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Abstract: Aiming at the particularity of a multiple-stage closed-loop gear transmission system for
3D circular braiding machine, the model of gear transmission system in radial braiding machine
was simplified. The non-linear dynamic equations of a n-elements closed-loop gear transmission
system with symmetrical structure including static transmission error, the random disturbance of
meshing damping and backlash were considered. For convenience of calculation n = 3, the equations
were solved numerically by using Runge-Kutta. The dynamic transmission error(DTE) with different
backlash, dynamic meshing forces with and without the random disturbance of meshing damping,
the amplitude of dynamic transmission error at n = 1000 r/min and b = 2.65 x 10~ m, root mean
square(RMS) of DTE and the mean value of DTE of the first pair of gears were analyzed. The simulation
results show that different backlash and the random disturbance of meshing damping have a great
influence on the dynamic displacement error and meshing force of the gear pair, and RMS and the
mean value of DTE changes at different rotational speeds. The results will provide a reference for
realizing the smoothness of the closed-loop gear transmission system with symmetrical structure for
3D braiding machine and have great practical significance for improving the braiding quality.

Keywords: 3D circular braiding machine; multiple-stage closed-loop gear transmission system;
non-linear dynamic feature; the random disturbance of meshing damping; Runge-Kutta

1. Introduction

Braiding plays an important role in textile industry. It’s very interesting for scholars to study
braiding with the emergence of new materials and different types of braiding machines.

The performance analysis of composite materials, parameters, braiding process, and structure have
been studied by scholars.Some works concerning the problem of corrosion in metallic materials treated
with Swarm Optimization techniques and the work in which the problem of corrosion in composite
materials is treated by means of acoustic techniques [1-3]. Reviews written by Guangli Ma et al. [4]
proposed a method of tension versus yarn displacement. Haili Zhou, Wei Zhang et al. [5] analyzed
the transverse impact behaviors. Guyader et al. [6] proposed the calculation method of process
parameters. J.H. van Ravenhorst and Akkerman [7] proposed an inverse kinematics-based procedure
to automatically generate machine control data. J.H. van Ravenhorst et al. [8] proposed a new
method to simulate yarn interaction behavior. Won-Jin Na et al. [9] proposed a mathematical model
to predict braid pattern. Hans et al. [10] simulated braiding process and experimented by the
industrial robot. Kyosev [11] mentioned the radial braiding machine with a robot arm as a take-off
device. Monnot et al. [12] researched automatic braiding using a non-circular braiding model and
Heieck et al. [13] researched the influence of cover factor and Tobias Wehrkamp-Richter et al. [14]
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studied damage and failure of composites and E.E. Swery [15] has predicted the manufacturing of
composite parts and experimented through the industrial robot.

However, studies on non-linear dynamic feature of a multiple-stage closed-loop gear transmission
system for 3D circular braiding machine are scarce. Gear transmission is widely used in various
fields. Many scholars have always focus on the research of gear system since 1990. The main research
direction of gear system is the study of dynamic model and dynamic characteristics. There are
many dynamic modeling methods. Kahraman, Singh [16] established a non-linear dynamic model
of single-stage gear system considering error and backlash in 1990. Later, Kahraman, Singh [17]
established a non-linear dynamic model of 3DOF gear system considering multiple incentive factors.
Song [18] established a single-stage gear dynamic model considering friction and time-varying
meshing stiffness. Liu [19] established a multiple-stage gear dynamic model considering other
incentive factors. Cui [20] established a gear rotor dynamic model considering different incentive
factors. Baguet [21] established a gear-rotor-bearing coupling dynamic model considering multiple
incentive factors. Li [22] established a friction dynamic model considering multiple incentive factors.
WEI Jing [23] established a multiple-degree-of-freedom gear dynamic model for high-speed locomotive
considering bearing clearance, backlash, time-varying meshing stiffness. ZHANG Hui-bo [24]
established a gear rotor dynamic model considering multiple incentive factors. According to above
literature, research on gears has developed from single-stage single-degree-of-freedom gear system
to multiple-stage multiple-degree-of-freedom gear system. Meanwhile, the solving methods of gear
system include Floquet-Lyapunov method, harmonic balance method, average method, multiple-scale
method and numerical method.

