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Abstract

The research described in this paper is part of the international research project VARI-SPEED. The aim of
this project is to enable main rotor speed variation of rotorcraft in order to reduce the required propulsion power,
which enables modern and ecologically efficient aviation. Application of an infinitely variable transmission,
capable of speed ratios from —oo to 0, inside the helicopters compound-split module allows for seamless
change of rotor speed within a ratio spread of 1.5. This study investigates whether two continuously variable
transmission concepts based on the principle of the freewheel and the NuVinci traction drive satisfy the
boundary conditions with regard to speed ratio range, mass and power transmission capability for a helicopter
of the CS29 class. The general functionality is described for both transmission concepts and kinematic as well
as force models are given in order to allow for a rough design, which acts as a base for the mass calculation.
Validation for the freewheel gearbox is performed via multi-body dynamics simulation in SIMPACK and gear
design in KISSsoft. The design of the traction drive is accomplished by implementation of a parametric model
in MATLAB and fully automatic optimization by genetic algorithm. Although the freewheel gearbox allows a
transmission ratio of —oo to —1, the necessary speed ratio of —oo to 0 could not be achieved. The traction drive
concept, although capable of the required transmission ratio, is impaired significantly by recirculating power
and much greater mass than the reference hydraulic variator unit utilized in previous publications. These
findings are important for choosing the best infinitely variable transmission for application in the compound

split drivetrain investigated in VARI-SPEED.
1 INTRODUCTION

The development of new rotorcraft configurations like
compound rotorcraft or tiltrotor rotorcraft enables ro-
torcraft to fly fast forward and to have excellent hover
and vertical take-off and landing (VTOL) capabili-
ties. This development is pushed forward by two ma-
jor research programs, the USA ” Future Vertical Lift”
(FVL) [1] program and the European Union’s ” Clean
Sky 2 - Fast Rotorcraft” program [2]. Besides the re-
quirements on the flight envelope also the efficiency
of the rotorcraft is playing a major role. Rotor speed
variation could be a key technology to increase rotor-
craft efficiency.

It was shown by the Airbus Helicopters high-speed
demonstrator X2 that rotor speed variation could have
benefits: The X3 is a compound rotorcraft with one
single main rotor and two tractor propellers mounted
on small wings on each side of the rotorcraft. The
main rotor speed is reduced in fast forward flight by
variability of the turboshaft engine. The required ad-
ditional thrust was provided by the two tractor pro-
pellers and the wings provided additional lift. This
setting enabled the X3 demonstrator to achieve an un-

official level-flight speed record of 255kt (472km/h) in
June 2013 [3].

Variation of rotor speed by variability of the tur-
boshaft engine does not only have advantages, as G.A.
Miste concluded in his doctoral thesis [4]. He pre-
sented an optimization of variable turbo shaft engine
performance with main rotor interaction of the T-700
UH-60A engine and the UH-60A main rotor. He found
out that the RPM variation has a significant impact on
the specific fuel consumption (SFC) of the turboshaft
engine. The main rotor RPM variation performed by
the turboshaft RPM variation is less efficient than an
independent optimization of the main rotor RPM and
turboshaft engine RPM.

The National Aeronautic and Space Administration
(NASA) was looking for alternatives to vary the rotor
speed in their Heavy Lift Rotorcraft System Investi-
gation [B]. Three different passenger transport rotor-
craft configurations were investigated. The so called
Large Civil Tiltrotor Concept, a tiltrotor rotorcraft,
was identified with the highest potential. It requires a
rotor speed variation range of about 50% of the nom-
inal RPM to be economically competitive [6]. To en-
able rotor speed variation three different concepts for
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transmission ratio variation with the drivetrain sys-
tems were developed: An inline two speed planetary
gear, an offset compound gear and a planetary differ-
ential drive [7].

An investigation of possible benefits of variable ro-
tor speed was performed by H. Amri et. al. [§]. In a
CAMRAD II simulation model of a CS-27 class heli-
copter a reduction of required power of 23% could be
achieved and different technology categories to enable
rotor speed variation as well as the major risks and
problems were identified.

