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Abstract. Long wall mining is most widely used in coal mining of China, and coal shearer is the most important
machine due to its direct role in cutting coal. Nevertheless, coal mining enterprises are suffering from faults of
coal shearer, especially cutting unit gearbox housing (CUGH). Published dynamic studies on CUGH have not
considered the excitation caused by gear meshing and complete machine vibration. Due to the apparent lack of
experimental validation of these published papers, the dynamic response of CUGH is not convincing. In this
study, dynamic behavior of CUGH is investigated both theoretically and experimentally for finding out failure
mechanism and improving reliability. Complete machine vibration and gear meshing vibration are two
excitation sources for CUGH, and vibration is transferred via articulated holes and bearing holes. Hence,
complete machine dynamics model is established for obtaining force on articulated holes. Dynamics model of
gear transmission system is established for obtaining force on bearing holes. Stochastic cutting forces model is
established as external load of complete machine dynamics model. Dynamics response is calculated by finite
element model established by ANSYS. A measurement system to capture three-dimensional vibratory motions
under realistic working conditions of coal mines is implemented by National Energy Mining Equipment
Laboratory of China. Direct comparisons between predicted and measured results are presented to demonstrate
the accuracy of the proposed model in predicting three-dimensional vibrations of CUGH. Maximum deformation
and stress positions of CUGH are determined, and the excitation sources are investigated.

Keywords: Coal shearer / experimental study / cutting unit gearbox housing / dynamic characteristics /
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1 Introduction

Coal, which makes up the proportion of 62% in whole
energy consumption in 2017, is the most widely used
energy and will be dominant resource of China for a long
term since China is a coal-rich country. The “Action plan
for energy technology revolution and innovation: 2016—
2030” proposed jointly by National Development and
Reform Commission and Nation Energy Administration
of China pointed out that intelligent mining will be
achieved by 2030 when unmanned working face will be
basically achieved in some key mining areas [1]. Long
wall mining, as shown in Figure 1, is the main coal mining
method in China. Mining work face is a long wall and coal
shearer cuts coal with the help of scraper conveyor. Then
coal is transported out of working face by scraper
conveyor and reversed loader. Safety of working space is
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guaranteed by hydraulic supports [2,3]. Among these
coal mining equipment, coal shearer is the most
important due to its direct role in coal cutting. CUGH
(Fig. 2), whose role is supporting cutting drum and gear
transmission system, enables cutting drum to cut coal in
anywhere of coal wall. However, CUGH suffers from poor
reliability in terms of the 11-year-period failure data
collected by Wang and Zhou [4,5]. Recently, the largest
coal mining enterprise in China-Shenhua Group, was
taking effort to improve coal production through the
methodology of raising mining height of working face to
8.8 m. However, Shenhua’s effort was frustrated by the
fracture of CUGH in cutting test since high mining
working face leads to long force arm of CUGH and
increases the risk of fracture. Hence, poor reliability of
CUGH has been a key obstacle in the path of improving
the productivity of long wall mining and causes great
economical losses. For improving the reliability of CUGH
in design stage, accurate dynamic model should be
proposed and validated.
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Finite element method is appropriate for establishing
dynamic model since CUGH is a continuum with irregular
shape. In fact, most scholars used finite element model in
their papers for investigating dynamic characteristics of
CUGH. Zhao et al. [6-15] used finite element models which
are established by finite element or multi-dynamic software
to study dynamic characteristics and reliability of CUGH.
Their papers firstly use dynamics theories for studying
CUGH, and without any doubt change the previous way of
empirical design for determining design parameters.
However, there are some disadvantages in their studies:
(1) external excitations in their papers are inaccurate and
some are neglected. According to the structure of cutting
unit gearbox (Fig. 2), there are two external excitation
sources: One is complete machine vibration and is
transferred to CUGH via articulated holes. Complete
machine dynamic model for coal shearer should be
established for obtaining dynamic forces on articulated
holes (connections of cutting unit and traction unit —
Fig. 3). The other external excitation is gear meshing
vibration of transmission system in cutting unit gearbox
and the vibration is transferred to CUGH via bearing holes.
Dynamic model for gear transmission system should be
established for obtaining forces on bearing holes. Hence,
the ignorance of these excitations will lead to inaccurate
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Fig. 3. MG500-1180/WD coal shearer.

results. (2) Coal cutting forces on drum are taken as
external excitations and applied directly on CUGH.
However, this load applying method is inaccurate since
cutting forces are transferred to gear transmission system
via cutting drum and then to CUGH via bearing holes. (3)
Dynamics results calculated by these papers are not
validated by experiments. Recently, Liu et al. [15-20]
conducted a series of experiments focusing on dynamics
characteristics of cutting unit gearbox in coal cutting
process. However, these papers mostly focused on dynamics
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Table 1. Main parameters of MG500-1180/WD.

Cutting height 2240~4470mm Power 500KW
Machine height 1596mm Motor speed 1470r /min
Drum diameter 2240mm Length 2950mm
Passing height of coal 666mm Rotation speed 28r/min
Installed power 1180KW Swingingangle -14.1°~47.1°
Maximum cutting depth 800mm Floor cutting depth 400mm

of gear transmission system, and theoretical model for
CUGH is not established. Liu et al. [21-23] focused on
dynamics model of gear transmission system coupled with
gearbox housing. However, these papers mainly investigated
the influence of gearbox housing flexibility on the dynamic
characteristics of gear transmission system. Recently, He
and Peng [24] used wavelet decomposition method for noise
reduction of experimental data and analyzed dynamic
characteristics of CUGH.

