wo 2016/182788 A 1[I I 000 00 0O O

(43) International Publication Date
17 November 2016 (17.11.2016)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/182788 Al

WIPOIPCT

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
F16H 48/08 (2006.01) F16H 57/04 (2010.01)
F16H 55/17 (2006.01)

International Application Number:
PCT/US2016/030514

International Filing Date:
3 May 2016 (03.05.2016)

Filing Language: English
Publication Language: English
Priority Data:

14/710,122 12 May 2015 (12.05.2015) US
14/710,143 12 May 2015 (12.05.2015) US
14/710,159 12 May 2015 (12.05.2015) US

Applicant: CATERPILLAR INC. [US/US]; 100 N.E.
Adams St., Peoria, Illinois 61629 (US).

Inventors: ADRAGNA, Omar J.; 4209 West Hollow
Creek Drive Apt. 201, Peoria, IL 61615 (US).
THOMPSON, David O.; 7411 Thrasher Lane, Kalama-
700, MI 49009 (US).

Agents: GREENE, Jeff A. et al.; ¢/o Black Hills IP, P.O.
Box 2409, Minneapolis, Minnesota 55402 (US).

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: DIRECT TORQUE PATH DIFFERENTIAL HAVING SPIDERLESS PINIONS

FIG. 3

(57) Abstract: A side pinion (44) is disclosed for use with a differential (22) of a mobile machine (10). The side pinion may have a
body with a flat bottom (74) and a flat top (76) located at an end opposite the flat bottom. The side pinion may also have a plurality
of gear teeth (78) formed adjacent the flat top, and an arcuate outer surface (80) connecting the plurality of gear teeth to the flat bot -

tom.



WO 2016/182788 PCT/US2016/030514

-1~

Description

DIRECT TORQUE PATH DIFFERENTIAL HAVING SPIDERLESS PINIONS

Technical Field

The present disclosure relates generally to a differential and, more

5 particularly, to a direct torgue path differential having spiderless pinions.

Backeoround

Machines, such as wheel loaders and haul trucks, generally
mehude a drivetrain that provides power 1o traction devices of the machines. The
drivetrain 1s made up of at least three different elements, including a power

10 source {e.g., an enging), a transmission driven by the power source, and a
differential that divides power from the transmission between paired traction
devices. The differential allows the paired traction devices to be driven at
different speeds to accommodate turming of the machine.

A differential generally consists of a mam pinion gear that is

15 driven by the transmission to rotate a crown gear. A carrier housing 1s fixed to
rotate with the crown gear, and includes two or more (e.g., four} different spider
pinions internally located around a circumference of the carrier housing. The
spider pinions arc oriented radially inward and rotatably disposed on a spider
shaft {e.g., a cross having four shaft ends), whose ends are connected to the

20 carrier housing. Thus, when the carrier housing rotates about its own axis, the
spider pinions also rotate about the same axis. In addition, cach spider pinion
spins about its own axas, which is oriented generally orthogonal to and passes
through the axis of the carrier housing. A side gear s mounted at each end of
the carrier housing and intermeshes with the spider pinions. The side gears are

25 rotatable about the axis of the carrier housing, and connected to halt-shafts that
extend outward from the differential to respective ones of the paired traction
devices. With this configaration, an input rotation provided via the main pinion
gear results in separate rotations of the traction devices with substantially equal
torque. During straight travel of the machine over good ground conditions, both

30 traction devices are driven at the same speed. During turning or poor growund

conditions, one traction device {e.g., the outside traction device during a turn or
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the slipping traction device} speeds up as the remaining traction device slows
down.

While acceptable for some applications, the conventional
differential can be problematic in other apphications. In particular, because of
the configuration of typical spider pimions, a moment 18 created when teeth of the
spider pinions engage corresponding teeth of the side gears. This moment
causes the spider pinions to tilt about the spider shatt ends. This tilting can
restrict lubrication flow along the spider shaft (1.e., mside bores of the spider
piniong}, and even cauvse mechanical engagement between bore walls of the
spider pinions and the spider shaft in some situations. The restricted lubrication
and mechanical engagement causes premature wear of the differential.

One attempt to extend a useful life of a differential 15 disclosed in
US Patent Publication No. 2010/0151943 (the "983 publication) of Ziech et al.
that published on June 17, 2010 Specifically, the "983 publication discloses a
differential having a case, with a nng gear connected to an outer surface of the
case and intermeshed with a pinion gear. Four recesses are formed within an
mner surtace of the case and directed radially inward into a hollow cavity in the
case. The recesses are equally spaced around a circumference of the case. A
wear cop is located within each of the recesses, and a tab of the wear cup is
recetved within a shot in the case to prevent rotation of the wear cup. The wear
cup has a tlat base, and side walls that are perpendicular to the base. A side
pinion is focated within each of the wear cups. Each pimion has a flat heel end
that fits 1nside the corresponding wear cup, a toe end, and a cyhindrical wall that
extends from the heel end to the toe end. The heel end directly contacts the tlat
base of the cup, and the side walls of the cup engage the cvlindrical wall of the
pinion to drive rotation of the pinion about an axis of the case. Side gears are
also located within the case and mesh with the side pimions. The side gears are
hollow and mchide splines that mesh with corresponding splines of half-shafis
that protrude from the case. This design ehiminates the need for a spider shaft.

Although the differential of the "983 publication may not suffer
from mechanical engagement between the side pinions and a spider shaft
{becauvse the differential of the 983 publication does not include a spider shaft},
the differential may still be less than optimal. In particular, the moment

discussed above that can be created by engagement of the side pinions with the
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side gears may still exist. This moment may cause the heel end of the side
pinions to tlt within the cups, making mechanical engagement between the
cvlinder wall of the side pinions and the cup side walls possible. In the same
manner described above, this engagement may restrict lubrication of the toe end
of the pinion gear and result in premature wear.