Further investigations regarding the efficiency in-
crease were performed by W. Garre et. al. [9]. Garre
analyzed the possible efficiency increase and enhance-
ment of the flight envelope with rotor speed varia-
tion for five different rotorcraft configurations: a single
main rotor, a coaxial rotor, a coaxial compound, a tan-
dem and a tiltrotor configuration. It was shown that a
rotor speed variation of up to 50% of the nominal RPM
is useful for all rotorcraft configurations, but there are
always some flight states where rotor speed variation
is not suitable. This is at the original design region of
the rotorcraft, where the reference rotor speed is equal
to the optimum rotor speed.

Based on the outcome of the investigation W. Garre
et. al. [I0] analyzed the rotor speed variation per-
formance in the context of missions for five different
rotorcraft configurations. They made a comparison
between a single rotor speed, a two speed and a contin-
uously variable transmission (CVT) variant within the
missions. CVT systems showed the best benefits for
utility rotorcraft. For fast rotorcraft, like compound or
tiltrotor rotorcraft, the two speed transmission gains
almost the same benefits as the CVT. For all configu-
rations an efficiency increase could be identified. The
drivetrain itself was not taken into account.

An investigation of the kinematic behavior and the
mass of different compound split configurations was
performed by H. Amri et. al. [II]. The investigation
showed that the power flow in the variator path is the
same for all configurations and it depends only on the
spread (ratio of highest output speed to lowest output
speed). The mass of the compound split configurations
is different and depends on the basic transmission ratio
(ratio of the input speed to the highest output speed)
and the spread. They concluded that a compound split
variation is most suitable when it has the lowest mass
at a high basic transmission ratio in a given range of
spread.

H. Amri et. al. [12] developed a mass estimation
model for the Sikorsky UH-60A drivetrain including
a compound split. Hydraulic, electric and mechanic
variator technologies were investigated regarding their
mass, torque and RPM properties. An optimization
model was set up to find the best variator technol-
ogy for the mass optimized drivetrain. While at the
moment the design is too heavy to gain benefits in ef-

ficiency, the electric variator technology seems to have
the highest potential to enable an efficient variable ro-
tor speed technology.

H. DeSmidt et al. investigated the dynamics and
developed a thermal model for an Offset Compound
Gear Transmission for dual-speed rotorcraft applica-
tions [I3]. The focus of their work is on the thermal
behaviour of the clutch. They concluded that the peak
temperature and the temperature rise of the wet clutch
is lower than those of the dry clutch. The peak tem-
perature and the temperature rise of the wet clutch is
proportional to the clutch oil flow rate.

One of open questions in this research is how the
speed variation can be performed in the compound
split module and if there is a possibility to solve the
transmission variation by mechanical means. There-
fore, this publication should:

e investigate the possible usage of two mechanical
infinite variable transmission ratio systems.

e evaluate the additional mass of the systems.

2 THE FREEWHEEL IVT

2.1 Freewheel-IVT Model

2.1.1 Description freewheel gearbox

Figure 1. Schematic illustration of the freewheel gear-
box with its components: crank rockers (1), freewheels
(2), planet wheel (3) and central wheel (4) [T{)]

The function of the freewheel gearbox is achieved
by the combination of several crank rockers (1), free-
wheels (2) and spur gears, see figure |1l The rocker is
connected to the inner ring of the freewheel and the
outer ring of the freewheel is connected to the planet
wheel (3). The planet wheels are in common contact
with the central wheel (4) and therefore have the same
angular velocity. The output is represented by the
central wheel. The change of the transmission ratio is
achieved by varying the length of the crank [14]. The
crank length is changed on the double eccentric princi-
ple [I5]. When the crank length is zero, the input-shaft
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rotates and the output-shaft stands still and the trans-
mission ratio is infinite. With the freewheel gearbox a
transmission ratio of co to about one can be achieved
[14].

The crank rocker mechanism is set in motion by the
crank located on the drive shaft and this drives the
rockers and thus the freewheels. Depending on which
rocker has the highest momentary speed, the freewheel
locks and transmits power. The power transmission
is always only performed by one planet wheel. By
overlaying the oscillating swinging motion, a quasi-
continuous output drive is achieved, see black dotted

line in 1.