To the best knowledge of these previous papers, this
paper will try to provide a more accurate dynamic model of
CUGH. Firstly, complete machine dynamics model of coal
shearer is established for obtaining forces on articulated
holes. Dynamic model for gear transmission system is
established for obtaining dynamic forces on bearing holes.
These forces are applied on finite element model of CUGH
established by ANSYS software, and dynamics response is
calculated. The accuracy of predictions from proposed
dynamic model through direct comparisons to the
experimental acceleration data.

2 Complete machine dynamics model
2.1 Introduction of MG500-1180/WD coal shearer

MG500-1180/WD coal shearer (Fig. 2), which is made by
China National Coal Group Co., Ltd, consists of 4 main
parts: cutting unit, traction unit, electronic controlling
unit and hydraulic unit. Main parameters of this coal
shearer are shown in Table 1. In mechanical system, there
are also 4 main parts: cutting unit, traction unit, cutting
drum and housing structure. Different parts of mechanical
system are connected by hinge joints and hydraulic bolts.

2.2 Dynamics model

Before establishing dynamics model, the logical relation-
ship between Sections 2 and 4 should be explained. This
paper aims at investigating dynamic characteristics
of CUGH. There are articulated holes and bearing holes
on CUGH. The function of articulated holes is connecting
CUGH with other parts of coal shearer and the function of
bearing holes is supporting gear transmission system in
gearbox. Hence, there are two external load sources for
CUGH: one is complete machine vibration which is
transferred to CUGH via articulated holes, the other is
gear meshing vibration which is transferred to CUGH via
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Fig. 4. Complete machine dynamics model of coal shearer.
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bearing holes. Therefore, complete machine dynamics
model is used for obtaining force on articulated holes and
gear transmission dynamics model is used for obtaining
force on bearing holes. Finally, external excitations on
CUGH are obtained and Section 4 can be obtained and
studied.

Cutting unit, traction unit, housing structure and
cutting drum are simplified as 7 lumped mass in complete
machine dynamic model, as shown in Figure 4. Connections
of these components (hinge joints, hydraulic bolts and
connection shafts) are represented by linear springs and
damping. Transverse vibration degree of freedoms (DOF's)
in XOY plane (shown in Fig. 4) is studied in this model and
there are 14 DOF's in total. Driving forces of coal shearer in
X direction are provided by gear meshing and supporting
forces in Y direction are provided by sliding shoes.

Dynamics formulations are as follows (each term
definition of Egs. (1)—(14) is shown in Fig. 4).

The equations for left traction unit are:

mltafzt + kwts(ms - mlt) + ths(x:s - m.lt) - (kwmxlt + Cx'rnm.lt)
+kztc<mlt - xlc) + Cztc(m.lt - x.lc) =0 (1)

Mty + Kyes(Ys — Yie) + Cyis(Us — i) — (Rsyyy + Csyiy)
+kytc(ylt —Y) + Cytc(ylt — %) = 0. (2)

The equations for housing structure are:

kzts(ms - xlt) - Czts(l:s - m.lt) + kzts (wrt - xs)

+czts(w.rt - $5) =0

ML —

3)
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sy = Kyes (Ys — Yie) — Cyrs (s — i) + Fyes (U — 115)
+cyts(y'rt - ys) =0. (4)
The equations for right traction unit are:
mrtx';"t - kmts (Irt - Is) - cxts(x.rt - -Ts‘)
- (kzmxrt + szx.rt) + kztc(xlc - xlt)

+Cztc(m.lc - x.lt) =0

(5)

m”y;t - kytS(yrt - ys) — Cyts (yrt - ys) - (ksyTt + Csy.rt)
+kyt0(ylc —Yy) + Cytc(y}c — ) = 0. (6)

The equations for left cutting unit are:

mlcl:ic - kztc(xlt - xlc) - Cztc(x-lt - x.lc)
+ kecd(Zie — T1d) + Coea(Tle — 21a) =0 (7)

MicYje — kytc(lllt — Ype) — Cytc(i‘jzt — Yie)
+ kyed(We — Y1) + Cyea(Wie — Yig) = 0. (8)

The equations for right cutting unit are:

MypeLre — kxtc(mrc - xrt) - Cztc(x.rc - $rt)

+ kzcd(xrd - mrc) + Czcd(x'rd - xrc) =0 (9)

mrcy'r'*c - kytc(yrc - yrt) - Cytc(y;’c - yrt)
+ kyCd(yrd - yrc) + CyCd(y.rd - yr(’) =0. (10)

The equations for left cutting drum are:

MiaZia — kaed(ZTie — T1a) — Czea(@ie — x1q) + Fur =0 (11)

(12)

Mgyt = Kyed Yie = Y1a) = Cyed Yie = Yia) + Fy = 0.
The equations for right cutting drum are:

mrdx';“d - kxcd(mld - -Tlc) - Czcd(x.ld - -T.lc) + Frr =0 (13)

My dYyg — kycd(yld —Ye) — Cycd(y}d —Yie) + Fy. =0. (14)

According to instruction of MG500-1180/WD, con-
stants in dynamics model such as mass, stiffness can be
determined as shown in Table 2:

The damping can be approximated as Rayleigh damp-
ing and damping matrix C'is:

C=aM + BK.

2.3 Stochastic cutting forces

Coal is cut by cutting picks fixed on drum and cutting force
on drum is the superposition of forces on picks. Figure 5
shows the forces on one cutting pick, v, is traction speed of
shearer, w is rotation speed of drum, h,,. is the maximum
chip thickness, @; is position angle of pick. The average

Y2 Zi Y;

h max : |
——— e

Fig. 5. Force diagram of the cutting drum.

cutting resistance on single sharp pick Z; is:

h. = (1 — cosg,) hmax/ @ (15)

hamax = 1000,/ Sy (16)

Zy = Ah.(0.3 + 350b,) (17)

Ar150f (18)

p = cc?s,?j;j—o;) \/cos2a + sin2acot(f — «) (19)
A =0.45Vh (20)

where h,, f, A, D;,S,, ¢, b, o, B, h are average chip
thickness, consistence coefficient of coal seam, cutting
resistance, diameter of pick tip, pick number of each
cutting line, enclosed angle, calculation width of picks, cone
angle, setting angle and cutting depth of picks.