To the authors’ knowledge, there is no research on non-linear dynamic characteristics of closed-loop
gear transmission system for 3D circular braiding machine. The stability of the closed-loop gear
transmission system with symmetrical structure in 3D braiding machine has a great influence on
braiding quality, so the investigation of non-linear dynamic characteristics of the multiple-stage
closed-loop gear transmission system with symmetrical structure for 3D circular braiding machine
is necessary. This paper proposes Runge-Kutta method for solving the dynamic equations of the
multiple-stage closed-loop gear transmission system with symmetrical structure for 3D circular
braiding machine to help engineers effectively understand the dynamic displacement error and
dynamic meshing force under different backlash and the random disturbance of meshing damping,
which can provide a reference for realizing the smoothness of the closed-loop gear transmission
system with symmetrical structure for 3D braiding machine, and have great practical significance for
improving the braiding quality.

The remainder of this paper is organized as follows: Section 2 presents the outline of torsional
vibration model of n-elements closed-loop gear transmission system and non-linear differential
equations of torsional vibration are listed according to the outline of torsional vibration model.
In Section 3, non-linear differential equations of torsional vibration are simulated by Matlab. Dynamic
transmission error of the first pair of gears and dynamic meshing force of the first pair of gears are
analyzed. Finally, Section 4 gives some brief conclusions.

2. Torsional Vibration Model of n-Elements Closed-loop Gear Transmission System

2.1. Torsional Vibration Model of Gear System

The outline of radial braiding machine is shown in Figure 1, and its transmission system is shown
in Figure 2, which can be simplified to the n-elements closed-loop gear transmission system as shown
in Figure 3. Assuming that the pure torsional vibration of gear pair in a radial braiding machine is
considered, motors drive load to rotate through n-elements closed-loop gear transmission system.
In order to establish and solve differential equations of n-elements gear transmission system in a radial
braiding machine, rotational inertia of the shaft is distributed to the gear or rotor of each shaft by
using the principle of functional equivalence and centroid invariance. The rotational inertia of the gear
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and rotor includes the equivalent mass of the shaft, and the equivalent dynamic model of n-elements
closed-loop gear transmission system is shown in Figure 4.

Figure 3. The outline of n-elements closed-loop gear transmission system.
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Figure 2. The actual outline of gear transmission system.
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Figure 4. The equivalent dynamic model of n-elements closed-loop gear transmission system.

As shown in Figure 4, 0y is the angular displacement of motor, 81, 0, ... 0, are the angular
displacements of gears, 011, 012 ... 01, are the angular displacements of loads, Jj is the rotational
inertia of motor, [, J2 ... J, are the rotational inertia of gears, 11, /12 ... Ji» are the rotational inertia
of loads, Cgpp is torsional damping of motor shaft, Cs1, Csz ... Csp are torsional damping of output
shafts, Kgpp is torsional rigidity of motor shaft, K1, Ksz ... Ksy are torsional rigidity of output shafts,
Kg12, Kgo3 - .. Kgyy(n41) are time-varying meshing stiffness between gear pairs, Cg12, Cg23 ... Copq1)
are meshing damping, b1y, ba3 ... by(,11) are half clearance of meshing teeth pairs, T)y is the torque
of motor, Try, T1o ... Tr, are torque of loads, CgA is the random disturbance of meshing damping
between gear pairs.

2.2. Non-linear Differential Equations of Torsional Vibration

As shown in Figure 4, the dynamic differential equation of n-elements gear transmission system
with transmission error, the random disturbance of meshing damping, the random disturbance of
input torque and backlash is obtained according to gear system dynamics and the theory of mechanical
vibration [25-31]. The dynamic differential equation of n-elements gear transmission system with
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transmission error, the random disturbance of meshing damping, the random disturbance of input
torque and backlash obtained by analysis is shown as (1):

]M'éM+CgM1'(éM_él)+Kng (Om—61) =
J1- 61+ Caun -(é1 - éM)+1<gM1 (61 = 1) + Ry - Wigta — Ryp - Wy + Car -(é1 - éL1)+Ksl (61~ 611) =0
Ju1- 611 + Ca '(éLl - 91) +Ks1+ (01 =01) = -Tia
Ja+ 62~ Rz - Wara + Rya - Wazs + Caa (92 - éLz) + K (62— 012) =0
Jrz- 012+ Ca - (QLZ - 92) +Ke (612 - 02) = -Tr2 (1)

