TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE — 2013, Vol. 14, No.1, 286-195

Resear ch of interaction of disc wave generator
with flexible gear of heavy loaded wave gearing

Victor Strelnikov!, Maksim Sukov?, Juriy Strelnikov!

'Public Joint Stock Company “Novokramatorsky Mashinostroitelny Zavod”
Ordghonikidze str., 5, Kramatorsk, 84301, Ukraine e-mail: ztm@nkmz.donetsk.ua
2Volodymyr Dahl East-Ukrainian National University,

Molodizhny bl., 20a, Lugansk, 91034, Ukraine,
e-mail: mash_ved@snu.edu.ua, mashved@mail.ru

Received January 15.2014: accepted February 06.2014

Summary : Force processes taking place in kinematic
pairs of higher degree, disc — flexible gear, cause
negative developments in heavy loaded wave gearing.
These are sizeable axial forces possessing dynamic
characteristic as well as essential energy losses in the
field of wave generator. The reported results of force
analysis of disc wave generator and flexible gear
interaction made it possible to give estimate of force
and energy factors observed in the process of large
wave gearing operation.
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INTRODUCTION

Speed reducers make the basis of heavy
machines drives, the losses in which often
determine total energy losses of machines and
assembly units. High unit capacities of
machines in heavy engineering make actual
the issue of energy losses in speed reducers as
it is connected not only with the increased
energy consumption and financial charges but
also with technical conditions: [ubrication
cooling, heat extraction, application of wear-
resistant materials [5, 15, 16].

In theory, practice and industrialization
of large wave gearings in heavy engineering,

peculiarities of wave generator and flexible
gear interaction are the least understood.
Because of the complexity of unusud
conditions of rigid parts and flexible link
contact, axial forces generation mechanism is
not discovered. Uncertainty of processes,
proceeding in kinematic pairs of higher degree,
disc — flexible gear, is conditioned by elastic
deformations of flexible link and insufficiently
rigid mount of wave generator discs on bearing
assemblies, which causes axes deviation from
the wave gearing common axis. This article
will present direct conditions of axial forces
generation in large wave gearings with disc
wave generator as well as energy losses in
kinematic pairs of higher degree, disc —
flexible gear.

MATERIALS AND METHODS

In heavy engineering gearings set in the
machines, transmit torques to actuators up to
10’ Nm and more. Experiments with large
industrial models cause known technical
difficulties and big financial charges [1, 13,
23]. Parameters nonlinearity of flexible gear
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and mating members force interaction
complicates conditions of experiments data
transfer from small experimental models to
large wave gearings [7, 8]. Size factor distorts
not only the quantitative but aso the
qualitative characteristics of the sought
parametric dependences of the physical
guantities.

In the heavy loaded wave gearings with
flexible gears diameters of more than 800mm
disc wave generators are used. During load
transmission interaction of discs with flexible
gear breaks the initial symmetry of flexible
gear force balance and causes additional
reactions in the kinematic pairs. Force
disturbances are conditioned by wave gearings
design features and are intensified by scae
factor that increases energy losses, wear and
vibration, restricts application of large wave
gearings [17]. It is known that large energy
leakage takes place through the wave
generator [3]. At the present moment reasons
which influence this factor are not discovered.
Mechanism of axia forces generation in the
wave gearings is not determined either [24].
Derivation of anaytic expressions connecting
axial forces and energy losses with
dimensions, deformations and conditions of
flexible gear mating with elements of wave
gearing kinematic pairs of higher degree is of
practical interest for heavy engineering [22,
25, 26].

Method of construction of universal
mathematical model of power contact of
elements of higher degree kinematic pairs with
flexible link is based on conditions of flexible
gear permanent deformation by wave
generator discs in the aggregate with possible
spherical movements of the discs with respect
to some centers situated on the axes of these
discs.

RESULTS, DISCUSSION

The purpose of the present paper is
determination of mechanism of axia forces
origin and reveal of nature of energy losses in
the field of disc wave generator on the basis of
development of universal mathematical
model of higher degree kinematic pair disc —

flexible gear. Simulation of force and
kinematic dependences in the wave generator
as well as the solution of this multifactorial
problem specifies the conditions of analytic
and empiricd analogs extraction with
sufficient approximation of mating links
interaction parameters. Such statement of the
problem will allow determining force and
energy characteristics of mating of higher
degree kinematic pairs elements of wave
gearing, design of which differs fundamentally
from therigid gear gearings [4].