Average advancing resistance on single sharp pick:

Yo = kyZoky, =0.5~0.7. (21)

Average cutting, advancing resistance on single blunt

pick:

Zaw = Zo + 100f,ky0, S (22)

Yoo = Zo + 100f,k,0,54 (23)

where fi, ky, Sy, 0, are cutting resistance coefficient, ratio of
average coal contact stress to unidirectional instantaneous
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Table 2. Some constants in complete machine dynamics model.

my = Myt ms Mic = My Mg = Myq

kwts = kyts ks

kzta = kytc kxcd = kycd

1.5 x 10*%kg 2.3 x 10*%kg 0.75 x 10*%kg 0.45 x 10%kg

1.08 x 10'N/m

1.2 x 10°N/m 5 x 10'N/m 1.5 x 101°N/m

compressive strength, blunt area of pick, uniaxial instan-
taneous compressive strength of coal.

Average lateral resistance of single blunt pick exists
proportional relationships with cutting resistance Z,,;

Xow = Zay (L + C3> h/t. (24)

h+Cg

Here, c¢;, co, c3 are form coefficients; ¢ is average
intercept of cutting drum.

Randomness of cutting, advancing resistance is usually
expressed by Gamma distribution, while lateral resistance
is described by normal distribution. Li [24] proposed a
Rayleigh-distribution-based method for solving the prob-
lem of Gamma process simulation. Therefore, stochastic
cutting resistance is the sum of mean value and random
component:

Zn] = (Za + 0.k, [n])/cosb, (25)
where n is sim points number, n=1,2,3...; 0, is mean square
deviation of cutting resistance under Rayleigh distribution;
k,[n|] is stochastic coefficients of cutting resistance,

k.ln]= /&[] + 3[n]-1.25, ¢,[n] = m[n] x \/1— py[n]*+

¢&[n = 1py[n], &[] =nyn] x /1 - pu[n]” + &o[n — 1)py ],

n1 [n], n2 [n] are independent normal random number order
with 0 mean value and 1 standard deviation, p;[n| is
uniform distribution random number order in (0,1)
interval.

Stochastic advancing resistance of single blunt pick is:

Y[n] = (Yay + 0ky[n]) /cosd (26)

where o, is mean square deviation of cutting resistance
under Gamma distribution, ¢,=0.23Y,,—400; k,[n] is
stochastic  coefficients of advancing  resistance,
kyn] = r.yk.[n] + n3[n]\/1 —r.2, n3[n| are normal ran-
dom number order with 0 mean value and 1 standard
deviation.

Stochastic lateral resistance of single blunt pick is:

Xn] = (Xav + 05kz[n])/cosb (27)

where o, is mean square deviation of lateral resistance
under normal distribution, o,=0.5X,,; k,[n] stochastic
coefficients  of lateral resistance, k;[n] = {3n] =

naln] x /1= py[n]® + ¢5[n — 1)po[n); n4|n] is normal ran-

dom number order with 0 mean value and 1 standard
deviation, p»[n] is uniform distribution random number
order in (0,1) interval.

Forward resistance P,, cutting resistance P,, torque M,
on drum are superposition of forces on cutting picks:

N N
P.=2;y sinf — Y; ) _cosf; (28)
i=1 i=1
N N
P, = —ZiZcosﬂi — YiZsinQi (29)
i=1 i=1
D
M. == NP.. (30)
where N is number of picks in cutting.
Axial force on drum A;:
D L sinoy
Al =—P.K 1
! ALy ? (1)

where, D, L., Ly Jand K, are drum diameter, distance
between two guide sliding shoes, distance between guide
sliding shoes and drum, width of drum and working
condition coefficient (the value is usually 2).

In long wall mining, coal shearer will go oblique cutting
(Fig. 12) with the help of scraper conveyor for cutting coal
wall. Cutting depth increases in oblique cutting process
and the number of picks N involved in cutting increases at
the same time. Increase of Nleads to the increase of P,, P,
M, and A;. Hence, the relationship between N and cutting
depth d(t) is essential. For intuitively expressing, the picks
arrangement on drum of MG500-1180/ WD (Fig. 6) which
is the coal shearer in experimental analysis of this paper is
used. Maximum cutting depth d,., is 800 mm, and density
of picks on drum is different along with cutting depth d(¢).
When 0 < d(t) <33 mm, Nequals 4. When 0 < d(¢) <100

mm, N increases by 3 with cutting depth d(¢) increases
33mm. When 100 < d (¢) <800 mm, N increases by 3 with
cutting depth d(¢) increases 100mm. The relationship
between N and cutting depth d(¢) is shown in Table 3.

Cutting depth d(t) can be described as follows:

d(t) = vgsind x ¢ (32)
where v, is traction speed of long wall shearer; 6 is oblique

angle (Fig. 12).

Substitute time-variant N into equations (28)—(30),
and cutting force on drum in oblique cutting can be
obtained.