The disclosed differential is directed to overcoming oneg o1 more

of the problems sct forth above and/or other problems of the prior art.

In one aspect, the present disclosure 1s directed fo a side pinion
for a differential. The side pinion may inclode a body with a flat bottom and a
flat top located at an end opposite the flat bottomn. The side pinion may also
mehude a plurality of gear teeth formed adjacent the flat top, and an arcuate outer
surface connecting the plurality of gear teeth to the flat bottom.

In another aspect, the present disclosure is directed 1o a
differential. The differential may include an mput gear, and a carrier fixedly
connected to the mput gear. The carrier may be configured to rotate together
with the mput gear about a primary axis, and may have an internal annular
surface with a plurality of cups formed therein that are equally spaced apart
around a circumference of the carrier. The differential may also include a first
side gear disposed inside the carrier and configured to rotate about the primary
axis, a second side gear disposed in the carrier at an end opposite the first side
gear and also configured to rotate about the primary axis, and a side pinion
disposed within each of the plurality of cups and mtermeshed with both of the
first and second side gears. The side pinion may have a plurality of gear tecth
that protrude from an associated one of the plurality of cups radially inward
toward the primary axis, and an arcuate outer surface connected to the plurality
of gear teeth at an axial transition region. The arcuate outer surface may
conform to an inner contour of the plurality of cups.

In another aspect, the present disclosure 1s directed 1o a drivetrain
for a mobile machine having first and second traction devices located at
opposing sides. The drivetrain may include a power source, a transmission
driven by the power source, and a main pinion operatively connected to an

output of the transmission. The drivetrain may also include a first half-shaft
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connected to the first traction device, a scoond half-shaft connected to the second
traction device, and a differential driven by the main pinion o rotate the first and
second half-shafts with substantially equal torque. The ditferential may have an
mput gear intermeshed with the maim pinion, and a carner fixedly connected to

5 the maput gear and configured to rotate together with the input gear about a
primary axis. The carrier may have an internal annular surface with a plurality
of cups formed thercin that are equally spaced apart around a circumference of
the carrier. The differential may also have a first side gear disposed inside the
carrier and having external teeth at an 1nner end and an cuter end connected to

10 the first half~shafi, a second side gear disposed inside the carrier and having
external tecth at an mner end and an outer end connected to the second half-
shaft, and a side pinton disposed within each of the plurality of cups and
mtermeshed with the external teeth of both of the first and second side gears.
The side pinion may have a plurality of gear tecth that protrude from an

15  associated one of the plurality of cups radially inward toward the primary axis,
and an arcaate cuter surface connected to the plurality of gear teeth at an axial
transition region and conforming to an inner contour of the plurality of cups.
The arcuate outer surface of the side pinion may be formed by rotating a
polynomial curve of third order or higher arcand an axis of the side pinion.

20 When the first and second side gears engage the plurality of gear tegth at
opposing sides of the side pinion, a reaction force may be created, and the
polynonual curve 1s selected such that a gradient of the arcuate outer surface at
an application point of the reaction force may be about aligned with the reaction

force.

25  Buef Description of the Brawings
Fig. 115 an isometric illustration of an exemplary disclosed
maching:
Fig. 2 15 an isometric ihustration of an exemplary disclosed
drivetrain that may be used with the machine of Fig. 1;
30 Fig. 3 1s a cross-sectional illustration of an exemplary disclosed

differential that may be used with the drivetram of Fig. 2;
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Figs. 4,5, 6A, and 6B are plan, isometric view, cross-sectional,
and enlarged illustrations, respectively, of an exemplary disclosed side pinion
that may form a portion of the differential of Fig. 3;

Figs. 7 and 8 are cross-sectional illustrations of exemplary

(4

hibrication flows through the differential of Fig. 3,

Figs. 9 and 10 are cross-sectional side and end view illustrations,
respectively, of another exemplary disclosed differential that may be used with
the drivetrain of Fig. 2;

Figs. 11 and 12 arc isometric and cross-sectional side view
10 illustrations, respectively, of an exemplary disclosed nested carrier that may be

used with the ditferential of Figs. 8 and 9;
Fig. 13 s a cross-sectional llustration of another exemplary
disclosed differential that may be used with the drivetrain of Fig. 2;
Fig. 14 is an isometric side view llustration of another exemplary
15 disclosed nested carrier that may be used with the differential of Fig. 13; and
Fig. 15 is a cross-sectional tllustration of another exemplary

disclosed differential that may be used with the drivetrain of Fig. 2.

Detailed Description

Fig. 1 illustrates an exemplary mobile machine 10. In the
20 depicted embodiment, machine 10 1s a wheel loader. It is contemplated,
however, that machine 10 may embody another type of mobile machine such as
an articulated haul truck, an off-highway nuining truck, a motor grader, or
another machine known in the art. Machine 10 may include an operator station

12, one or more traction devices 14 located at opposing sides of machime 10 that

[
L

support operation station 12, and a drivetrain 16 operatively connected to propel
traction devices 14 m response to input received via operator station §2.