Wave generator discs and flexible gear,
generating kinematic pair of higher degree
have different speed orders. And even dight
relative positional variations can have a great
impact on force and energy factors in the zone
of their contact. Wave generator design admits
the possibility of discs axes dight deviation
from paralelism with wave gearing axis.
Asymmetric load distribution on discs surfaces
deflects them relative to the specified planes
about some angle y. Skewness of axes of
wave generator discs generates screw friction
pair: wave generator — flexible gear. Drive
shaft rotation induces helical motion of wave
generator which is «screwed» into the flexible
gear, and generates axial forces P, which
reach intolerably large values.

Generator discs deform flexible gear,
located on the free end of the cylindrical shell,
opposite end of which is mounted on the
driven shaft and fastened by means of spline
joint. On the arc of CD disc contact with
flexible gear radia forces g, (Fig. 1) effect,

the influence of which is approximated by
parabolic relation:

2
qr = qr max'(l_%]’ (1)

where: ¢ - current angular coordinate,
@ - angular coordinate which determines
dimension of radial load with respect to its
maximumvalue g, _ .

Forces g form flexible gear and balance

radial forces in the gearing, carried by wave
generator discs. It is due to the radial float of
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flexible gear, forces for generation of which in
the absence of external load (M, =0) are weak

as compared to the radial forces in the gearing.
Maximum value of radial forces q . IS

connected with loading torque M, :

Mo=-9.Tq do @
2 tga o

by the following relation:

_ 3M,tga , (3)

where: o« — gearing angle, d — diameter
of the circle passing through the middie of the
rigid gear teeth depth.

v

q,

Fig. 1. Radial forces distribution on the flexible gear:
1 — before deformation, 2 — after deformation

Maximum radial load q, _ is deviated

with respect to the major axis of the wave
generator OA about the angle of » (Fig. 2).
During the flexible gear formation by wave
generator discs, generators BB, situated in
front of the major axis of wave generator OA,
deviate from the initial position KB,, before
the deformation, about the angle y, which

continuously increases and takes the maximum
value v, in the vicinity of wave generator
major axis. Equivalent friction forces Fi, F»,
are determined by formula integration (Eg. 3)
within relevant limits:

2 2
o o)

2 2
. qrmaxa{ga* Z(lé} ®

where. a— distance from drive center
line to surface of disk contact with flexible
gear, f — frictionratio.

KK F IA‘),‘!'

Fig. 2. Mode of the disks interaction with the flexible
gear: 1 — generator disk, 2 —flexible gear

Hereby, we compose the formula for
friction torques along axis X and Y :

M 1x= T, azgf (1— %}cos(e—;()de, (6)
X
G* 2

My=fq, a° | (1—?]sin(0+;()d6, (7)
X

Mo~ Gt | (10 oot 0. (8
o

After formulas integration for the
torques My; My Max, Moy, WE determine
point grid reference for friction torque
application F, F,
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3a{¢ - 2[cod0* + )+ 0* sin(0* + )]
Xe, = { S*(s f)*z_ 2)( )}’ (10)
20°+x30 “—x
_ 6alsin(0* +)- x—6* cos6* +X)], (11)
. 26°+ 736"~ 1)
3a{¢ - 2cod6* —y)+0* sin(6* -
Xe, = ¢ [COS(*S /1’)“:2 3'2( Z)]}’ (12)
26"~ 430"~ 1)
6alsin(9* —y)—y —6* cogH* —
v, = alsin 3)() X — COSZ( X)], (13)
26°- 86"~ ')
where: §=(2+¢9*2—;(2).
Friction torques g, aong wave
generator large axis:
M = FiXg + FoXeo. (14)