Working conditions are based on realistic cutting
process in coal mines: in oblique cutting, cutting depth
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Table 3. Relationship between N and cutting depth in MG500-1180/WD.

d(mm) 0<d(f) 33<d(t) 66<d(t) 100<d(t) 200<d(t) 300<d(t) 400<d(t) 500<d(t) 600<d(t) 700<d(t)
< 33 <66 <100 <200 <300 <400 <500 <600 <700 <800
N 4 7 10 13 16 19 22 25 28 31
240° 120° 0° are put forward in terms of previous studies:
270° 1350° 30°
300° 180° 60° — Basic characteristics for gear transmission system of
330° ~ 210° 90° ~ cutting unit gearbox are low speed and high cutting
360° . 230° _ 1207 _ forces. As Kahraman’s research findings [26], non-
T00° 270 130 B 0" 30 linearities caused by gear backlash and bearing clear-
72402 o tsne20 9’ ances are neglected since very little nonlinear phenomena
539 B - LTS ~ ———vo— A s e r was found.
= e > — In terms of calculations of reference [27], stiffness of gear
285° 195° 105° 15°

Fig. 6. Picks arrangement on cutting drum of MG500-1180/WD.

increases from 0 to 600mm with constant traction speed
1.5m/min; in straight line cutting, cutting depth and
traction speed are 600 mm and 1.5 m/min, respectively.

Figure 7 shows the cutting forces on drum. Randomness
can be obvious observed near and the mean values of
cutting forces change regularly. Cutting resistance,
forward resistance and torque in oblique cutting increase
with cutting depth, and cutting forces in straight line
cutting are larger than that in oblique cutting.

2.4 Dynamic forces on articulated holes

Dynamic forces on articulated holes are calculated by
complete machine dynamics model, as shown in Figure 8.
It can be seen that peak values of the second vibration
period are close to the first period in straight line cutting
but apparently larger in oblique cutting since cutting
depth increases. Forces in Y direction are larger than X
direction in both straight line and oblique cutting. This is
mainly because the large deadweight for coal shearer.
Maximum peak value is 61.4 KN and occurs in Y direction
of straight line cutting. It is noted that forces in X
direction fluctuate and curves in Y direction are smooth.
This is because driving forces of coal shearer F,,, in X
direction are provided by gear meshing and gear mesh
stiffness fluctuates due to odd and even teeth alternating.
Dynamic forces results are one of the external loads for
CUGH and will be applied on finite element model of
CUGH.

3 Dynamics model of gear transmission
system

Gear transmission system (Fig. 9) in CUGH, which consists
of motor, two-stage spur gear transmission, two-stage
plane gear transmission, one central large gear, is
connected to cutting drum via a shaft. Some assumptions

shafts are far greater than that of gear meshing, bearing
support, elastic torsion shaft and connection shaft
between different transmission stages. Hence, elastic
deformation of gear shaft is neglected.

— Transverse and rotational vibrations of gears are studied
in this paper.

— Bodies of shafts, gears, carriers, bearings are assumed to
be rigid.

— Planetary gears are assumed to be identical to each other
in one transmission stage and uniform distributed around
planetary carrier.

3.1 Dynamics model of gear transmission system
3.1.1 Forces and relative displacements

The relative displacements of gear mesh along the meshing
line are:

Lij =6;R; + Q.jRj + (:L’l — a:j)sin(oz)

+ (s = ;) cos(@) - es(t) (33)
Lapij = 05iRai + 0y Rpi + (25 — xp5)sin(¢;; + @)
+ (ysi - ypij) cos (‘Pz‘j + 0‘) — espij(t) (34)

Lypij = 0riRyi — 0pijRyi + (=i — mpij)sin (¢ — )

+ (yn‘ - ypz‘j)COS ((pij - 0‘) + €rpij(t) (35)

where L;; is relative displacement of spur gear mesh, L,
L,,;; are relative displacements of planetary gear mesh, 6, ¢
and o are forced torsional vibration, position angle for
planetary gear and press angle, respectively. R, z and y are
base radius for gears, forced vibration response in z, y
direction. Here, spr are sun gear, planetary gear and ring
gear, 7j in planetary gear meshes represent the transmis-
sion stage of planetary gear transmission and planetary
gear number; 4jin spur gear meshes represent gear number.
sp, rp are sun-planetary gear mesh and ring-planetary gear
mesh, respectively.
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Fig. 8. Dynamic forces on articulated holes. (a) X direction (straight line cutting); (b) Y direction (straight line cutting); (¢) X
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Fig. 9. Gear transmission system.

where, cp is planetary bearing between planetary gear and
carrier.

The torsional torques and transverse forces between
carrier of first stage and sun gear of second stage are:

Te1so = kers2(0e1 — 02) + o152 (61 — 052) (43)

FrclsZ = kmclsZ (Icl - 132) + Cre1s2 (-'Ecl - xs2) (44)

Fyeso = kyers2(Yer — Ys2) + Cyeas2(Yor — Yi2) (45)
where, c1s2 is carrier of first stage and sun gear of second
stage.

The torsion torques and transverse forces between
carrier of second stage and drum are:

Te2a = ke2a(0c2 — 0a) + ce2a (02 — 6a) (46)
cmZd = kchd(xCZ - Z'd) + C.TCQd(:r.CQ - CEd) (47)
Fyead = kye2d(Yer — Ya) + cye2d (Yoo — Ya) (48)

where, ¢2d is carrier of second stage and drum, d is drum of

SCUG.
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The torsion torques and transverse forces between
motor and spur gear transmission are:

Tms = kms (Qm - 91) + Cms (Q;n - 91) (49)
Fops = kwms(xm - xl) + Coms (fr;n - 1:1) (50)
Fyms = kyms (ym - yl) + cyms (ym - yl) (51)

where, ms is motor and spur gear transmission.
The torsion torques and transverse forces between spur
gears with same shaft are:

Tij = ki(0m — 01) + ¢ (0 — 61) (52)
Fgcij = kz‘ij (Z’Z - 33‘,) + Cai (J}L — 3?]) (53)
Fyij = kyi (yz - yj) + Cyi (yt - y,) (54)

where 7j represents gear 3 and 4, gear 7 and sun gear sl.