As shown in Fig. 2, drivetrain 16 may be an assembly of
components that transfers power from a power source {e.g. an enging) 18 1o
traction devices 14, In the disclosed embodiment, these components include a
30 transmission 20 that i1s operatively connected to and driven by power source 18,
one or more differentials 22 operatively connected between pairs of opposing
traction devices 14, and one or more output shafts 24 that connect transmission

20 to differentials 22. Transmission 20 may be configured to selectively vary a
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speed-to-torque ratio of the output from power source 18 that 1s delivered to
differential(s) 22. Hach differential 22 may be configured to provide a
substantially cqual torque to the associated traction devices 14, allowing paired
traction devices 14 to rotate at different speeds during turming of machine 10

Fig. 3 illustrates an excmplary embodiment of differential 22, As
can be seen in this figure, differential 22 is configured to receive mput from shaft
24 via a main pinion 26, and to dircct outputs to traction devices 14 (referring to
Fig. 2} via first and second half-shafts 28 and 30, In the disclosed embodiment,
differential 22 mayv have a primary axis 32, along which first and second half-
shafts 28, 30 are aligned. Prmary axis 32, i this embodunent, is oricnted
generally orthogonal to an axis 34 of main pinion 26, It is conterplated,
however, that in other embodiments, primary axis 32 may be gencrally parallel
with axis 34, if desired.

Main pinion 26 may be any type of gear known 1o the art that is
connectable to an end of shaft 24. Main pinion 26 is depicted im Fig. 3 as a
hypoid gear having a frustoconical shape and being welded to an end of shaft 24.
Tecth formed within an exterior surface of main pinion 26 have a spiraling
trajectory, and axis 34 of main pmion 26 does not pass through primary axis 32
of differential 22, It is contemplated that main pimon 26 could altematively
embody a spiral bevel gear, a straight bevel gear, a single- or double-helical
gear, or a spur gear, if desired.

First and second half-shafts 28, 30 may each have an inner end
configured to connect with differential 22, and an outer end configured to
directly or indirectly connect with the associated traction device 14, In some
embodiments, the outer end of first and second half-shafis 28, 30 connect
directly with an intermediate speed redocer (e.g., a final drive - not shown},
which then connects with traction deviee 14, Other configurations may also be
possible. The inner end of first and sccond half- shafts 28, 30 are shown as
having external splines that facilitate connection to differential 22. In other
embodiments, however, first and second halt-shafts 28, 30 may additionally or
alternatively have bolted flanges, keyways, and/or other means of connection.

Differential 22 may be an assembly of components that cooperate
to divide the torque recetved from main pinton 26 between first and second half-

shafts 28, 30, The components may mclude, among other things, an nput gear
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36 configured to mesh with main pinion 26, a carier 38 fixedly connected to
rotate with mput gear 36 about primary axis 32; first and second side gears 40,
42 connected to first and second halt-shafts 28, 30, respectively; and a plurality
of side pmions 44 that rotate with carder 38 about axis 32 and simultaneously
5 mtermesh with both of first and second side gears 40, 42, The rotational power

received from shaft 24 may pass through main pmion 26 to carrer 38 via input
gear 36, Carrier 38 mayv then transmit the rotational power through side pinions
44 and first and second side gears 40, 42 to first and second half-shafis 28, 30,
respectively.

16 Input gear 36, ke main pinion 26, may also be a hvpoid gear
having tecth that intermesh with the teeth of main pinton 26. As shown in Fig.
3, the teeth of mput gear 36 are located at an axaal end adjacent carrier 38. In
other embodiments, however, the teeth of input gear 36 could alternatively be
located at an opposing axial end or on an outer annular edge, if desired. A bore

I5 46 may pass through wput gear 36 in order to accommodate first half-shaft 28
It is contemplated that input gear 36 could altematively embody a spiral bevel
gear, a straight bevel gear, a single- or double-helical gear, or a spur gear.

Carrier 38 may be a hollow and cyhindrical housing that also

functions as a power-transmitting component. In particular, carrier 38 may be

20 have a generally closed end 48 and an opposing ¢nd 50 that is open to an mternal
cavity 52. An integral mounting flange 54 may be located at first end 48, and a
plurality of fasteners 56 may be distributed around an outer peniphery of carrier
3% to connect mounting flange 54 o input gear 36. First and second side gears

40, 42, along with side pinions 44, may be asserabled into cavity 52 via second

-]
N

end 50, A cap 58 may be connected to second end 30 to enclose these
components.

Each of first end 48 of carrier 38 and cap 58 may have a bore 60
formed therein that is configured to receive first and second half-shafts 28, 30.
In some embodiments, a seal (not shown} may be mstalied within carrier 38
30 and/or cap 58 around first and second half-shafis 28, 30 to inhibit debris mngress
and lubrication leakage.

A plurality of cups 62 may be formed within an interior annular
wall of carrier 38 (1.¢., within a wall that annularly surrounds cavity 52). In the

disclosed embodiment, carrier 38 includes four cups 62, and each cup 62 15
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configared to receive a corresponding side pinton 44. It is contemplated that a
greater or lesser number of cups 62 could be formed within the interior anmular
wall of carrier 38, if desired. Cups 62 may be co-located at about the same axial
position, and equally distributed arcund an interior periphery of camier 38. In
5 embodiments having four cups 62, gach cup 62 may be angularly space apart

from each other by about 90°. That is, cach cup 62 may have a generally
circular shape, and an axis 64 of cach shape may be orthogonal to the axes 64 of
adjacent shapes. In embodiments having a different number of cups 62, the
spacing between axes 64 may be less than or more than 90°. For example, when

10 only two cups 62 are included 1n carrier 38, axes 64 of cups 62 may be angularly
spaced apart by about 1807, In the cross-sectional view of Fig. 3, only three
cups 62 are shown, and the corresponding side pmion 44 is removed from the
center cup 62 for clarity.