Torque M gives rise to disks skewing
with slewing around OA axis for an angle »,
which depends upon the type of the bearings
and mounting fits. The disks can be supported
in roller radial double-raw spherical bearings,
admitting the twists, whereby, the axia
clearances between the disks are taken up and
their and their end planes are matched. The
disks together with flexible gear establish
friction couple with an agle y equivalent to
lead angle. The angle is linked to summarized
axial clearance of thedisks 4 [2]:

A=(c +C,)(cosy —cos?y)+¢-tgy,  (15)

where: ¢,c, — distance from spherica
bearings center lines up to disks end planes,
separated by clearance 4, ¢ — eccentricity of
the disks mounting position on the wave

generator shaft.
Disks dliding speed v, and power of

energy losses N; in areas of the disks contact
with the flexible gear is proportional to the

angle y:

Vi =a-o -9y, (16)

Ny =2(F +F, V. (17)

Axial force F, resulted from wave
generator disks skewing and from friction
forces:

F=F+F, (18)

Coordinate data as for axia force
application F during the contact of wave
generator disk with flexible gear:

Fixe, —FoXe, Fiye, —FYe,
;Y= .

X = (29

Friction forces F, u F, create friction
torque M, relative to wave generator large

axis:

Mi=Fix -Fox,. (20)

Friction torque M, gives rise to disks

skewing, rotating them about 0A major axis of
wave generator at some angle y, which
depends on type of bearings and mounting
clearance. In heavily loaded wave gearing, the
disks are supported in roller radial double-raw
spherical bearings. Such bearing assemblies
assume disk skewing, where axial clearances
between the disks are taken up and their end
planes are matched. This allows to obtain the
dependence of total axial clearance 4 between
the disks from design parameters of wave
generator and angle y, which determines disk

axis alignment error with general wave gearing
center line:

A=(c;+¢,)(L-cosy)cosy +e-tgy, (21)

where: c;, ¢, — corresponding distances from

spherical bearings centers up to disks end
planes, separated by clearance 4, ¢ -
mounting eccentricity of wave generator disks
at high speed shaft of wave gearing.

Sliding speed Vv, of wave generator disks

relating to flexible gear is proportional to disks
skewing angle y :
Vi =aw, 7, (22)

where: », —angular rotational velocity of high
speed shaft.
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Sliding speed Vv, of wave generator disks
determines loss of power during friction at
higher pair of kinematic elements disk —
flexible gear:

N =2aw, y(F +F,). (23)

Higher energy losses in deformed gear
[9, 10] are mainly determined by two factors.
Firstly, it is large extent of contact patch and
remoteness from pitch point that increase
sliding speed of the teeth. Secondly, it is the
second class meshing interference resulting
from flexible gear complex deformation due to
wave generator and loading torque twist [14].
Small module m=15..4mm, with flexible gear

diameter 11..30m, and small gear spacing of
internal toothing z,-z, =2, support meshing
interference. Under higher loading torque
M,>M,.m, the meshing interference

remarkably increases energy losses in gearing.
Under higher loading torque significantly
exceeding nominal vaues M,>12M,,,,, the

meshing interference can lead to binding and
skipping of the teeth in large wave gearing.

To reduce energy losses, the width of
toothing should be limited and gearing
backlash should be increased. Contact patch
range expansion, for example, during gear
ratio increase, moves away extreme points of
teeth entry/exit from the meshing against pitch
point. Thus, the influence of teeth wedging
effect is increased, along with teeth sliding
speed, and energy loss does grow in toothing
of wave gearing.

In a view of wave gearing
multithreading, we assume average dliding
speed of the teeth as equal to haf of the
maximum. On the basis of oscillography
results as for teeth loading, the power loss in
gearing can be determined P; :

p =My g fo (24)
Cos a 4

where: 1 =11+0,0005(u-80) — is ratio, taking
into account negative effect of meshing
interference under higher loads, it is valid for
large wave gearing with disk-type wave

generator, upon condition of b<40m, where b
—iswidth of flexible gear toothing, « — rack
tooth profile angle, f — gearing friction ratio,
o, —Wave generator rotation frequency, M, —
rotation torque at wave generator shaft, 5, —
gearing range extent.