]n : Qn - Rbn : Wd(n—l)n + Rbn : del + Csn . (Qn - eLn) + Ksn : (en - 6Lrl) =0
Jin - O + Con - (GLn - 9n)+ K - (QLn - en) =Ty

where,
Wiz = (Cg12 + Cgn) - [Rp1 - 61 — Rpp - 02 —e(t)] + Kgi2 - g(x1)
Winz = (Cgo3 + Cgn) - [Rp2 - 02 = Ryg - 03 —e(t)] + Kgoz - g(x2)

t —e(t)( < by +ba
xu(t) = e(t) + (Bu +ba)  xu(t) —e(t) < by —ba

where, e(t) is the comprehensive transmission error of gear meshing, by, ba3 . .. by are dimensionless
clearance, W3 ... Wy, is the dynamic meshing force of gear, x1 () ... x,(t) is the dynamic transmission
error, by = byp/be, bys = b23/be ... by = by1/be, be is the nominal size, by is the random disturbance
of dimensionless gear side clearance. For convenience of calculation, suppose n = 3 is analyzed.

Because gear transmission system is the most important transmission form of mechanical
equipment, which is widely used in various fields. However, the excessive dynamic displacement
caused by the vibration response of the transmission system will affect the normal operation of the
mechanical equipment. Therefore, in order to obtain the dimensionless dynamic displacement error
of the gear pair, taking g, = Rblg%w, the rest g1 ... g7 also refers to the transmission error,
and the others are similar. mj, my, m3 is the mass of gear. In order to obtain the dimensionless
Equations (2a)—(2g), 1,1, M., M3 is the equivalent mass of gear. .1, Je2, /.3 is the equivalent rotational
inertia of gear. The others are similar.

In order to obtain the dimensionless dynamic displacement error of the gear pair, the dimensionless
Equations (2a)—(2g) are obtained by adding, subtracting, multiplying and dividing the equations
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in (1). And taking g; = Oy — 01, g2 = Ry 01—Rpp0O2—e(t) 0 = Rip02—Ry305—e(t) g = Ry303—Rp1 01 —e(t)

e 4 bf 4
gs = 61 —-011, g6 = 02— 012, g7 = 03— 013, m = #, my = ha, mg = %, My =
__ _mpms _ _mmg 7 .2 _ W N
Mep = Ty +mz Me3 = my+mz”’ €<t) = e w Sll’l(a)t), Q= wn’ ]€1 = ]1+]M ]e T+’ Ie
oy = i3 — y,t. The final dimensionless Equations (2a)~(2g) are as follows:
Ja+]i3 q &
Kenn (Cglz‘l‘ch)'Rbl'be
g, + ]el “On gy + 16) 741 _) Tron 127
Ko12:Rp1+b Co31+Con ) Rp1:be - K,31be R,
g12"\p1 Ve 931 gA b1 Ve 931" Ve Rp1
h w2 (72) + Jiwn 4 Jiwn? 8(94) -
Tm
1(4),4 q5 ]lmn2 15 = ]M(*’n2
- (Co12+Cgn) - C
Agl2gA ) | 812, s
12 - Me1*Wn 72 + M1 @y 2 g(qz) mq-Ryq-be-wy 1
Kon o (Cg23+Con) o Kes (q3) -
Tl-Rbl-bem,Sz 1 My Wy 37 w2 8\q3 s
Co31+Con . Koz C .
@1tCen) - K s1 .
iy 4wz 804) T Ry st
Ksl

52 .
Ry bewn? 15 TR b 6~ R boan? 16+
= bﬁ 02. sin(Q)- 1)
(4

: (Cea3+Cgn) - Keo3 (Co12+Cen)
G+ o B+ o7 83) - =55 -qz -
Ko1n (C 31+C A) Kes
o 8(a2) - % X g(%) + e e+

52 .
be- sz M- 96 = BeRps: m3 wn 7~ beRyg- m3 wn? 47

=5 0?2 -sin(Q - 7)

