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Pericyclic transmissions consist of 4 to 8 bevel gears. Each pair
of bevel gears has a shaft angle which is close to 180°. The num-
ber of teeth of each pair of meshing bevel gears differs by one
or two. Figure 1 shows a gear pair with nearly the same num-
ber of teeth and a shaft angle 14 (X) close to 180° in a conven-
tional arrangement (not pericyclic). Pericyclic transmissions
use between two and four bevel gear pairs like the one shown
in Figure 1 as base elements and introduce a pericyclic nutating
motion to two or four of the bevel gears in order to achieve high
reduction ratios.

The lowest possible shaft angle difference to 180° of the mat-
ing bevel gears as shown in Figure 1 is defined by the whole
depth of the teeth. In order for the teeth to mesh only in one
zone 15 at the circumference and be disengaged at the opposite
side, zone 16, the shaft angle needs to be at least:

> =180°-arctan{[(hole depth)*2+clearance]/(outer cone distance)}
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Figure 1 Two ring gears with one tooth difference.
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The clearance amount 17 needs to be about 50% of the whole
depth of the teeth or larger to allow meshing between the two
mating gears. Meshing conditions are different from standard
bevel gear ratios of one to five. Due to the nearly 180° shaft
angle there is a large engagement zone 15 between the mesh-
ing teeth. The size of the engagement zone angle is normally
chosen below 90°, because the difference of one or two teeth
between the mating gears will result in one of the two gears to
rotate faster. This means in case the first gear 10 has one tooth
more than the second gear 11 and if tooth No. 1 of the second
gear is engaged with slot No. 1 of the first gear, then tooth No.
1 will get disengaged at the end of the engagement zone and
pass one tooth of the first gear in order to re-engage but now
with slot No. 2 of the first gear while it enters at the other end
of the engagement zone. The process of disengagement, passing
one tooth and re-engaging with the next slot requires not only
enough clearance between the tips of the mating teeth, it also

requires a sufficient angle of the dis-engagement zone to make
the passing of one tooth possible without interference.

If the first gear 10 and the second gear 11 are connected to
separate shafts (12 and 13), having a shaft angle smaller than
180°, as shown in Figure 1, then the ratio will be the number
of teeth of the second gear 11 divided by the number of teeth
of the first gear 10 (z,/z;). In the case of z,=40 and z,=41, the
ratio is commonly expressed as 40 x 41 or 0.9756.

In a pericyclic transmission the nearly 180° shaft angle bevel
gear pair is utilized differently than shown in Figure 1. Figure 2
shows gear 20 meshing in zone 22 with gear 21. Gear 21 is rig-
idly connected (or one piece) with gear 23 and gear 23 meshes
with gear 24 in zone 19. The shaft angle between gear 20 and
gear 21 is 26 and the shaft angle between gear 23 and gear 24
is 27. The ratio calculation of pericyclic transmissions is sig-
nificantly different from the common ratio calculations of gear
transmissions. The calculation is explained with the following
example:

Number of teeth gear 20:  z,0=40
Number of teeth gear 21:  z,, =41
Number of teeth gear 23:  z,;=61
Number of teeth gear 24:  z,,=60

The calculation begins at the rotationally constrained gear
and its mate which in Figure 2 is gear 20 which is rigidly con-
nected to the gearbox housing 31 and therefore constrained
and gear 21 which is the first gear in mesh with the constrained
gear. In a pericyclic transmission the input rotation rotates the
inclined center shaft 30, which holds gears 21 and 23 via bear-
ings (no positive torque connection). When the input rotation
28 rotates the input shaft 29 which is connected to inclined
shaft section 30, then instead of a nearly same fast rotation of
gears 21 and 23, only a nutating or wobble motion occurs. Each
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nutation of the inclined shaft 30 will rotate gear 21 (and the con-
nected gear 23) by one pitch backwards based on the angular
pitch of gear 21 (A4 =-360°/41=-8.7805°). The nutating inter-
action between gear 23 and 24 will rotate gear 24 forward by one
pitch based on the pitch of gear 23 (A4, =360°/60=6.0°). This
means the output shaft 32 rotates Ay + Ay, =-2.8789° for each
full revolution of the input shaft 28. The ratio of this pericyclic
transmission is ipeicyaic = 360°/(~2.7806°) =-129.47368. This ratio
calculation is based on on the convention of:
Woutput = wlnput/ iPericyclic
Another notation for the ratio calculation is:
iPericycIic = [(Zconstrained_zﬁrsr not constmined)/zﬁrsl not constrained
+ (zindirec[ly constrained—Zsecond not constrained) Zindirectly constrained) |
whereas:
iperieyaic  Ratio of pericyclic transmission
winpee  Angular velocity of input shaft
Woupwe Angular velocity of output shaft
Zeonstrained G€Ar 20 (connected to housing)
Ziirst not constrained G€Ar 21 (meshing with constrained gear)
Zindirectly constrained G 23 (indirectly constrained with
connection through 21 to 20)
Zsecond not constrained €A 24 (Output gear is not constrained)