Output [rad/s]

0 1 2 3 4 5 6 7
Drive [rad]

Figure 2. Representation of the phase-shifted move-
ments of the rocker arms [1]]]

2.1.2 Kinematic Model

Due to the kinematic of the crank rockers, a speed
fluctuation occurs in the freewheel gearbox. The speed
fluctuation is the difference between the extreme val-
ues of the dotted line in [14]. It is necessary
to choose the dimensions of the crank rocker mecha-
nism to minimize the speed fluctuation.

The illustration in shows the mechanical
model of a crank rocker with its links. With the one
selected degree of freedom, the drive coordinate q, the
movement of all links is defined. During a complete
rotation of the crank, the rocker arm performs an os-
cillating movement, which is represented by the angle

Yo.
With the the output angle v of the rocker

arm is defined. It can be seen that v depends on all
lengths of the links a, b, ¢ and d as well as the drive
coordinate q.

Figure 3. Illustration of a crank rocker mechanism,
with its components: crank (1), coupler (2), rocker

arm (8) and frame (4) [16]

a * sin(q) B
Va2 +d? — 2% ax*dx*cos(q)

a®+d* —2xaxdxcos(q) +c —b?
arccos
2% c* /a2 +d2 — 2% a*d*cos(q)

vy = m — arcsin (

(1)

To determine the angular velocity  of the rocker arm,
v is derived with respect to time. This is equal to
the derivative of the degree of freedom q multiplied
by the drive angular velocity ¢, see The
differentiation of the angle v to q is done numerically
in Matlab.

. dy .
(2) T=q T T
To minimize the speed fluctuation, many planet wheels
should be arranged around the central wheel. Equa-
tion [3] shows that the possible number of planet gears
depends only on the transmission ratio ig; between the
central gear and one planet.

360°

(3) n=
2 % arcsin (mﬁ)

If the lengths of the links as well as the number of
planet wheels are known, the speed fluctuation can be
determined.

2.1.3 Kinetic Model

A central role in the freewheel gearbox is played by
the crank rocker, which serves to control the speed and
transmit the movement [I4]. The crank rocker must
be dimensioned appropriately so that the joint forces
that occur are low. This means that the components
such as bearings can be dimensioned smaller.

According to the VDI-2130 guidelines[I7], the centric
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crank rocker is used for the given application. The
special feature of the centric crank rocker is that it
is favourable in terms of transmission and accelera-
tion. This means that for slow-running transmissions
with high forces to be transmitted or for fast-running
transmissions with high mass forces, this crank rocker
type is preferred [I7]. The centric crank rocker can be
determined graphically with the design according to
Hermann Alt, where the frame length d and the an-
gles ¢ and vy are required [16]. shows the
design according to Hermann Alt [I6] with a crank
rocker in the outer dead-center positions, where crank
and coupler are in the stretched positions. In this case,
a frame length of d = 200mm is used, since the com-
pound split has an approximate diameter of 500mm.
The maximum oscillation angle of ¥y = 120° is chosen
to achieve the highest possible transmission ratio and
for the centric crank rocker g is 180° [I6]. A solution
with 8 = 15° and the corresponding link lengths of
crank (a), coupler (b) and swing arm (c) are shown in
The angle 3 indicates a possible solution of
the centric crank rocker and can be varied from 0° to
30°.

Figure 4. Dead-Center constructions after Hermann
Alt [16] for the centric crank rocker with the frame
length of d=200 and an oscillation angle of 1y = 120°

The individual lengths of the links can be determined
on the basis of the dead-center construction according
to Alt [16], but a dynamic investigation is still required
to find the proper constellation.

shows the right part of the crank rocker that
has been cut free, so that the coupler and rocker re-
main and the rod force F in the coupler could be
determined, see equation [4]

—3(Ig3 + r3ms) — Mgy
esin(p)

(4) Fr =

The determining term in equation[4is the mass inertia
force, which is mainly formed by the angular acceler-
ation 4 of the rocker arm.

c Rocker

Connecting rod

MOUt (

Figure 5. Mathematical model of the crank rocker
with cut free coupler

shows the angular acceleration curve 5 for
different solutions depending on S, which fulfill the

condition of the centric crank rocker, over the drive
coordinate q. Here the drive speed is constant at ¢ =
20% and the calculation of 4 is based on the equation

. dj ) .
(5) 7=d%=7”-q2+7’~q

It can be seen that the smaller 3, the lower the an-
gular acceleration and consequently the rod force Fx
decreases.