3.1.2 Dynamics model formulation

The equations for motor are:

MeLy + Foms =0 (55)
MeYp, + Fyms =0 (56)
Jee'r'n + szs = Tin (57)

where m represents the motor and T}, is the input torque of
the gear system.
The equations for gear 1 are:

miTy + FuSiH(O[) —Fyms +F31 =0 (58)
m1y; + Fiacos(a) — Fypns + Fju =0 (59)
J161 + F1oRy = T (60)
The equations for gear 2 are:
medy — Fosin(a) + Fagsin(a) + Frpe =0 (61)
mayy — Fiacos(ar) + Fagcos(a) + Fyp =0 (62)
J205 + F19Ry — Fa3Ry = 0. (63)
The equations for gear 3 are:
m3x3 — FzgSin(Ol) + Fzg4 + Fx3 = 0 (64)
m3y3 — FQgCOS(O[) + Fy34 + Fyg = 0 (65)

J393 + FosR3 — T34 = 0. (66)
The equations for gear 4 are:
myZy + Fyssin(a) — Fyzq + Fpy =0 (67)
mygiy + Fuscos(a) — Fysy + Fiy =0 (68)
Jibs + FysRy — T34 = 0. (69)
The equations for gear 5 are:
msLs — F45Sin(05) + F5gsin(a) + F.5=0 (70)
msYs — Fascos(a) + Frgeos(a) + Fys =0 (71)
Js05 + FysRy — FsgRy = 0. (72)
The equations for gear 6 are:
meZs — Fresin(e) + Fersin(o) + Fpg = 0 (73)
meYs — Frecos(a) + Fgreos(ar) + Fyg =0 (74)
J696 + FygRy — Fg7Ry = 0. (75)
The equations for gear 7 (central gear) are:
m7x"7 - F67sin(a) + Fx751 + Fz7 =0 (76)
m7y7 - F67COS(Ol) + Fy731 + Fy7 =0 (77)
J:07; + Fg;Rs — Trgy = 0. (78)

The equations of sun gear of first planetary transmission
stage are:

3
Mot + Zsin((ppu +a)Fg1j = Fors (79)
j=1
3
Mays + ZCOS (@1 + @) Foprj = Fyra (80)
j=1
. 3
Jslesl + ZRlesplj = Tx?sl- (81)
j=1

The equations of planetary gears of first planetary
transmission stage are:
Mp1Tp1; = Faptysin (@1 + o) + Frpijsin (¢, — @)

—Fpj=0 (82)
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195 — Faprcos(@pj + @) = Fryijeos(¢y; — @)

—Fyep1; =0 (83)

Jp1j0p1; + Fap1jRp1j — Frp1 iRy = 0. (84)

The equations of ring gear of first planetary transmission
stage are:

3

M1 Try — ZSin(fﬂpu —a)Fop1j+ Fap =0 (85)

=1

3

My, + Zcos (017 — @) Frp1j + Fyrp =0 (86)

=1

. 3
Jrlerl + ZFrplerl = *Trl (87)
=1

where T, is the braking torque of ring gear and R,q is the
radius of ring gear.

The equations of carrier of first planetary transmission
stage are:

3
Me1Te + Zcmplj + Foeis2 + Fapre =0 (88)
=
3
mdy};l + Zchplj + chls? + Fyblc =0 (89)
=1
.. 3
Jaaba — ZFxcpljRCISin(‘pplj)
=1
3
+Y FygjRacos(p,;) = —Taw.  (90)
=

Here, Fppi., Fyp1c are bearing support stiffness of carrier.
The equations of sun gear of second planetary

transmission stage are:

4
MLy + Zsin ((ppzj + a) Fopoj = Froiso

(91)

=1

4

msgy;Q —+ ZCOS (q)p?j —+ O()Fspgj = chlsQ (92)

J=1

.. 4
Js2050 + ZRSZFsij =Te. (93)
j=1

The equations of motion for planetary gears of second
planetary transmission stage are:

Mp2;Tp2j — FspngIIl((ppgj + C() + FrijSID((prj — Dl)

~Eueprj =0 (94)

My Y; — Fapnjcos(@p; + &) — Frpnjcos (@ — @)

—Flyep2j =0 (95)

Jp2i0p2j + FapjRyj — FrpojRpnj = 0. (96)

The equations for ring gear of second planetary transmis-
sion stage are:

4
MpoXry — Zsin((ppgj — Ol)Frpgj + F.9=0 (97)
J=1
4
Moy + Zcos(gﬁij —a)Fpj+ Fpo =0 (98)
=
.. 4
Jr29r2 + ZFrgﬂerZ = —4Lr2 (99)
=

where T, is the braking torque of ring gear and R, is the
radius of ring gear.

The equations for carrier of second planetary transmis-
sion stage are:

4
MeTe2 + Zcmij + Fucod + Fapae =0 (100)
=
4
chy.c.Q + Zchij + ch?d + FbeC =0 (101)
=1
.. 4
JCQGCQ - ZFxchch2Sin(¢p2j)
=
4
+ chpijCQCOS((prj) = _TCQd. (102)
=

Here, Fpo., Fyo.c are bearing support stiffness of carrier.