= [(220—221)/Z21 + (223—224)/224]—1
— [(40-41)/41 + (61-60)/60]-1
=-129.47368

lPericyclic

A transmission like the one shown (Fig.2) is fully functional,
but it generates fluctuating axial forces due to the unbalance of
the intermediate gears 21/23 (Refs. 1-2). Although the rotation
of gears 21/23 is slow compared to the input RPM (RPM,,;
= RPMinput/ ipericyeiic)> the nutating wobble motion is fast and has
the same frequency (1/min) as the input RPM. The nutating
wobble motion will cause fluctuating moments around axis 50
which alternates between the CW direction 26 and the CCW
direction 27 which act on the gearbox housing 31. The gener-
ated vibrations due to the unbalance are not acceptable for all
applications with input speeds above 100 RPM.

The state of the art elimination of the unbalance is achieved by
connecting a second, mirror imaged pericyclic unit with the first
pericyclic unit as shown (Fig.3) (Ref. 3). The two units in Figure 3
are connected with the output gear 34. Gear 40 is the mirror
image of gear 24. Gear pair 41/43 is the mirror image of gear pair
21/23 and gear 42 is a mirror image of gear 20. Gear 42 is rigidly
connected with the gearbox housing 31, like gear 20. The shaft
sections 29, 30, 33, 35 and 44 are rigidly connected like one solid
piece. The nutation wobble motions of the two intermediate gear
pairs 21/23 and 41/43 in Figure 3 have opposite directions, which
leads to the cancelation of any system-related axial unbalances.
The output gear 34 is rigidly connected to gear 24 and gear 40.
The ratio between the input shaft 29 and the output gear 34 is
identical to the ratio of the transmission in Figure 2.
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Figure 2 Concept of pericyclic transmission (Refs. 1-2).
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Figure3 Balanced pericyclic transmission.

The three obvious disadvantages of the state of the art solu-
tion are the fact that the number of gears required for balancing
the pericyclic transmission has to double. Also the size of the
transmission increases to about twice the size of the transmission
shown in Figure 2. The third disadvantage is the central location
of the output gear 34 which requires an additional gear which
meshes with 34 in order to provide a rotating output shaft.

Reversed pericyclic transmission with center output. A more
cost effective high reduction transmission utilizing the pericy-
clic principle requires a reduced number of gears by still provid-
ing a cancellation of the unbalancing moments or forces as dis-
cussed with Figure 3.
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The first version of the simplified pericyclic transmission is
shown in Figure 4. The kinematic principle reverses the concept
of Figure 2 and uses a centric mounted intermediate gear pair
51/53. The intermediate gear pair 51/53 has a cylindrical gear 59
on the outer circumference which is the pericyclic transmission
output. The gears 52 and 54 perform the nutating motion initi-
ated by the inclined bearing seats 55 and 56. The gears 52 and
54 are restrained from rotation by the swing pins 61 and 62 that
are engaged in slots inside of the transmission housing 60. The
input shaft 58 is rigidly connected with the shaft sections 55, 57,
56, and 65. If for example gears 52 and 54 have 41 teeth, gears

59
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Figure4 Reversed pericyclic transmission with output through the side of
the transmission housing.
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51 and 53 have 40 teeth, then each revolution of the input shaft
58 will nutate but not rotate gears 52 and 54. The interaction
between gears 52 with 51 and 54 with 53 rotate the intermediate
gear pair by one pitch in negative direction for each full rotation
of the input shaft.