(Cg314+Cen ) o Koz B (Cg23+Cqn) )
T4 T Me3:Wn 4 Me3 Wy 2 g( ) m3-wy I3 mz-wn2 8(‘1 ) +...
Cng . Kng (Cg12+CgA)
ot R el
1m1-Rp1-be-wn M1 -Ry1 -be-wn my-wy

K
212 Cs1 . K1
iy -8(q2) = Ry bown 15~ 7y Rm o2 5t

_ G _ Ks e.02 .
R 17 R 17 = § QP sin(Q T)

. Ca - Kq  Cowr: Ko
q5 + Jeo-wn q5 + ]el'a)nqu J1-on ql J1-wn qu
Rp1-be:(Cq12+Cqn ) - Ry1-beKq1n
"(hi)n ) g, + o 8(a) -
Ryn-be (Coa1+Cgn) o RppbeKes (q1) = Tiq
oo 1T Te2 T8V T e
- C : Kq (Cg12+Cqn )-Ryp-be
96 t 163-53; e+ Tea EUZH Ao _)_ ]Zi)n — '~
Ky12-Rypb Ce23+Cop ) Rypbe - Kg23Rpp b,
g12'%b2%e g23T—gA ) Rb20e 823 "2
]2'(51)1’2 ( 2) T J2-wn q3 - ]2‘(11112 g(q3) T
_ _Tn
" Jiown?
1'7'7 + ]CS3 1'77 Kg (Cg23+]CgA)'Rb3'he '1'73 _
e4'Wn Joa-wn? 3°Wp o
Kg23-Ryb (Cga1+Con)-Ripzbe - Kga1-Rygebe
823 "p3Ve 31 gA b3% 831 ™3
]3'“%712 (q3) + JER 4 ]3'(11712 (%)
L3
" Jizwn?

In order to obtain simplified dimensionless Equations (3a)—(3g), substituting

Cng Kng o (Cglz + CgA) “Rpy - be B Kg12 "Ry - b

~ T . 11— 7 5 12 — 12 —
2']61'6‘)11, ]el'a)nzl 2:-J1-wn ’ ]1‘0)712

‘i =

e

mynp

7

my+my”

PJi2

Jo+]2”

(2a)

(2b)

(20)

(2d)

(2e)

(2f)

(2g)
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.. (Cg31 +CgA)'Rh1 ~be _ Kga1-Rin ~be Fia— Ca __Ka
13 27y on , k13 —]1 o U=57 T o 14 T
f Tm £ Ca Ks1 Cemt Ko
1=, én=—— k=7, én=—7——, kn="7"7"—,
]M'Cl)n2 2 Jer - wy IeZ'ﬂ)nz 2-J1-wy ]1‘0)712
(Cg12 + CgA) “Rpy - be Kg12 - Rpq - be (Cg31 + CgA) “Ryq - be
23 = 2 1o , ko3 = ok 24 = 2 ]y ,
koy = Ky Ror -be 2= T &31 = L2 31 = K2
]l'wn2 ’ ]Ll'wnZI 2']63'5‘)11, ]63'60112,
_ (Cg12 + CgA) “Rp2 - be Koo Ryp - be B (Cg23 + CgA) “Ryp - be
32 = > Ty k= = = 3 Ty ,
Kz Ryp b T C K
23 " I"p2 * De L2 s3 s3
ks = , f3= = ———, ky = ,
J2 - wi? f Ji2 - wi? 2 Jes - wn Jes - wn?
£y — (ngg, + CgA) - Ry - be o ngg - Rya - be B (Cg31 + CgA) “Ryz - be
0= A , kap = ool 43 = 2 5o ,
_ Kesi-Reg-be T4 _ (C812 + CS'A) ey — Ke12
© w2 7 Jmewl’ N 2o on | e wn?
fey = Cng B Kng B (Cg23 +CgA) fen — Kg23
27 2 my Ry be-wn’ 2 my - Ryp - be - w2’ 53 2omy-wn | - wy?
_ (Cg31 + CgA) ey — K831 _ Csl ker — Ks1
> 2miwn O mywn? T 2 Ry g be-wn’ 0 Ry -ty b w?
Ce Ky e
Eop = Lk S — - -sin(Q) -t
% 2-Ryp-myp-be-wy % = Ryp -mp - b - wy? 5= b ( )
B (Cg23 + CgA) Lo Kg3 _ (Cglz + CgA) L Ke12
61 5. My - Wn s *61 My - wnzr 62 5. 1y - n K62 = My - a)nZ,
fo— (Cear + Cea) o= _Re1 £ — Cs2 = Ky
63 2my-w, |0 ms - wp?’ %7 2my Ry be-wy my - Ry - be - wy?’
CsS K e .
= Lk .- E— = -sin(Q) - 1),
t6s = 7 s Rz -be-wn’ " m3-Rys - by - w2 fo= b @7
(Cga1 + Cga) Kgs1 (Cg23 + Cga) Kg23
n=—-—-—"—"kn=—""=én=F""—lkpn=—"7",
2'7}’133'0)71 Me3 * Wy Z-mg-wn ms - wy
é _ Cng o — Kng é _ (Cng + CgA) _ Kng
73 2-m1-Rb1-bg-(un' 73 ml-Rbl'be'wnZ’ 7 2-mq - wp T ml-(un2'

