR OO S
R Y 1% Y B, 3 18 PONRTN IR
g 1| - B A
o : P/ o S " 7 E
Ry Py Y ' : Y
LL‘m 0 _f \ ?f}/ 31 4 zf / \ /
= M AN N VA ML VL
53 ‘?5 1 :.3 %
=] \:.‘\ P[ . f \ { \ {
D S b S N A R .“j I ‘u/
0 240 480 720 960 1200 1440
wt/°

Figure 11. Change curves of F4, Fg and F> under multi-shafts driving

In order to make a more intuitive comparison between the performance of multi-shafts and single shaft drive, the
performance comparison of TRMG under multi-shafts and single shaft drive is shown in Table 2.

Table 2. Performance comparison of TRMG multi-shafts vs single shaft drive.

Parameter Comparison |Single shaft drive | Multi-shafts drive
F, maximum value 2.2(kN) 1.6(kN)
F, oscillation wave 0.5(kN) 0(kN)
Fp maximum value 1.8(kN) 2.1(kN)
Fp oscillation wave 0.3(kN) 0(kN)
Fe maximum value 2.2(kN) 1.6(kN)
Fe oscillation wave 0.5(kN) 0(kN)

From Table 2, after TRMG adopts multi-shafts drive when the cranks rotate, the force on shaft B increases slightly (0.3
kN), but the force on shaft A and shaft C decreases significantly (0.6kN). As can be seen from Figures 10 and 11, the
force acting on each shaft is more average. This is because after changing to multi-shafts drive, the eccentric magnetic
field force of the magnetic force device can be greatly reduced due to the symmetrical distribution of the magnetic
force device of the input shafts relative to the TRMG, thus the force acting on each input shaft is more uniform and the
stress environment of each shaft can be effectively alleviated.

In addition, the vibration of F4, Fg, and F is eliminated after changing to multi-shafts drive, and the vibration problem
of each shaft is solved. Thus, the stress condition of rotary bearings can be significantly improved and their service life
can be prolonged.

6. TRMG multibody dynamics analysis

To further verify the correctness of established TRMG torque balance equation and determine the feasibility of multi-shafts
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drive  TRMGschem#hrough ADAMS multi-badignamics simulatiorsoftware is usedl anshge valuet
F,, Fg, and F¢ in multi-shafts drive TRMG, and the results are compared with the calculated data.

Table 3 shows the constraint allocation of mechanical devices in the TRMG multi-body dynamics simulation model.

Table 3. Constraint allocation of TRMG model

Part - Part Constraint
Input shaft A- Ground Rotating
Input shaft B- Ground Rotating
Input shaft C- Ground Rotating

Input shaft A- Ring-plate permanent magnet ring | Rotating
Input shaft B- Ring-plate permanent magnet ring | Rotating
Input shaft C- Ring-plate permanent magnet ring | Rotating
Low-speed permanent magnet ring - Output shaft Fixed

Output shaft - Ground Rotating

According to the analysis results of the TRMG dynamics model, input shafts A, B, and C are given input speed n = 1200
r/min, and the output shaft is given load torque of 124N-m.The multi-body dynamics simulation and analytical
calculation data curves of the forces acting on input shafts A, B, and C are obtained, as shown in Figure 12.
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Figure 12. Fy, Fg and F~> theory and multi-body dynamics distribution curves

As can be seen from Figure 12:

(1) When multi-body dynamics analysis of multi-shafts driven TRMG is adopted, the numerical changes of Fy, Fp, and
F¢ tend to be more sinusoidal, and their results are always greater than those of analytical analysis.This is because the
multi-body dynamic analysis needs to consider the material properties of the structure, the moment of inertia, the
distribution of constraints, and other factors, and also takes the coupling relationship between components into
account, which makes the running process of each shaft in the simulation more stable, and finally leads to the large
results of F,, Fg, and F¢, and the changes tend to be more sinusoidal.

(2) When using the multi-body dynamic analysis and analytical analysis, the variation trend of F,, Fg, and F¢ in the two
analysis results is roughly the same, and the deviation of their amplitude is within a reasonable range (about 10%).
Thus, it can be further confirmed that the established TRMG torque balance equation is correct. In addition, Fy, Fg,
and F of the two analyses all changed periodically without significant fluctuation, which confirmed the feasibility of a
multi-shafts TRMG drive scheme.

7. Conclusions

(1) Combined of electromagnetism theory and rigid body statics theory, TRMG mechanical balance equation is
established, and FEM and mathematical analytical method are combined to solve the force acting on each shaft,
Finally, the validity of TRMG model is verified by multi-body dynamics method.

(2) Compared with the single-shaft drive mode, TRMG adopts multi-shafts drive, which can make the force on each
drive shaft more even, eliminate the shock caused by the single-shaft drive, greatly improve the force condition of the
rolling bearing, and prolong the service life of the rolling bearing.

(3) The established TRMG mathematical model has universality, which provides a certain mathematical basis for in-
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depth study of multi-shafts ring-plate transmission structure and magnetic gear structure with large torque.
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