The rotation is transmitted via the cylindrical gear 59 to a sec-
ond cylindrical gear at the outside of the transmission housing
60 which is mounted on a not shown output shaft. Gear 59 will
make one revolution forward if the input shaft 58 turns 40 times
(ratio ipericyeic = [1/40]-1=40).

iPericyclic = [(Zconstmined_zfirst not canstmined)/zﬁrst not constmined] -

Lpreicycic = [(252-251)/z51] -1 = [(253-254)/ 254] -1 = [(41-40)/40] -1 = 40

Reversed pericyclic transmission with axial output. The
second version of the new pericyclic solution with an output
shaft 87 that is in-line with the input shaft 78 is shown (Fig.5).
The concept in Figure 5 also reverses the concept of Figure 2 by
using a centric mounted intermediate gear pair 71/73. The inter-
mediate gear pair 71/73 is connected with the gearbox housing
70, while the gears 72 and 74 perform the nutating motion initi-
ated by the inclined bearing seats 75 and 76. The input shaft 78
is rigidly connected with the shaft sections 75, 77, 76, and 79.
If for example, gears 72 and 74 have 41 teeth, and gears 71 and
73 have 40 teeth, then each revolution of the input shaft 78 will
rotate gears 72 and 74 by one pitch. The rotation is transmitted
via the pins 80 and 81 to the flange 82 of the output tube 87. The
output tube 87 will make one revolution backwards if the input
shaft 78 turns 41 times (ratio ipeicyeic = —41).

. _ -1
Lpericyclic = [(Zconstmined_zﬁrst not constmined)/zﬁrst not constmincd]

Lpericyclic = [(z71-272)/272] -1 = [(273-274) [ 27s] -1 = [ (40-41)/41]-1=-41

A disadvantage of the solution in Figure 5 is the sliding
of the transmission pins 80 and 81 in the holes 83 and 84 of
gear 72 and in the holes 85 and 86 of gear 74. The sliding will
reduce the efficiency of the transmission and it will cause wear.
Furthermore, the cantilevering pins 80 and 81 will transmit
more torque from gear 74 than from gear 72 due to the larger
axial distance of those holes from the transmission flange 82.
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Figure5 Reversed pericyclic transmission with input and output shafts in-line.

42

GEARTECHNOLOGY | March/April 2021

Figure6 Advanced reversed pericyclic transmission— concept 3.
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Reversed pericyclic transmission with integrated transfer
gears. The third version of the new pericyclic solution shown
in Figure 6 is the preferred embodiment for an electric vehicle
application. The concept in Figure 6 also reverses the concept
of Figure 2 by using a centric mounted intermediate gear pair
91/93. The intermediate gear pair 91/93 is connected with the
gearbox housing 90, while the gears 92 and 94 perform the
nutating motion initiated by the inclined bearing seats 95 and
96. Gears 92 and 94 are engaged with the outer halves of their
face widths with intermediate gears 91 and 93. The input shaft
98 is rigidly connected with the shaft sections 95, 96, 97, and 99.
If for example, gears 92 and 94 have 41 teeth, and gears 91 and
93 have 40 teeth, then each revolution of the input shaft 98 will
rotate gears 92 and 94 by one pitch.

In case of the transmission in Figure 6 the rotation of gears 92
and 94 is transmitted to the output shaft via the centric mounted
transfer gear pair 104/105 via transfer pins 100 and 101 to the
flange 102 and the output shaft 106. The transfer gear pair
104/105 is positioned centric to shaft 97 and can freely rotate
around shaft 97 with the teeth engaged with the inner halves
107 and 108 of the face widths of gears 92 and 94. The number
of teeth between gears 92 and 104 and between gears 94 and 105
are identical which achieves the transmission of the exact rota-
tional component of the motion of gears 92 and 94 (excluding
the nutating wobble component) via transfer pins 100 and 101
to the flange 102 and then to the output shaft 106. The output
shaft 106 will make one revolution backwards if the input shaft
98 turns 40 times (ratio ipesicyeic = —41).

. _ -1
Lpericyclic = [(Zconstmined_zfirst not constrained)/zfirst not constmined]

iPericyclic= [(z01-2102)/Z102] ~ 1 = [(Z03~Z103)/ 2103] -1 = [(40-41)/41] -1 =-41

The holes 109 and 110 provide a sufficient amount of clear-
ance to the transfer pins 100 and 101 while the gear pair
104/105 rotates in mesh with gears 92 and 94. In order to main-
tain the clearance between pins 100 and 101 and the holes 109
and 110, the number of teeth of gears 92 and 104 as well as 94
and 105 are required to be identical.

Configuration with integrated electric motor. Electric vehi-
cles are propelled with high-speed electric motors. Those elec-
tric motors operate at RPM’s that are 3 to 5 times higher than
the RPM’s of internal combustion engines (SEE BOOK Chapter
1). The requirement of a speed reducing transmission between
electric motor and driving wheels with very high ratios is there-
fore evident. Pericyclic transmissions can realize the required
high ratios and also allow the high input speeds without the risk
of flank surface scoring due to the fact that the relative motion
between the meshing teeth is considerably lower compared to
conventional high speed cylindrical gearboxes.