Each of cups 62 may have a generally tiat bottom surface, and a

15 curved side wall that mtersects with the flat bottom surface. In general, the
shape of the carved side wall mav conform to an external shape of side pinion
44, such that a force directed diagonally through side pinion 44 from side gears
40, 42 may be transmitted in a normal direction to the carved side wall, In this
way, a moment may not be created inside side pinion 44 by the force. A

20 clearance gap 66 having a substantially constant thickness of about one-
thousandth may be located between the curved side wall of cup 62 and side
pinion 44, and filled with lubrication during operation. An orifice 68 may be
formed within the flat bottom surface of ¢ach cup and, as will be explained m

more detail below. used as a conduit for lubrication. An mner diameter of

-]
N

orifice 68 may be about equal to one-half of an nner diameter of the flat bottom
surface of cup 62.

A plurality of additional orifices 70 may be formed in closed end
48 of carrier 38, In one embodiment, the number of additional orifices 70 may
match the number of side pinions 44 mstalled m differential 22, In another
30 embodiment, the number of additional onfices 70 may be some multiple (e g,
2xy of the number of side pinions 44. Orifices 70 should be generally radially
aligned with and/or extend to a mesh location between the tecth of each pinion
44 and first side gear 40 {e.g.

ot

aligned at least with an entrant location at which
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the gear teeth begin to mesh). As will be explained in more detail below,
orifices 70 may facilitate lubrication of differential 22.
First and second side gears 40, 42 may be substantially identical
bevel gears that are oniented in oppostition to each other. External tecth of both
5 gears 40, 42 may be configured to simuiltancously intermesh with the teeth of all
of side pinions 44 {¢.g., at oppostie sides of pinions 44} such that, as side pinions
44 are rotated with carrier 38 about axis 32, side gears 40, 42 may also be daven
to rotate about the same axis 32. A base end of first side gear 40 may be
supported within a corrgsponding step in carrier 3%, while a base end of second
10 side gear 42 may be rotationally supported within a corresponding step in cap
58. Each of first and second side gears 40, 42 may have a sphined bore 72
formed therein that is configured to receive a corresponding nterior end of first
and second half-shafis 28, 30, With this configuration, a rotation of first and
second side gears 40, 42 may result 1 a rotation of first and second half-shafis
15 28,30
Side pinions 44 may be sobstantially identical bevel gears. As
shown m Figs. 4, 5, 6A, and 6B, cach side pinion 44 may have a generally flat
bottom 74, a generally flat top 76 located opposite bottom 74, a plurality of gear
teeth 78 located adjacent top 76, and an arcuate outer surface {“surface™) 80
20 connecting bottom 74 with tecth 78, Surface 80 may join gearteeth 78 at &
transition region 82, An outer diameticr at top 76 may be smaller than an outer
diameter at bottom 74, and an outer diameter at transition region 82 may be
greater than the cuter diameter at bottom 74.
Teeth 78 of side pinton 44 may have geometry that is at least
25 partially defined by a plurality of angles. For example, a first angle ap shown in
Fig. 5 may represent a pressure angle of each tooth 78; a second angle op shown
in Fig. 6B mayv represent a face angle of teeth 78: a third angle we shown in Figs.
5 and 6B may represent a cone angle of teeth 78; and a fourth angle ar shown in
Fig. 6B may represent a roof angle of teeth 78. The pressure angle ap may be
30 defined as the angle between a primary pressure face of tooth 78 and a tangent to
the pitch circle of pinion 44. Each of the remaiming angles may be defined by an
arc extending between axis 64 and a corresponding line drawn through a Pitch

Apex (shown in Figs. § and 6A} of side pinion 44 that lies on axis 64.
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Ag shown in Figs. 4, 5, 6A, and 6B, when tecth 78 pinion 44
engage the teeth of side gears 40, 42, normal forces Fy (forces at the faces of
teceth 78 that are normal to the pressurc angle gp) may be gencrated at opposing
sides of pinion 44. These normal forces Fy may combine to produce a resuliant
force Fr. Resultant force Fe may lie in a plane (sce Fig. 4) between the
opposing sides of pinion 44, and may be inclined relative to bottom 74 and top
76 (see Figs. 6A and 6B). If the resultant force Fr passes through surface 80 at
an obligue angle relative to a gradient at the surface, a moment could be created
that causes tilting of pinion 44 when pinion 44 is pushed by the resultant force
Frinto cup 62.

The curvature of surface 80 may be designed such that resultant
force Fr passes through arcoate outer surface 80 at an angle that is always
normal to surface 80, That s, arcoate outer surface 80 may be shaped such that
resultant force Ky is oriented about 90 to surface 80 at the application point of
resultant force Fr. In one embodiment, surface 80 may be at least partially
defined by a curve 81 that is rotated about axis 64 of pmion 44, Curve 81 may
be, for example, a polynomial curve of higher order {e.g.. of 3 order or higher),

defined by the following equation:

p= Li-g ai¥
Eg. 1
wherein:
p represents curve &1,
n represents the order of the curve;
a 1s a coefficient; and

x 1g distance along axis 64.

The angular orientation of resultant force Fr n space may be
defined by an angle § (shown in Fig. 5) and controlled by the pressure angle ap

and the cone angle ac according to the following equation:

tan § =tan gp © sin oo
Eg. 2

wherein:

PCT/US2016/030514
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B 13 the angular orientation of resultant force Fy
1 space;
ap represents the pressure angle; and

gg represents the pitch or cone angle.

Using Eqg. 1 and Eq. 2 from above, curve 81 may be denved by
requiring that the cross produoct between a gradient (V8) of surface 80 and the
resultant foree Fg equals zero (¢, that V8 x Fr = 8), at the apphcation point of
the resultant force Fr.