Main power leakage in wave gearing
comes from flexible gear deformation [18].
Contact patch is expanded and, therefore,
sliding speed is increased at its peripheral
areas and meshing interference areas are
appeared. Rigid tooth-wheel gearings do not
produce meshing interference [11, 12]. In
wave gearings, the meshing interference can
be compensated by mechanical compliance of
flexible gear, increasing power loss in gearing
.Under higher load and low structure rigidity ,
meshing interference causes their dlippage. If
mechanical compliance of flexible gear [6]
does not compensate meshing interference,
then binding of teeth will occur. The attempts
to eliminate binding of teeth with module
15mm and 2mm in large wave reducers at
«NKMZ>» PISC, by means of treatment with
specia pastes, did not bring favorable results.
However, after elimination of meshing
interference areas, the wave gearings achieved
specified technical characteristics[21].

The power of energy losses in gearing
Ny comprises the losses in gearing P; and

wave generator area N, :

Ny =P; +Nj. (25)

Other energy losses in wave gearings are
insignificant compared to those in gear

engagement and wave generator area,
therefore, they are not taken in consideration
[19, 20].

Theoretical and experimental

investigations have been performed at
industrial models of wave reducers: tilt drive
of mobile mixer MP — 600AC with capacity —
600t (molten metal) and drive of ore-crushing
mill MGR 5500x7500 with capacity — 160m?,
and charged ore weight — 220t .

The power of energy losses in wave
gearing engagement of the mill R, and the
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mixer R is determined according to formula
(Eg. 24), where: gearing friction ratio f, = 0,08,
f,=01, wave generator rotation frequency
o, =785s* and rotation torque at mill wave
generator shaft M ; =2600Nm and mixer
M, =1880Nm: PB4, =6946W; B4, =8683W,
P, =10020W, P,,=12536W. If:w,=138s7,
f,=008and f, =01, M,, =1880 Nm —  power
loss in wave gearing engagement of the
mixer Ry, =1221W, B¢, =1526 W.

Wave gearing engagement efficiency of
the mixer 5, and the mill »_, with different
friction ratios f; =008 and f,=01:
Mq =m,=095, m,=n,=094 Upon the
absence of meshing interference (1 =1), wave
gearing engagement  efficiency  grows:
Mq=m,=096, n,=n,=095. It is possible
for low-loaded wave gearing with narrow
toothing, correctly calculated and precisely
executed geometrical parameters of the
gearing and harmonic drive in general.

The power of energy losses in wave
generator area N is proportional to contacting
surfaces friction ratio f and disks skewing
angle y towards their motion plane. The
dependence of power loss volume in contact
areas of the disks with flexible gear from the
angle y, for mixer and mill reducers are
determined according to formulas (Eg. 4), (Eg.
5) and (Eg. 23). The power of energy losses
with reducer load torque M, =5-105Nm,
friction ratios f, =0049 and f,=0,08, mixer
reducer wave generator rotation frequency:
w,=138s-1 are shown at  Fig. 3 — straight
line1 and 2, o,,=785s1- straight line 5 and
6, for the mill o, =785s1- straight line 3

and 4.

Upon reduction of the friction ratio f
from 0,08 up to 0,049, the energy lossesin wave
reducers under investigation are decreased.
Reduction of the friction ratio and energy
losses is achieved by means of bronze ring
installation between the disks of wave
generator and flexible gear.

N =10} KBT

&
ot

55

R

£= 0,049

f=0,08

s

f=0,08

25
/ 6
20

_ 1 -——_-/-—
f=0,08
f e
| ] ]
____/d___:_____d-———___ai;' 0,049
0 0,5 1,0 1,5 2,0 2,5 30 ¥

Fig. 3. Characteristic lines of energy losses power N;
depending on disks skewing angle in flexible gear
contact areas: 1, 2, 3, 4 —for mixer reducer, 5, 6 — for
mill reducer

Upon growth of mixer tilt drive wave
generator rotation frequency from w,, =138s!
(Fig. 3) (straight lines 1, 2) up to w,, = 785s1
(straight lines 3, 4), the power of energy loss
increases in 57 times, i.e. in proportion to
growth of the power transmitted by this
reducer.