Sl

E’////M%DQA‘ %

<

INPUT y

OUTPUT

ouTPUT iyt

n A
B 2
g,,; -
Z 7/
% X NN

125 126

Figure8 Nutating members after rotation and after modifying input and
output shafts.

In cases where the drive unit with motor and transmis-
sion has to fit between the driving wheels, a compact solution
is required. The power density and the compact layout of the
inventive transmission examples in Figures 4, 5 and 6 appear to
be well suited for the speed reduction task in an electric vehicle.
One requirement of a final drive unit is the output shafts on
both sides of the transmission. The drive shafts to the wheels
have to be connected to the output shafts (or output flanges).

Figure 7 shows the transmission of Figure 6 cut in two halves.
After separating the two nutating members, each half is rotated
around a vertical axis by 180°. The result of this rotation is
shown in Figure 8. Also the input and output shafts have been
reversed such that an electric motor 140 can be placed between
the two units and the drive shafts to the wheels can be con-
nected on the outside of the two units.
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Figure 9 Transmission units connected on each side of an electric motor.

Figure 11  Additional coupling and clutches for torque vectoring and traction
control.
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Figure 12 Double motor arrangement.
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If an electric motor 140 is placed between the two transmis-
sion units of Figure 8, then the result is the arrangement shown
in Figure 9. The rotor shaft of the electric motor 140 has on each
side an output shaft with a connection to one of the two pericy-
clic transmission halves.

In a real design, the two pericyclic transmission halves and
the electric motor can be integrated in one single eDrive hous-
ing. This compact inline unit can be mounted between the
driving wheels of an electric vehicle. The space consumption
between the wheels compares favorably to the eDrive examples
presented in Chapter 1. The design shown in Figure 9 is per-
fectly symmetric which gives an optimal weight balance and an
even heat radiation towards the wheel housings and wheels on
both sides of the transmission.

Configuration with Integrated Electric Motor and
Differential

The unit in Figure 9 does not have a differential functional-
ity. This functionality is required if a vehicle drives through a
curve and the outer wheel drives a longer distance (has to rotate
faster) than the inner wheel.

The design shown (Fig. 10) solves the task of a differential
function between the two output shafts 125 and 126. The two
reaction members 91 and 93 in Figure 6 are in Figure 10 no
longer connected to the transmission housing but have received
teeth on their outside and are now numbered 120 and 121. Gear
121 is in mesh with idler pinion 122 which drives pinion 123
on shaft 124. Shaft 124 is rigidly connected to pinion 125 which
is in mesh with gear 120. Pinions 122,123 and 125 have the
same number of teeth. This arrangement acts like a differential
between output shafts 125 and 126. If the vehicle, propelled with
this unit drives through a curve, then the speed of the vehicle
remains constant but if shaft 125 is connected to the wheel
which drives on the outside of the curve, then shaft 125 will
rotate a certain amount faster than the motor RPM and shaft
126 will rotate the same amount slower than the motor RPM in
order to maintain the vehicle speed and accommodate the dif-
ferent arc lengths the two driving wheels have to travel while
driving through the curve.

Torque Vectoring with Pericyclic Transmission

In Figure 11, a coupling 133 is placed between the two half
shafts 131 and 132. The additional clutches 134 and 135 can
connect or disconnect shaft 131 and/or 132 to the transmission
housing after coupling 133 is disengaged. This arrangement
allows controlling the amount of torque transmitted to the out-
put shafts 125 and 126.

For example, if disk clutch 135 is fully actuated, gear 122 will
be locked and 100% of the available torque and rotation will be
applied to the output shaft 126. In the case of a disengaged disk
clutch 135 no torque and no rotation is transmitted to the out-
put shaft 126. Such functionality is called “torque vectoring” or
“traction control”.

The standard differential function as shown in Figure 10 can
be achieved in the operating case when coupling 133 is closed
and the disc clutches 134 and 135 are disengaged.
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Configuration with integrated double-motor. If the motor
140 is replaced by two separately controlled motors 141 and
142, as shown in Figure 12, then also a torque vectoring via
electronic control of the two motors can be realized. One side
effect of this arrangement is the fact that the two nutating
gears change their angular phase relationship (if the first motor
rotates faster than the second motor) which will result in a cer-
tain unbalance of the unit.