Ca j— Ksp o Cs
. o ks = e, dre = 5 — b
2Ry -mq-be-wy Ry -mq - be - wy 2-m3 - Ryz - be - wy

&5 =

Ks3
>, fr= 2 .sin(Q- 1)

kpg = ———
76 m3 - Ryz « be - wy

into (2a)—(2g).
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The final dimensionless equation obtained by simplifying the above formula is as follows:

g +2-&1 - kg1 —2-E-qy —kia - g(g2) +2- 13- G4+ -

: (3a)
ki3-8(qa) =2-&1a-q5—kia-q5 = f1
é2+2'§51'172+k51'g(qz)—2"552'%—k52"11—2'553'73—’(53'8(‘73)—--- (3b)
2854y —ksa-8(qa) +2-&55-q5 +ks5-q5 =2 &s6 - G — k5696 = f5
G5 +2- E61 03+ ke 8(43) =2+ e 0y — ko2 - §(q2) =2+ E63 4y — Ke3  §(44) + ... (30)
2-Ea gt kes G —2E65° 97— kes 97 = fo
G +2:&1 4+ k1 -8(qs) =2+ Er2 G5 —kr2 8(q3) +2- &7 4y +hz3qi — .. (3d)
2749y — k74 -8(q2) —=2-&75- G5 —ky5 g5 +2- 76 - Gy + kye - g7 = f7
é5+2'521".]5+k21.'%_2'£22'71_k22'%+2'523'%+... Ge)
kos - 8(q2) =2+ &oa- Gy —kos - g(qs) = f2
Qo +2&31 G5+ k3196 =2 &G0 — ka2 8(q2) +2- &35 45 + k33 - §(43) = f (3f)
é7+2-€41-77+k41'Q7—2'€42~é3—k4z-g(q3)+2~€43'é4+k43-g(44) = fs (3g)

In order to solve the above Equations (3a)—(3g) is transformed into the following equations:

- T
Z:(Zl Z2 23 Z4 Z5 Ze Z7 Z8 Z9 Z10 Z11 Z12 213 Z14)

=(q & 4% 0% 9 95 95 4 95 95 6 9 @7 47 )

dz
d—;IZZ (43)
dzy=q, = fi-2-En -2~k z1+2-&p-za +kip-g(za) =2+ &1z -2 — ... (4b)
kiz-g(z7) +2-&1a-2z10 + k14 - 20
T = (40)
dzg =Gy = f5—2- 51724 —ks1 - §(z3) +2-Emp 2o+ ksp -z + 2+ Es3 7 26 + - - (4d)
ksz-g(z5) +2- &sa- 28 + ksa- §(27) — 2+ E55 - 210 — ka5 - 29 + 2 - E56 - 212 + ks - 211
dZ5
el 4,
7L = %6 (4e)
dze =gy = fo—2-E6126 —ke1 - §(25) +2- &g 24+ ken - §(z3) +2- &gz 28+ - .. (4f)
kez - §(z7) =2+ Eea- 212 —koa - 211 +2- 65 - 214 + ko5 - 213
dZ7
A 4
Ip — 8 (4g)
dzg =q, = fr—2-&n 28 —kn - g(z7) +2-Em 26 + k- g(z5) =2 Erz 20— . .. (4h)
krz-z14+2-&7a -z +kpg - g(23) +2-E75 - 210 + ky5 - 290 — 2+ E76 - 214 — k76 - 213
dz .
d—fzzw (41)
dz10 =G5 = fo—2-&n-z10—ka1 29 +2-Exmzo + k21 —2- &3 za — ... (4)
ko3 - g(z3) +2-&pa - 28 + koa - §(27)
d211