The equations of drum are:

MgTqg — Feag = —Fyt (103)
mdyd — chgd = —Fyt (104)
Jiba—Teoa = —Tous- (105)
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Mesh stiffness is described by the product of mean value
and time-varying periodically component, and the time-
varying component can be represented by Fourier series.

k(t) = ko X K(t) (106)

H
ki) =1+ Z [alcosl(2nfl-t — y) + blsinl (2 f;t — y)]
=1

(107)
al = lnzcjsin[ln(c — 1)]cos (1Z;y)) (108)
= l_—2sin[ln(c — 1)sin(1Z;v)) (109)

7TCJ'

where k() includes kj, kyp; and k5 kg, is mean value
corresponds to ky, kyp; and k. @ represents stage for both
spur and planetary gear transmissions. j represents gear
number in spur gear transmission, and planetary gear
number in planetary gear transmission. f;is mesh frequency
of the ith transmission stage. v, is the position angle. ¢; is
the theoretical involute contact ratio for gear meshes. y is
the relative phase between gear meshes and the arbitrarily
chosen mesh (here, the chosen mesh is first sun-planetary
mesh y,; =0, i=1,2).

Mesh stiffness and transmission error are two main
high-frequency excitations for CUGH and the values of
them depend on mesh phases. A variety of investigations
has shown the powerful impact of mesh phasing on the
dynamic characteristics of gear system. Therefore, obtain-
ing the mesh phases of all gear meshes is essential. The
value of relative mesh phase y differs depending on
arbitrarily chosen gear mesh (first sun-planetary mesh
ya =0) and meshing modes. Hence, y includes 3 forms:
Ysn= Vs represents relative phase between nth sun/ring-
planetary gear mesh and first sun/ring-planetary gear
mesh; y;, represents relative phase between different gear
meshes on one gear. y;, includes y;,; (jth spur gear) and y,,;
(ith stage jth planetary gear); y;(;;1) represents relative
phase between the reference teeth of gears mounted on the
same shaft. Parker [28] investigated these mesh phasing
relationships intensively, but the yp in his paper, which is
the proportion of mesh period, can’t be used in the
expression of « (t). Hence, the relationship between yp and
y is proposed in this paper as:

y=— X wj. (110)
(3
Here, w; is angular velocity of gear j (jth spur gear or ith
stage jth planetary gear).
Proportional mesh damping in gear meshes are:

¢ =28\/kay/(m).

Here, m is sum mass of a pair of gears in mesh. A constant
damping ratio £ =0.07 is employed as Kahraman used in
reference [26].

(111)

Transmission error excitations caused by manufactur-
ing deviations can also be represented by Fourier series and
contain the same harmonic orders and phasing relation-
ships as time-varying mesh stiffness.

H
e(t) = eqw + Z [klcosl(erfit —y) +plsinl(2nf;it — y)].
=1
(112)

Here, e, is mean transmission error of gear mesh; / K
+p? is the amplitude of the ith harmonic transmission
€rTor.

Hence, the mass and stiffness matrices of gear
transmission system can be given as:

M=M,+M.+M;K=K,+ K, + K, (113)

Here, My, M., M are mass matrices for gears, carriers and
drum. M is a diagonal matrix; K, K, K; are stiffness
matrices for gear meshes, supporting and torsion connec-
tion shafts. Matrix assembly method for M and K can be
found in literature [25], and damping matrices C share the
same form as K.

The dynamic model of gear transmission system can be
written in matrices form as:

Mx(t) + Cx(t) + Kx(t) = F(t). (114)
According to design parameters of coal shearer cutting unit
gearbox, constants in dynamic model such as mass,
moment of inertia, mean value of mesh stiffness, bearing
stiffness, shaft stiffness, cutting forces on drum, can be
determined and shown in Appendix A.

Figure 10 shows force on bearing holes of CUGH
calculated by proposed dynamics model. It can be seen
that times of load application vary with gear transmis-
sion stage, and times order from the most to the least is
as follows: first spur gear transmission stage > second
spur gear transmission stage>first planetary gear
transmission stage > second planetary gear transmission
stage. Time-variant mesh stiffness and transmission
error are the source of excitation of the gear transmission
system due to the shape of vibration response curve. The
force of Y direction of second planetary gear transmis-
sion stage is largest and the peak value is 702.5 KN. It is
worth noting that although force on bearing holes of
planetary gear transmission are larger than spur gear
transmission, the times of load application is less. Hence,
the low reliability part in CUGH needs further
investigation to determine.

4 Dynamics characteristics of CUGH

4.1 Finite element model

FE model for gearbox housing is established in terms of
actual structure of MG500-1180/WD’s CUGH, as shown in
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Fig. 10. Force on bearing holes of CUGH. (a) X direction of first spur gear transmission stage. (b) Y direction of first spur gear
transmission stage. (c¢) X direction of second spur gear transmission stage. (d) Y direction of second spur gear transmission stage. (e) X
direction of first planetary gear transmission stage. (f) Y direction of first planetary gear transmission stage. (g) X direction of second
planetary gear transmission stage. (h) Y direction of second planetary gear transmission stage.
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Figure 11. There are 178123 elements (Solid 185 in
ANSYS) and 312564 nodes in FE model. Young’s elastic
modules, yield limit, Poisson’s ratio and density of
CUGH are 200GPa, 300 Mpa, 0.3, and 7800kg/m®.
Condensed nodes, which are rigidly connected with
bearing/articulated holes, are established by ANSYS in
the center of bearing/articulated locations for applying
external forces. Stochastic cutting forces, external forces on
articulated holes and bearing holes are applied on FE model
using transient dynamics analysis module in ANSYS.
Simulation time is 2s in this paper due to limited
computational capacity and high meshing frequencies in
gear transmission system.

4.2 Results and experimental validation

Stochastic cutting forces on drum are obtained by proposed
model, as shown in Figure 7. Forces on articulated holes
and bearing holes are obtained by complete machine
dynamics model and gear transmission dynamic model, as
shown in Figures 8-10. Apply these forces on articulated
holes and bearing holes of CUGH finite element (FE)
model, and then dynamic response of CUGH can be
obtained.