The unbalance caused by the incorrect phase relationship
between the two nutating gears may be difficult to compensate
with balancing weights or other means. In conclusion, this very
attractive appearing solution may have to be avoided. It should
only be seen as a study in order to show the limits of the possi-
bilities with the reversed pericyclic transmission.

Application Examples
Three examples of electrically actuated truck axles are shown in
Figure 13. The inline solution a) requires a large space around
the axle shafts. The steering axle b) and the rear axle c¢) with
a front mounted motor and a transmission which is partially
located in line and partially front mounted appear to be more
compact (Ref.5).

A proposed solution with a front mounted motor and a front
mounted pericyclic transmission is shown (Fig.14). This com-
pact arrangement can achieve a ratio of up to 200 (Ref. 5).

Summary

The reversed pericyclic transmission principle presents a very
compact solution for very high ratios. Due to the reversal of
the common pericyclic transmission principle, the number
of required gears can be reduced from eight bevel gears plus
two cylindrical gears down to only four bevel gears. The more
advanced solution requires six bevel gears and no additional
cylindrical gears.

The ideal gear type for the reversed pericyclic transmission
is the straight bevel gear. The nutating gear members are inter-
nal bevel gears with a pitch angle larger than 90°. Internal spiral
bevel gears cannot be cut or ground on a bevel gear manufac-
turing machine due to cutter interference at the opposite side
of the cutting action. Also a generating motion is not possible
for internal bevel gears due to the same reasons why internal
cylindrical gears cannot be manufactured with a hob cutter. As a
solution, the internal bevel gears in pericyclic transmissions are
Formate Coniflex straight bevel gears. The peripheral Coniflex
cutter has no interference conditions in case of the slightly
above 90° pitch angles of pericyclic transmissions (Ref. 4).
Extensive development revealed, that also the external straight
bevel gear in a pericyclic transmission, which is considered the
pinion, can be manufactured by a Formate process. With the
two meshing Formate gears, length crowning and profile crown-
ing can still be realized as known from generated straight bevel
gear sets.

The rolling conditions of the low shaft angle gears in a pericy-
clic transmission are ideal. In case of customary shaft angles and
number of tooth combinations, the number of teeth in mesh is
20 to 30% of the number of teeth of the pinion. This amounts
in practical applications to 10 or more teeth in mesh at the same

b) Steering Axle with Front mounted
Motor and Inline Transmission

a) Rear Axle with Inline
Motor and Transmission

c) Rear Axle with Front mounted
Motor and offset Transmission

Transmissiol
Electric Motor

- Ratio 40 x 5 = 200
- Combination of Pericyclic & Hypoid
« High Power Density

= Advantageous for Truck Applications
= Uses 6 Straight Bevel Gears and
one Hypoid Set

Figure 14  Application of pericyclic transmission in truck axle.

time. This in turn means that the transverse contact ratio also is
10 or higher. Such a high contact ratio results in an exceptional
smoothness of the rolling action. In addition, the load carry-
ing capacity of a nutating gear pair is a multiple of conventional
straight bevel gears with a shaft angle of 90°.

In case of electric motors which run with high RPM and
require high reductions, the question regarding the value of the
sliding velocities is often a concern. Due to the low shaft angle,
the sliding velocities between the teeth of a nutating gear pair
are very low. The explanation is delivered by an analogy. If the
shaft angle was 0°, then the straight bevel gear pair would have
the function of a clutch without any sliding action between the
teeth. In the case of 90° shaft angle, the same size gearset could
have about 800m/min relative sliding. A nutating bevel gear-
set of the same size with a shaft angle of 15° has therefore only
about 100m/min relative sliding between the tooth surfaces. The
effect of the low sliding velocities presents a very compelling
advantage for the application of nutating gears for high speeds.

An area of attention in nutating bevel gear applications should
be the angled bearing seat of the nutating member. The bear-
ing has to be pre-loaded without backlash and requires high
stiffness against the forces which try to press the two engaged
members out of mesh. During the development of pericyclic
transmissions for rotorcrafts, transmission designers and bear-
ing manufacturers found reliable and high efficiency solutions
which should also be implemented in all applications of pericy-
clic and reversed pericyclic transmissions (Refs.2-3). 0]

March/April 2021 | GEARTECHNOLOGY 45



For more information.
Questions or comments regarding this paper? Contact Hermann
Stadtfeld at hstadtfeld@gleason.com.
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