Upon wave generator rotation frequency
o, =, =785s1, energy losses in mixer
slewing reducer wave generator area are for
9% less, than in the mill reducer . It is

stipulated by different values of transmitted
powers and gear ratios of the reducers, as well
as different correlation of geometrical
parameters, effecting the load distribution in
kinematic pairs. Thus, upon the same load, the
mixer slewing reducer g, IS for 12% less,

than in the mill reducer and, correspondently,

the axial force F of the mixer reducer isless for
8%.
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At Fig. 4 and Fig. 5, the efficiency
characteristic lines of the mixer and mill drives
wave reducers, depending on disks skewing
angle y, with different friction ratios f in
flexible gear contact areas are shown.
Dependence characteristic lines 1 and 2 are
given without consideration of the losses in
gearing. Dependence characteristic lines 3 and
4 are given with consideration of the losses in
gearing and wave generator.

=
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0,90 .\ \<
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N N,
\>\
0,75 o

0,70 \

0,63

“Toste s 20 25 30 ¥

Fig. 4. Mill wave reducer efficiency depending on the
angle : 1, 2 — losses in wave generator included, 3, 4 —
losses in gearing and wave generator included, 5, 6 — all
losses in speed reducer included, results of experiment

Dependence characteristic curves 5 and
6 were obtained experimentally and conform
the general efficiency of the reducers under
investigation. During experiment, the bronze
or steel spacing ring was used, placed between
the disks and flexible gear. Dependence
characteristic lines 5 a Fig. 4 and Fig. 5 were
obtained for steel spacing ring, and
dependence characteristic lines 6 for bronze
ring.

Upon angle y variation from 05 up to
3, the efficiency of the mill wave reducer,

without consideration of the losses in gearing,
changes as follows. at f =008, 7=094+072,
at f=0049, n=096+081 (Fig. 4) curves 1 and
2. With consideration of the losses in gearing:
aa =008 7=089-068 a f=0049,
7=091+077 (curves 3 and 4). With
consideration of the losses in gearing: at
f =0,08, 7 =089+ 068, at f =0,049,

7=091+077 (curves3and4).

0,80

0,75

0,70

0,65

o 0,5 1,0 15 20 25 w r

Fig. 5. Mixer wave reducer efficiency depending on the
angle: 1, 2 — losses in wave generator included, 3, 4 —
losses in gearing and wave generator included, 5, 6 — all
losses in speed reducer included, results of experiment

The results of experimental studies of
the mill speed reducer efficiency are as
follows: with steel spacer ring 7, =088...0,70;
with bronze ring »=090...078 (curves 5 and
6).

) The mixer wave reducer -efficiency
excluding engagement losses is as follows: at
f =0,08, n=092..067, a f =0,049,
7=095..077 (Fig. 5) (curves 1 and 2) and the
same including engagement losses is as
follows: a f =008, 7=088..064; a f =0049,
7=090...0,73 (curves 3 and 4). The following
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results of experimental studies of the mixer
speed reducer efficiency are obtained: with
steel spacer ring ,=086...066; with bronze
ring »=089..0,75 (curves5 and 6).

Energy losses in the field of the wave
generator are caused by friction torques in the
zones of contact between the disks and the
flexible gear that turn the disks orthogona to
the motion plane. Disks turning and conelike
strain of the flexible gear stimulate the
formation of some similarity of friction helical
pair with the helix angle equivalent to the
angle of disksturn .

Axial fixing of the disks and the flexible
gear prevents their relative helical motion, the
axial component of which is transformed into
axial dliding of the disksrelative to the flexible
gear. This causes considerable energy lossesin
wave gearing.

Friction torques in the zones of contact
between the disks and the flexible gear turn the
disks in the direction of «screwing in» the
flexible gear while stretching it in the axial
direction by means of friction forces, the
resultant value of which is equal to double the
amount of forces F, and F,.

For the ore-pulverizing mill relining
drive speed reducer the axial stretching force
Fy acting on the flexible gear on the wave

generator side, where f =0,08, loading torque
M 5ex = 5-105 Nm, makes Fy, =12603 N, and for

the mixer swing drive speed reducer at the
same load Fy, =11619N. In the presence of

end plays, the action of axia friction forces
becomes hazardous not only for the support
between the wave generator and the flexible
gear. They cause strong impacts, vibrations,
noise aswell asrapid wear.