Experiment, which can simulate realistic working
conditions of coal shearer, is the best way for validating
theoretical models. The coal cutting experiment of coal
shearer is based on National Energy Mining Equipment
Laboratory (Fig. 1) which has the same fully-mechanized
mining equipment (coal shearer, scraper conveyor, etc.)
with coal mines.

Test procedure was designed in terms of the realistic
long-wall mining procedure, as shown in Figure 12. The
left CUGH firstly went oblique cutting from right to left
with constant traction speed 1.5m/min and cutting
depth range was 0-600 mm, while the right CUGH did

Fig. 11. FE model for CUGH.

| ‘S’ curve

(4
A}

13

not cut the coal wall. Traction speed increased after left
CUGH went out of oblique cutting. Then the right
CUGH went oblique cutting with traction speed range
1.5m/min to 5m/min and cutting depth range 0-
600 mm. After the right CUGH went out of oblique
cutting, traction speed decreased from 5m/min to Om/
min with constant cutting depth 600 mm. Sensors are
arranged near bearing holes of spur gear and planetary
gear transmission for obtaining three-directional accel-
eration, as shown in Figure 13. Sample frequency of
sensors is 8500 Hz due to the high meshing frequencies for
gear transmission system.

Figure 14 shows the measured acceleration results of
coal cutting experiment. Here, the peak values of
acceleration in these working conditions are selected
for comparing the results of theoretical dynamics model
and experiment: (1) straight line cutting, traction speed
5/min, cutting depth 600 mm (spur and planetary gear
transmission); (2) oblique cutting, traction speed 1.5m/
min, cutting depth 100 mm, 300 mm (spur and planetary
gear transmission). Table 4 shows the direct comparison
between measured and predicted results for validating
the accuracy of theoretical dynamics model. It can be
seen that both the pick amplitudes of working conditions
in straight line cutting as well as oblique cutting agree
well. The largest relative deviation is 16.67% due to a
certain amount of error for sensors measuring and
theoretical modeling. Hence, the lumped mass dynamics
model of cutting unit gearbox proposed here is quite
accurate in predicting dynamics response of CUGH in
spite of the fact that this model employs many
assumptions.

To make the validation of proposed dynamic model
more convincing, peak values of vertical acceleration in
oblique cutting is directly compared. Traction speed in this
comparison is 1.5m/min, while cutting depth range is 0—
600mm. Results of spur and planetary gear transmission
are shown in Figure 15. Green lines represent measured
results and blue lines represent predicted results. It can be
seen that the trend of measured results agree well with
predicted results.

4.3 Dynamics characteristics of CUGH
4.3.1 Power spectral density of CUGH's acceleration
results

The frequency analysis of the vibration response of gearbox
region near planetary gear transmission is studied for
obtaining the resonance characteristics of CUGH. Figure 16

Moving direction of coal
-
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shows the power spectral densities of accelerations. It can
be seen that dominant frequencies of CUGH’s vibration
response are 950 Hz, 1250 Hz and 1400 Hz. However, these
dominant frequencies are not necessarily natural frequen-
cies of CUGH. They may be gear meshing frequencies,
frequency multiplication and their coupled frequencies.
Hence, natural characteristics of CUGH, which contains
natural frequencies and natural vibration modes, should be
analyzed for identifying whether these dominant frequen-
cies (950 Hz, 1250 Hz and 1400 Hz) can cause resonance of
CUGH.

4.3.2 Natural characteristics of CUGH

Finite element model of CUGH has been established before,
as shown in Figure 11. ANSYS finite element software is
used for obtaining natural characteristics of CUGH.
Figure 17 shows the natural characteristics of CUGH. It
can be seen that the 15th order natural frequency 914 Hz is

Fig. 13. Locations of sensors.
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Fig. 14. Measured vibration response. (a) planetary gear transmission. (b) spur gear transmission.
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Table 4. Comparison between measured and predicted peak amplitudes.

Straight line  Straight line Oblique Oblique Oblique Oblique
(spur gear)  (planetary (100mm, (100mm,  (300mm, (300mm,
gear) planetary gear) spur gear) planetary gear) spur gear)
Predicted results(mm/s?) 110 119 45 60 58 76
Measured results(mm/s®) 125 137 48 72 67 84
Relative deviation 12% 13.13% 6.25% 16.67% 13.43% 9.52%
120 90
110} 80!t
= 100} g
£ E 70t
£ 90} 8
= s
s 5 60t
3 80 3
2 2
70 | 5%-
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Fig. 15. Comparison between predicted and measured acceleration. (a) Spur gear transmission. (b) Planetary gear transmission.
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Fig. 16. Power spectral density (PSD). (a) 100 mm cutting depth. (b) 600 mm cutting depth.

close to dominant frequency 950Hz (a), the 23th order
natural frequency 1248 Hz is close to dominant frequency
950Hz (b), the 27th order natural frequency 1391 Hz is
close to dominant frequency 950 Hz (c). Hence, resonance
of CUGH will occur when excitation frequencies are close to
dominant frequencies.

4.3.3 Excitation frequencies of CUGH

The source of excitation of CUGH is gear meshing
frequencies of gear transmission system and cutting forces
on drum. The frequencies of cutting forces on drum are
lower than 5Hz, and impossible to cause resonance of
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Table 5. Characteristic frequencies of cutting gearbox.