It 1s contemplated that, in some applications, surface 80 may be
divided into multiple sections that are axially adjacent cach other. For example,
surface 80 could be divided into a first section &0a (sce Fig. 6A) located adjacent
teeth 78, and a second section 80b located between first section #0a and bottom
74. 1o this cxample, section 80b may be larger than section 80a {¢c.g., 2-3 tumes
larger). It should be noted that surface 80 could be divided into more than two
sections and/or that the sections could have different relative sizes, if desired.
Each of the sections of surface 80 may have unique corvature defined by a
different polynomial (e.g., a different order polvnomnal) and be designed to
perform differently under different circumstances. For example, section 80a
may have a lower order polynomial than section 80b, as section 80a may
experience less loading the scction 80b, In general, a higher-power/lower-speed
application may utilize surface 80 created using more sections and higher-order
polynomials (e.g., 5-6% order), while a lower-power/higher-speed application
may use fewer sections {¢.g., only one section} and lower-order polynomialg
{e.g.. 3-4® order). For the purpose of this application, a higher-power/lower-
speed application may be considered an application transnutting about 600
horsepower or more at speeds less than about 100 rpm.

In one specific exemplary cmbodiment of pinion 44, the pressure
angle gp may be about 14-257; the face angle ar may be about 35-377; the cone
angle g¢ may be aboot 28-38° and the root angle g may be about 23-25° Itis
contemplated that these angles may have different values for different
applications. For the purposes of this disclosure, the term “about”, when used in
reference to a dimensional value, may be defined as being within an acceptable

range of manufacturing tolerances.
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In the specific exemplary embodiment provided above, a radius ¢y
may be used to at keast partially define the corvature of surface 80 and may have
its origin positioned along the trajectory of resultant force Fr. For example, the
origin of radius ry may be positioned at coordinates (dx, dy1), which may be
mcluded in the vector of resultant force Fy, and located in the same plane as Fg.
In the disclosed embodiment, r1 may be about 40-45 mm, while (dx, dyi) may
be about equal to (15-26 mm, 90-95 mm) when measured from axis 64 and the
Pitch Apex of pinion 44, respectively. In this configuration, the origin of ri may
be located a distance dy: from bottom 74 that is about 20-25 mm.

Axial ends of arcuate outer surface 80 may be designed to inhubit
stress riser formation. For example, a lower edge connecting tlat bottom 74 with
arcuate outer surface 80 may be rounded, and have a radius vz of about 1-3 mm.
Likewise, transition region 82 that connects surface 80 with teeth 78 may taper
mward to have a back angle ug of about 2-4°.

Figs. 7 and 8 illustrate lubrication flows through differential 22
during two different situations. Specifically, Fig. 7 illustrates lubrication flow
during high-speed travel of machine 10, while Fig. 8 illustrates lubrication flow
during low-speed travel. During any operation of machine 10, differential 22
may be filled about halfway up with lubnication. Specifically, the hubrication
may fill a lower half of an axic housing {(not shown) i which differential 22 is
located, and the lubrication may reach up to about axis 32 of carrier 38.

As shown in Fig. 7, darmg high-speed travel, when camer 38 15
driven to rotate at high rpms, the external surface of carrier 38 may continuously
drag through the volume of lubrication inside the axle bousing. During this
rotation, orifices 68 may fill with oil, and a laver of oil may cling to the outside
surface of carrier 38. The lugh-speed rotation of carrier 38 may resolt in high-
speed rotations of side pinions 44 and corresponding high-speed rotations of side
gears 40, 42, As the teeth of these gears mesh with cach other, they may
function as pumps, drawing the lubrication from orifices 68 radially inward at
separation of the teeth and pushing the lubrication axially outward at
engagement of the teeth. The lubrication may be discharged axially outward
through orifices 70. By this action, a lubnication film may be created between
side pintons 44 and cups 62 (1.¢., within gaps 66), and also between the teeth of

the intermeshing gears.
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When the travel of machine 10 transitions from high-speed travel
to low-speed travel, the direction of lubrication flow through differential 22 may
reverse. Specifically, when carrier 38 is driven to rotate at low rpms, the teeth of
mput gear 36 may function as radially oriented fluid screws {¢.g., because of

5 thewr pitch and helical angle)}. That is, the teeth of input gear 36 may be filled as
they are dunked into the volume of lubrication in the axle housing, and the pitch
angle of the teeth, combined with the rotational motion of input gear 36, may
overcome any centrifugal forces acting on the lubrication and push the
tubrication radially inward toward orifices 7¢. The hubrication may be pushed

10 through the mtermeshing engagement of side pinions 44 with side gears 40, 42,
and then be flung radially outward via through orifices 68. In this situation, the
centrifugal forces flinging the lubrication radially cutward through orifices 68
may be greater than the pumping forces of the intermeshing teeth that would
otherwise draw the lubrication radially inward. For the purposcs of this

15 disclosure, high-speed travel may be considered travel at speeds withm an upper
two-thirds of an overall speed range.