F =Z12 (4k)



Symmetry 2020, 12, 1788 9 of 15

dz1p =qg = f5-2- &1 212 — ka1 211 + 2+ &30 - 24 + ko - g(z3) — . .. (@)
2-&33-26 — k33 - g(z5)

d213 -

el (4m)
dz1y = Gy = fo—2-&a1 - z1a —kay 213 + 2 Eap - 26 + kan - g(25) — . .. (4n)

284328 —kuz - g(27)

3. The Simulation Analysis of MATLAB

Taking gear transmission system of radial braiding machine shown in Figure 2 as an example,
the dynamic differential equation of n-elements gear transmission system with static transmission
error, the random disturbance of meshing damping and backlash are established. The basic parameters
of gears are shown in Table 1. The rotational inertia of motor is J; = 0.03 kg - m?, the speed is
n = 1000 r/min, the length of motor and gear shaft are /; = 80 mm,/; = 50 mm, the diameter
is respectively d; = 10 mm, d, = 20 mm, half-tooth side clearance of tooth pairs is respectively
by = 2.65x107° mm, by, = 2.65x 107> mm, b, = 2.65x 107* mm, motor and load torque is
respectively Tpr = 44 N-m, T; = 2 N - m. Meanwhile, the dynamic differential equation of n-elements
gear transmission system is simulated by Runge-Kutta method, and dynamic response results
are obtained.

Table 1. The basic parameters of closed-loop gear transmission system.

Gear1 Gear 2 Gear 3
Modulus/mm 4 4 4
Tooth number z 30 30 30
Tooth width B/mm 10 10 10
Pressure angle a/(°) 20 20 20
Modification coefficient 0.5047 0.5047 0.5047

3.1. The Analysis about Dynamic Transmission Error of the First Pair of Gears

Time domain diagrams of dynamic transmission error of the first pair of gears at
b1 =2.65x107°m, byp =2.65x 102 m, bj; = 2.65 X 107* m are shown as Figures 5-7, and the
frequency domain diagram of dynamic transmission error of the first pair of gears atbi, = 2.65 x 107° m
is shown as Figure 8. From Figures 5-7, it is known that the dynamic transmission error will fluctuate
with the increase of half-tooth side clearance of the first pair of gears, while the fluctuation trend of the
other pair of gear is similar. From Figure 8, it can be seen that the amplitude of dynamic transmission
error (DTE) is larger at 325 Hz, 675 Hz, 1000 Hz when by, = 2.65 X 10~ m, n = 1000 r/min. Since a
constant term of half-tooth side clearance, there is a large amplitude of dynamic transmission error
(DTE) at 0 Hz. Since the speed of the system has a great influence on the dynamic transmission
error (DTE), and the dynamic transmission error (DTE) is a key factor affecting the stability of the
system. RMS and the mean value of DTE under the different speed is shown as Figures 9 and 10.
From Figures 9 and 10, the fluctuation trend of RMS and the mean value of DTE under the different
speed is basically the same. RMS and the mean value of DTE are stable when the speed is less than
5000 r/min. While RMS and the mean value of DTE are decreasing because of backlash, which can lead
to a large proportion of gear separation and lateral contact when the speed is greater than 5000 r/min.
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Figure 8. DTE amplitude of the first pair of gears at n = 1000 r/min, by = 2.65 X 107> m.



Symmetry 2020, 12, 1788 11 of 15

0.65 I T T T T T T T T

RMS of DTE of the first pair of gears(mm)

I I r r r r r r I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
n/(r/min)

Figure 9. RMS of DTE of the first pair of gears at by, = 2.65 x 10~ m.
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Figure 10. The mean value of DTE of the first pair of gears at by, = 2.65 x 10~ m.