Transmission stage First spur Second spur First planetary Second planetary Motor rotation
gear stage gear stage gear stage gear stage frequency(f;)
(f 2zl ) (f 22) (frnl ) (me)
Meshing frequency(Hz) 686 463 178 30 24.5
Double frequency (Hz) 1372 926 356 60 49
2 . . . Figure 18 shows the FFT spectrum for vibration
18l i response of gearbox region near planetary gear trans-
' 2fz1 mission. It can be seen that dominant frequencies —
16} 1 950Hz, 1250Hz and 1400Hz, are close to double
= 14} i frequencies and coupling frequencies of gear meshing
2 frequencies (2 X f.2, 2 X fi2+2 X fiu1, 2 X f1). Dominant
£12r T frequencies are close to both gear meshing frequencies
5 4l i and CUGH’s natural frequencies. Therefore, vibration
© caused by gear meshing is the source of resonance of
| Db 2f2e2fm | cucH
< 06} ‘ 1
04 \ 4.3.4 Influence factors of frequency coupling
02 The influence rules of cutting forces on gear meshing
0 frequency coupling phenomenon in planetary and spur
0 500 1000 1500 2000 gear transmission are investigated in this paper.
Frequency(Hz)

Fig. 18. FFT spectra for vibration response of planetary gear
transmission.

CUGH. Hence, gear meshing frequencies and their coupling
frequencies can be the source of excitation for the resonance
of CUGH. Here, coupling frequencies occur due to the
superposition of meshing forces in different gear transmis-
sion stages, and coupling frequencies in gear transmission
system are found in the research of some scholars [29-31].
Frequency coupling can increase the number of excitation
frequency and the probability of resonance for CUGH.
Based on transmission system parameters provided by
factory, the meshing frequencies of straight tooth gear
transmission are:
f,=nz/60 (115)
where n and z are rotation speed of gear axis (r/min) and
the number of teeth.
The meshing frequencies of planetary gear transmission
are:
fx:fbxfc:(fu_fb)xza (116)
where z,, f;, f, are teeth number of ring gear, teeth number
of sun gear, rotation frequency of carrier, rotation
frequency of sun gear axis.
The characteristic frequencies of cutting gearbox
transmission system are shown in Table 5.

Figure 19 shows the frequency domain response of
planetary transmission. It can be seen that characteristic
frequencies such as f,5, 2f.5 + 2,1, 2f.1, 2f.2 appear in the
first stage of planetary transmission. There are 4
coupling frequencies when the cutting depth is
100 mm, and this number decreases to 3 and 2 when
cutting depth increases to 300 mm and 600 mm. There-
fore, gear meshing frequency coupling phenomenon of
planetary transmission reduces with the cutting force on
drum. Figure 20 shows the frequency domain response of
spur gear transmission. It can be seen that more coupling
frequencies than planetary gear transmission are found in
spur gear transmission such as f,1, 2f.s, 2f.1, 2f.2 + 2fn1,
2f.1+ f». The number of coupling frequencies keeps
unchanged with the increase of cutting force. Hence,
cutting force can’t influence gear meshing frequency
coupling of spur gear transmission.

4.3.5 Failure mechanism analysis based on dynamics
results

As mentioned in Section 1 “Introduction”, fracture failure
is the main and severe failure mode of CUGH. Figure 21
illustrates a typical fracture failure for CUGH. It can be
seen that a large fracture occurs in planetary gear
transmission part. According to the results of this paper,
dominant frequencies of CUGH are 950 Hz, 1250 Hz and
1400 Hz. Gear meshing frequencies are close to dominant
frequencies and can cause resonance of CUGH in terms of
the study of Section 4.3.3. Mode shapes of these dominant
frequencies are shown in Figure 17, and it can be seen that



18 R. Zhang and Y. Zhang: Mechanics & Industry 21, 211 (2020)
25 3
2f 2f
2 / 1 25 / |
2+ ]
g 15f 22421 18 2zt
= =
35 = 15¢ .
g f2 1 g R
2
0.5+ fnl L/fz 1
0 LL I/ n deieiaial
0 500 1000 1500 2000 0 500 1000 1500 2000
Frequency(Hz) Frequnency(Hz)
(a) (b)
5
2fz1
at / _
33 )
2
2
£
< 2t /ml 2f2 1
1L _
0
0 500 1000 1500 2000

Frequency(Hz)

©

Fig. 19. Frequency coupling of planetary transmission. (a) 100 mm cutting depth; (b) 300 mm cutting depth; (¢) 600 mm cutting

depth.

planetary gear transmission part is bearing both
torsional shearer stress and tensile. When these stresses
exceed limit, fracture failure will occur, as shown in
Figure 21.

5 Conclusions

— Complete machine dynamics model for coal shearer is
firstly established in this paper for obtaining external
force on articulated holes (connecting part between
CUGH and other parts of coal shearer) caused by
complete machine vibration. Calculation model for
stochastic cutting forces on drum is established as
external load of both complete machine and gear
transmission dynamics models. It is worth noting that
stochastic cutting force model on drum in oblique cutting
is firstly established in this paper.

— Dynamics model for gear transmission system in coal
shearer cutting unit gearbox is established for obtaining
external force on bearing holes of CUGH caused by gear

meshing. Results show that times of load application
order from the most to the least is as follows: first spur
gear transmission stage > second spur gear transmission
stage > first planetary gear transmission stage > second
planetary gear transmission stage. Forces of planetary
gear transmission are larger than spur gear transmis-
sion. Dynamic response calculated by theoretical
dynamics model and finite element model agrees well
with measured results conducted by coal cutting
experiment.

Dominant frequencies of CUGH are 950 Hz, 1250 Hz and
1400 Hz. They are close to both gear meshing frequencies
and CUGH’s natural frequencies. Therefore, vibration
caused by gear meshing is the source of resonance of
CUGH. Cutting forces on drum can’t cause resonance.

Number of coupling frequencies of planetary transmis-
sion reduces with the cutting forces on drum. More
coupling frequencies than planetary gear transmission are
found in spur gear transmission and the number of coupling
frequencies keeps unchanged with the increase of cutting
forces. Hence, cutting forces can’t influence gear meshing
frequency coupling of spur gear transmission.
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