Figs. 9 and 10 dlustrate an alternative differential embodiment,
labeled as element 84, Like differential 22 of Figs. 1-8, differential 84 of Fig. 9
may include input gear 36, first side gear 40, sceond side gear 42, and side

20 pinions 44. However, in contrast to differential 22, differential 84 may not
nclude carrier 38, Instead, a nested carrier 86 may be used to transfer torque
from mput gear 36 to side pinions 44. [n this emmbodiment, nested carrer 86 may
function primarily as a power-transmitting component, and additional housing
members 88, 90 mayv be used to enclose the other components of differential 84,

25 Housing members 88, 90 may be substantially wdentical to each other (e.g.,
within manufacturing tolerances), and bolted to opposing sides of nput gear 36
via fasteners 56, A plurality of onifices 92 may be formed in housing members
88, 90 to function as conduits for lubrication. Because housing members 88, 90
may not be power-transmitting components, housing members 88, 90 may be

30 thinner-walled and lighter weight, when compared to carrier 38,

As shown in Fig. 9, differential 84 may be relatively compact. In
particular, because carrier 86 may be nested radially imside of input gear 36 (1.¢.,
mstead of being bolted at an axial end}, the overall axial length of differential 84

may be less. In this configuration, first side gear 40 may be located at a first
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axial end of input gear 36, while second side gear 42 may be located at a second
axial end of input gear 36 opposite the first axial end. In other words, first and
second side gears 40, 42 may be located at opposing sides of input gear 36,
rather than both being located at the same side. This may afford greater

5 flexibility m packaging of drivetrain 16 (referring to Fig. 2}, One or more
spacers 94 may be included to axially posttion nested carrier 86 inside of input
gear 36. Fach of spacers 94 may be generally ring-like, and positioned between
a corresponding one of housing members 88, 90 and an end of a corrgsponding
one of side gears 40, 42.

10 For the sake of clarity, bousing members 88 and 90, spacers 94,
and side gears 40 and 42 have been removed from Fig. 10, As seen i this
figure, carrier 86 may be connected to nput gear 36 by way of a splined
mterface 96. This type of interface may allow carrier 86 {as wcll as the other
coraponents carried by carrier 86) to thoat axially somewhat within input gear 36

I5  durng assembly and operation of differential 84, This axial floating ability may
account for manufactaring inconsistencies that could otherwise cause binding
between carrier 86 and input gear 36.

Fig. 11 illustrates an external side view of nested carner 86, while
Fig. 12 illustrates a cross-sectional side view of nested carrier 86 taken along a

20 first axially oriented plane of symmetry 98. As shown in these figures, nested
catricr 85 may be generally cylindrical and hollow, having a two opposing open
ends. In addition to being generally symmetrical relative to plane 98, neste
carrier 86 may also be gencrally symmetrical relative to a second axaally
oriented plane 100 and relative 1o a radially oriented plane 102, Nested carrier

25 86 may have formed therein a plurality of cups 104 {e.g., four cups 104) that arc
identical to cups 62 described above in regard to differential 22, Specifically,
cach of cups 104 may include a flat bottom surface 106, and a curved side wall
108 that ntersects with bottom surface 106, In general, the shape of curved side
wall 108 may conform 1o an external shape of side pinion 44, such that the

30 reaction force Fy directed diagonally through side pinion 44 from side gears 40,
42 may be transnutted in a normal direction o curved side wall 108, An orifice
110 may be formed within bottom surface 106 of cach cup 104 and, i a manner

similar to what is explained above with respect to Figs. 7 and 8, used for
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beveled, as desired, to facilitate assembly indo input gear 36.
Fig. 13 illustratcs another alternative differential embodiment,
labeled as element 112, Like differential 84 of Figs. 9 and 10, differential 112 of
5 Fig. 13 may wclude first side gear 40, second side gear 42 {omitted from Fig. 13
for the sake of clarity), and side pinions 44, However, m contrast to differential
84, differential 112 may include a different input gear 114, and a different nested
carricr 116 used to transfer rotation from input gear 114 to side pintons 44,
Nested carrier 116, unlike nested carrier 86, may not form a complete cylinder.
10 Instead, nested carrier 116 may be formed from two or more {¢.g., from four)
substantially wdentical carrier members 116a that are annularly spaced apart from
cach other. Each carrier member 116a may located inside a pocket 118 formed
within an interior of input gear 114, and a spacer 120 may protrude radially
mward to annularlv separate adjacent carrier members 116a. In the disclosed
I35 embodiment, spacer 120 may be mtegral to input gear 114, In other
embodiments, however, spacers 120 may be separate standalone component.
Asg shown i Fig. 14, cach carrier member 116a may include
external sphnes 122 configured to engage corresponding splines within pockets
118 (refernng to Fig. 13) of mput gear 114, and a single cap 104, Each carrier
20 member 116a may be able to float axially somewhat relative to input gear 114,
vet still be connected to input gear 114 via splines 122 to receive an mput torque.
By forming vested carrier 116 via multiple separatec members 116a, the
likelthood of misalignment or manufacturing inconsisiencies causing binding of
nested carrier 116 may be reduced even further. It is contemplated that sphines
25 122 could be omitted, if desired, and spacers 120 altemnatively utilized for the
torque transfer.
Fig. 15 illastrates another aliernative differential embodiment,
labcled as clement 124, Like differential 84 of Figs. 9 and 10, differcntial 124 of
Fig. 15 may mclude mput gear 36, first side gear 40, second side gear 42, side
30 pinions 44, and housing member 90. However, m contrast to differential 84,
differential 124 may include a different nested carrier 126 used to transfer
rotation from input gear 36 to side pinions 44, a lockup cluteh 128 contigured to

selectively lock rotation of side gear 42 to side gear 40 via nested carrter 126,
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and a larger {c.g., aally longer) housing member 130 used to enclose nested
carrier 126 and fockup clutch 128.
Nested carrier 126, unlike nested carricr 86, may not be axially

symmetric. In particular, nested carrier 126 may extend axially a distance in one

()]

direction past pinion gears 44 toward a base end of side gear 42. One or more

mmternal gear teeth {c.g., splines) 132 may be formed at an inner annular surface

of the protrading portion of nested carrier 126, As will be explained in more
detail below, teeth 132 may be used to selectively connect nested carrier 126 to

second side gear 42 via lockup cluich 123.