CONCLUSIONS

1. The studies undertaken made it
possible to reveal the mechanism of axia
forces and increased energy losses generation
in large wave gearings. Axial forces and basic
energy losses in wave gearing are formed in
the zones of contact between the disks and the
flexible gear, they are proportional to the angle

of deviation of the disks » and friction factor
f in the contact between the disks and the

flexible gear.

2. Developed has been a new method of
force analysis of kinematic pairs of higher
degree including a flexible link, as applied to
the wave gearing. In so doing, the influence of
the flexible gear strains, design parameters of
the wave generator, the amount and nature of
contact forces distribution as well as the
amount and directions of friction forces on the
generation of axial forces and energy lossesin
the zones of contact between the wave
generator disks and the flexible gearing has
been taken into account.

3. By redlizing the developed analytical
method of force processes analysis in
kinematic pairs of higher degree, the
numerical results of the values of axial forces
and energy losses in the field of the wave
generator as well as the energy losses in the
gearing, mechanical drives wave-type gear
reducers: of tilting MP — 600AC mobile mixer
with the capacity of 600t molten metal and of

relining MGR 5500x7500 ore-pulverizing mill
with the capacity of 160m3 and ore loading

weight of 220t have been obtained.

4. On the basis of the results obtained in
the course of studies a possibility has appeared
to minimize the axial forces and energy losses
in the large wave gear reducer kinematic pairs
of higher degree at the stage of their design
and to enforce high scientific and technical
level of intellectual and commercial products
of heavy engineering industry.

5. To restrict negative influence of
flexible gear  «windup»  intensifying
interference along the tooth length, on the
increase of energy losses and in order to
eliminate overshoot of teeth in meshing, it is
recommended to limit the width of gear girths
b depending on the teeth module m, by the
following inequation b < 40m.

6. To reduce the axia forces and energy
losses in the field of wave generator the
following means are applied: manufacture of
spacer ring of bronze, minimization of the
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angle of disks skewness by using more rigid
bearing supports that prevent rotation of the
disks relative to the predetermined positions of
the process planes perpendicular to the
common axis of the wave gearing as well as

by

using lubricant with high antifriction

properties.

10.

11

12.

13.
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VCCJIEJOBAHUE B3AVMOJIEMCTBUS
JIMCKOBOI'O TEHEPATOPA BOJIH C TUBKUM
KOJIECOM TSDKEJIO HATPY)XEHHOM
BOJIHOBOM IMEPEJJAUM

Buxmop Cmpenvnuxos, Maxcum Cykoa,
IOpuii Cmpenvuuxos

AnHoTtanus: CHioBblE MpPOLIECCHl B BBICIINX
KMHEMaTHYECKUX Mapax JAUCK — THOKOEe KOJIECOo
BbI3BIBAKOT HEraTUBHBIC SIBJICHUA B TAXKEIO
Harpy>KeHHOW BOJIHOBOW 3y0Ouaroil mepenaye. OTo
3HAYUTCIbHBIC 10 BCIIMYNHC OCCBBIC CHJIBI,
obyajaromme JAMHAMUYECKOW  XapaKTEpPUCTHKOH, a
TaK)Ke CYIIECTBEHHBIC OJHEPreTHYECKUE IOTEPU B
obyacTu reHeparopa BoJH. [IpuBeNeHHBIE PE3YIbTAThI
CHJIOBOTO  aHAJM3a  B3aUMOJCHCTBUSL  JHCKOBOTO
TeHepaTopa BOJH C TMOKHM KOJIECOM, ITO3BOJIMIIM JaTh
OLIEHKY CWJIOBBIM M DHEpreTHUeckuM (pakTopam,
HaOmIOmaromMMcs B mporiecce paboThl  KPYHHOI
BOJTHOBOH 3y0YaTol mepeaadm.

KnroueBrie cnoBa: BOJHOBas IIepenada, OCEBBIC
CHUJIbI, SQHCPICTUYECCKUEC ITOTCPU.
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