3.2. The Analysis about Dynamic Meshing Force of the First Pair of Gears

The change of dynamic meshing force reflects the magnitude of impact and the intensity of
noise for the system. In order to reflect the problem of random effect [32-35], it is assumed that Cgx
obeys the random distribution between zero and one, which is shown in Figure 11. The horizontal
coordinate represents the number of samples and the vertical coordinate represents the random
distribution value of Cg, obeying between zero and one. The change of dynamic meshing force
at n = 1000 r/min, by, = 2.65 x 10> m, Cg, = 0 and n = 1000, by, = 2.65 X 107 m, Cg, = 0.5 are
shown as Figures 12 and 13. From Figures 12 and 13, the fluctuation trend of dynamic meshing force
atn = 1000 r/min, by, = 2.65 X 107> m, Cg, = 0 and n = 1000 r/min, by = 2.65 X 10° m, Cg, = 0.5 is
basically the same. The dynamic meshing force fluctuates greatly at t < 7 s, while it fluctuates slightly
at t > 7 s because the system is in a stable state. Compared with Figures 12 and 13, the maximum
dynamic meshing force is about 5.9 KN when T < 7 s at n = 1000 r/min,by, = 2.65 X 107° m, Cgn =0,
while the maximum dynamic meshing force is about 3.8 KN when T > 7 s. Meanwhile, the maximum
dynamic meshing force is about 7.8 KN when T < 7 s at n = 1000 r/min, by, = 2.65 X 105 m, Cgp =05,
while the maximum dynamic meshing force is about 5.5 KN when T > 7 s. Obviously, the fluctuation
of dynamic meshing force increases with the increase of Cgy.
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Figure 12. The dynamic meshing force of the first pair of gears at n = 1000 r/min, by, = 2.65 X 107 m,

CgA =0.
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Figure 13. The dynamic meshing force of the first pair of gears at n = 1000 r/min, by = 2.65 X 1075 m,

Cgs =0.5.

4. Conclusions

In this paper, the non-linear dynamic equations of a n-elements closed-loop gear transmission
system with symmetrical structure for 3D circular braiding machine including static transmission
error, the random disturbance of meshing damping and backlash were presented. The non-linear
dynamic feature of multiple-stage closed-loop gear transmission system for the well-known radial
braiding machine with one layer was in accordance with practical engineering. The simulation results

are summarized as follows:
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1. It is known that the dynamic transmission error will fluctuate with the increase of half-tooth
side clearance. Therefore, it is very important to reduce half-tooth side clearance as much as possible
to prevent the fluctuation of the dynamic transmission error.

2. It can be seen that the amplitude of dynamic transmission error (DTE) is larger at 325 Hz,
675 Hz, 1000 Hz when by, = 2.65 X 107 m, n = 1000 r/min. Since of a constant term of half-tooth side
clearance, there is a large amplitude of dynamic transmission error (DTE) at 0 Hz. Since the excessive
dynamic displacement caused by the vibration response of the transmission system will affect the
normal operation of the mechanical equipment. Therefore, it is very important to avoid 0 Hz, 325 Hz,
675 Hz, 1000 Hz when by = 2.65 X 107> m, n = 1000 r/min to prevent the large amplitude of dynamic
transmission error (DTE).

3. The fluctuation trend of RMS and the mean value of DTE under the different speed is basically
the same. RMS and the mean value of DTE are stable when the speed is less than 5000 r/min. While RMS
and the mean value of DTE are decreasing because of backlash, which can lead to a large proportion of
gear separation and lateral contact when the speed is greater than 5000 r/min. Therefore, the speed of
3D circular braiding machine should be lower than 5000 r/min to ensure the normal operation of the
mechanical equipment.

4. The fluctuation of dynamic meshing force increases with the increase of Cgx. Meanwhile,
the amplitude of dynamic meshing force fluctuates greatly at the beginning, and then tends to fluctuate
steadily. Therefore, it is very important to reduce Cg, as much as possible to prevent the fluctuation of
dynamic meshing force.

The future perspective of research could be to study the non-linear dynamic feature of
multiple-stage closed-loop gear transmission system with other incentive factors for the mechanical
equipment in various fields. The influence of different incentive factors on the normal operation of
mechanical equipment in various fields.
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