16 Lockup cluich 128 may itself be a sub-assembly of multiple
components arranged to rotate around axis 32, For example, lockup cluich 128
may include a disk stack 136, and a hydraunlic actuator (not shown) that is
configured to selectively compress disk stack 136, Disc stack 136 may include a
plurality of friction disks, a plurality of scparator disks interleaved with the

15 friction disks and, in some mstances, a damper {(not shown) located at one or
both ends of disc stack 136, The friction disks may be connected to rotate with
one of nested carrier 126 {(e.g., via teeth 132) and second side gear 42 (¢.g., by
way of corresponding external teeth 134), while the separator disks may be
connected to rotate with the other of nested carrier 126 and second side gear 42.

20 In this manner, when the hydraulic actuator is activated, the friction disks may
be sandwiched between the separator disks, therchy creating friction that inhibits
relative rotation between nested carrier 126 and second side gear 42, When the
rotation of second side gear 42 is constrained to the rotation of nested carrier
126, second side gear 42 may rotate at the same speed as first side gear 40,

25 yegardless of machine turming or ground conditions. This may help to improve
traction during poor ground conditions. A fluid pressure within the hvdraulic
actuator may relate to a magnitude of the friction resisting relative rotation, and
be provide via one or more axial ports 138,

The hydraulic actuator may embody a service piston that works to

30 compress disk stack 136 under different conditions. The service piston may be

ring-like and, together with housing member 130, form a control chamber.

When the control chamber is filled with pressurized oil via port 138, the

hydraslic actiator may be urged toward disk stack 136, thereby compressing

disc stack 136,
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In some embodiments, one or more springs {not shown} may be
arranged in varicus configurations to hias the hydraulic actuator away from disc
stack 136. In these configurations, when pressurized fluid is not supphied into

the control chamber, the hydraulic actuator may be deactivated by the springs

()]

and moved away from disc stack 136 to reduce the friction generated between
the disks and plates thereof.

Housing member 130, together with housing member 90, may
substantially enclose the other rotating components of differential 124, Ags m the
differential embodiment of Figs. 9 and 10, housing members 96, 130 associated
10 with differential 124 may be used primarily to house the other components and
not to transfer torque. For this reason, housing members 90, 130 may be
relatively thin-walled and lightweight. Like hoasing member 88, housing
member 130 may additionally function to axially position second side gear 42 by

way of spacer 94.

15 Industnal Applicabiity

The disclosed differentials and side pintons ot the present
disclosure have potential apphcation in any machine requinng torgue delivery to
paired traction devices. The disclosed differentials and side pinions may have
extended hife and improved efficiency. The extended life may be provided by

20 reducing, or even eliminating, moments within the side pinions that tend to cock
the side pinions away from desired positions. The moments may be eliminated
bv way of a unique outer curvature of the side pinions. The unique outer
curvature of the side pinions may help to ensure that the loading forces are

directed normally into corresponding cups formed in the differentials. By

[
L

maintaining the side pinions in their desired positions, tubrication flow to the
rotating components of the disclosed differentials may be ensured, which may
prolong a life of these components and also reduce friction of the rotations.
Reduced friction may improve the efficiency of the disclosed differentials.

In addition, because the disclosed side pinions may not need
30 spider shafls to support their rotations, the size, the weight, and the cost of the
disclosed differentials may be lower. Further, without spider shafts, it may be
gasier to avoid moment creation and/or to distribute the loading forces overa

greater arca. This increased foree distribution may reduce a likelihood of



WO 2016/182788 PCT/US2016/030514

-1 ¥-

metallic contact between components, which may further reduce wear of the
disclosed differentials. Fmally, because the disclosed side pinions may not have
central bores normally required to accommeodate spider shafts, all fubrication
directed mnto the disclosed differentials at the side pinions may be used to

5 mamtain an oil film between the side pimons and the assoctated cups. This load-
bearing fayer of gil may further reduce the likelihood of metal-on-metal contact,
which may prolong the life of the disclosed differcuatials.

Finally, the disclosed differentials may have greater packaging
flexability. Specifically. the axially compact design of some of the disclosed

10 differentials, may provide more space for other drivetrain component.

It will be apparent to those skilled m the art that various
modifications and variations can be made to the differentials and side pinions of
the present disclosure without departing from the scope of the disclosure. Other
embodiments will be apparent to those skilled in the art from consideration of

15 the specification and practice of the differentials and side pinions disclosed
herein. It is intended that the specification and examples be considered as
excmplary only, with a true scope of the disclosure being indicated by the

following claims and their equivalents.
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Claims

1. A side pmion (44) for a differential (22), comprising;
a body having a flat bottom (74} and a flat top (76) located at an
end opposite the flat bottom;
5 a plurality of gear teeth (78) formed adjacent the flat top; and
an arcuate outer surface (80} connecting the plurality of gear teeth

to the flat bottom.

2. The side pimion of claim 1, wherein the arcuate outer
10 surface is formed by rotating a polynomial curve of third order or higher around

an axis {64} of the side pnion.

3. The side pinion of claim 2, wherein:

the differential hag side gears (40, 42} that are configured to

[
(v

engage the plurality of gear teeth at opposing sides of the side pinion;

when the side gears engage the phlurality of gear tecth at the
opposing sides of the side pinion, a reaction force 1s created; and

the polynomial curve is selected such that a gradient of the
arcuate outer surface at an application point of the reaction force 1s about aligned

20 with the reaction force.

4. The side pinion of claim 3, wherein:
a pressure angle of the plurality of gear tecth is about 14-25°;
a root angle of the plurality of gear teeth 1s about 23-25°; and

23 a cone angle of the side pinion is about 28-38°.

5 The side pinion of claum 4, whercin a radius of the arcuate

outer surface at an application point of the reaction force is about 40-45 mm.

30 6. The side pimiton of claim 5, wherein an cdge radius at a

transttion of the arcuate outer surface and the flat bottom is about 1-3 num.

7. The side pinion of claim 6, wherein:
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the arcuate outer surface joins the plurahity of gear tegth at a
transition region (82); and
the transition region tapers inward away from the arcuate outer

surface at a back angle of about 2-4°,

g. The side pimion of claim 2, wherein the arcuate outer
surface comprises multiple sections (80a, 80b) that are located axaally adjacent

to each other and that are each defined by a different polynomial curve.

10 9. The side pinion of claim %, wherein a first section {80a) of
the arcuate outer surface adjacent the plurality of gear teeth is defined by a
polynomial curve having a lower order than a second section (80b) of the arcuate

outer surface located between the first section and the bottom.

5 10. A differential (22}, comprising:
an input gear (36);
a carrier {38} fixedly connected to the wnput gear and configured
to rotate together with the input gear about a primary axis (32), the carrier having
an imnternal annular surface with a plurality of cups (62) formed theren and
20 equally spaced apait around a circumference of the carrier;
a first side gear (40} disposed inside the camer and configured to
rotate about the primary axis;
a second side gear (42} disposed n the carrier at an end opposite
the first side gear and also configured to rotate abowut the primary axis; and

25 the side pinion (44) as in any one of claims 1-9.

It A differential (22}, comprising:
an mput gear (36);
a first side gear (40);
36 a second side gear (42);
a side pinion (44) disposed between and intermeshed with the
first and second side gears; and
a carrier (38) connected to the mnput gear and surrounding the first

side gear, the second side gear, and the side pinion, the carrier having a first
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orifice (68) located 1n an annular wall at a base end of the side pinion, and a
second orntfice (70) located in an axial wall,
wherein all lubrication passing through the first orifice flows

around an external surface of the side pinon.

12 The differential of claim 11, wherein:

the carrer is generally cylindrical, having a closed end (48) and
an open end {50 through which the first side gear, second side gear, and side
pinion are accessible; and

10 the second orifice s located in the closed end.

13, 'The differential of claim 12, further incloding a cap (58)
configured to close off the open end, wherein:
the second orifice is one of a plurality of second orifices; and
5 the plurality of second orifices are located only in the closed end

of the carrier.

4 The ditfferential of clavm 11, wherein:
the side pinion is one of a plurality of side pinions;

20 the second orifice is one of a plurality of second onifices; and
cach of the plurality of second orifices is associated with a

different one of the plurality of side pinions.

15, 'The differential of claim 14, wherein cach of the plurality
25 of second orifices is positioned at an entrant location where teeth (78) of the
different one of the plurality of side pinions begin to mesh with teeth of the first

or second side gears.

16. The differential of claim 11, wherein:

30 the side pinion is onc of a plurality of side pinions;
the second orifice is one of a plurality of second orifices; and
two of the plurality of second orifices are associated with each of

the plurality of side pinions, and each of the plurality of second orifices is
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positioned at an entrant location wherg tecth (783 of each of the plurality of side

pinions begin to mesh with tecth of the first or second side gears.

17. The differential of clawm 11, wherein the first orifice 15

5 aligned with an axis (64} of the side pinion.

18, The differential of claim 11, wherein the carmier s filled
about halfway with lubrication during operation, and the first and second orifices
are dunked into the lubrication during each revolution of the carrier.

16

9. The ditferential of claim 18, wherein:

during rotation of the carrier within a first speed range, the
hibrication flows from the first orifice to the second orifice; and

during rotation of the carrier within a second speed range, the

15 lubrication flows from the second orifice to the first orifice.

20. The differential of claim 19, whercin:
the first speed range is an upper two-thirds ot a total operational
range of the differential; and
20 the second speed range is a lower one-third of the iotal

operational range of the differential.

21 A differential (22), comprising:

an input gear (36);
25 a tirst side gear (40);

a second side gear (42);

a side pinion {44) disposed axially between and intermeshed with

the first and second side gears; and

a carrier {38) nested mside of the input gear and connected to the

30 input gear and the side pinion, the carrier at least partially surrounding the first

side gear and the second side gear.
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22 The differential of claim 21, wherein the carrier 1s an
mitegral oylindrical component having a first open end (48), a second open end

(50}, and a cavity {52} formed between the first and sccond open ends.

5 23. The differential of claim 21, whercin the carner is
cyvlindrical and formed by multiple separate components (116a} that are

annularly spaced apart from cach other.

24 the differential of claim 23, wherein each of the multiple

10 separate annular components is substantially ideuntical.

25, The differential of claim 23, further including spacers

{120} located between cach of the multiple separate components.

15 26, The differential of claim 25, wherein the spacers arc
mtegral to the input gear and protrude radially inward to spaces between the

multiplc separate components.

27. The differential of claim 21, wherein the carmer includes

20 external splines {122} configured 1o engage the mput gear.

28, The differential of claim 21, further meluding a cup (104)
formed at an inner annular surface of the carrier that is configured to receive the

side pinion.

25
29.  The differential of claim 21, further including a plurality
of housing members {88, 90} conunectable to the input gear to enclose the carrier.
34. The differential of claim 29, wheremn:
30 the carrier is axially free-floating relative to the input gear; and

the differential further meludes at least one axial spacer (94)

disposed between the plurality of housing members and the carnier.
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