To determine all constraining forces in the joint nodes,
a mechanical equivalent model of the crank rocker is
created. The equation of motion of the system is de-
fined and with the known course of the drive angular
velocity the joint forces are determined.

5=5

6 . . I . . I
0 1 2 3 4 5 6 7

Drive q [rad]

Figure 6. Angular acceleration 4 over the drive co-
ordinate, for different solutions depending on
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2.1.4 Design

The essential requirement for the freewheel gearbox in
the compound split is to achieve a transmission ratio
of —oo <¢ < 0. To reach this transmission range, the
combination of two freewheel gearboxes is necessary,
which are connected via the central-gear. Since the
direction of rotation of the input and output shafts
of the freewheel gearbox is the same, an additional
reversing gearbox is required so that the transmission
ratio becomes negative. The functional diagram of this
design with the combined freewheel gearboxes is shown
in where system A takes over the transmis-
sion range of —oo < ¢ < —1 and system B is required
for —1 <4 < 0. At system A, drive is done by cranks
(A1), which set crank rocker in motion and so planet
wheels (A2) drive the central wheel (A3). At system
(B) now the central wheel (B3) drives the planet wheel
(B2), so the crank rocker mechanism (B1) is the out-
put.

System B

System A

Figure 7. Functional schematic of two combined free-
wheel gearbozxes

2.1.5 Mass estimation

The boundary conditions of the compound split re-
sult in a high drive torque. To reduce the high input
torque, a planetary gear is connected before and after
the freewheel gearbox, see The first plane-
tary gear is driven via the carrier (s) and the output is
driven via the sun gear (1) to the variator. In contrast,
in the second planetary gear the input is driven via the
sun gear and the output via the carrier. As both plan-
etary gearboxes have the same fixed carrier ratio, a
speed change is only made in the variator train. The
mass estimation of a planetary gear follows from the
work of H. Amri [I8] where the carrier ratio and the
torque at the sun gear are needed.

As a result, the input speed to the variator is trans-
formed into high speed at constant power and back
into low speed after the variator, which reduces the

Min, Wiy s 1 1 S Mout, Doyt
In I N o,
Figure 8. Variator train with freewheel gearbox

(FWG) and up- and downshifted planetary gears

torque in the freewheel gearbox. This in turn has
a positive effect on the tooth root and tooth flank
stresses therefore, the center distance as well as the
mass of the spur gears can be reduced.

For the mass estimation, a spur gear pair from the
freewheel gearbox, which consists of a central gear
and a planetary gear, is taken out and subjected to a
strength analysis using the KISSsoft calculation soft-
ware. With the help of the KISSSoft fine sizing tool,
a large number of solutions are generated which meet
the boundary conditions. The solutions which repre-
sent a mass minimum are used for the mass estimation.
The calculation of the spur gears is performed for the
critical transmission range where a high drive torque
and simultaneously low speed is dominant.

2.2 Results for the Freewheel IVT

To keep the speed fluctuation as low as possible the de-
termining factor is how many planet wheels can be ar-
ranged around the central wheel. The more the better,
but this has a negative effect on the total mass. For
the required case with a spur gear ratio of ig; = 0.8, a
maximum of five planet wheels can be fitted. Depend-
ing on the crank length, which serves to vary the trans-
mission ratio, the speed fluctuation varies and has a
non-linear course. The maximum fluctuation is about
8%. The input speed has no influence on the speed
fluctuation at the drive output.

To keep the joint forces in the crank rocker low, the
centric crank rocker is used. From the dynamic analy-
sis of the centric crank rocker, it can be concluded that
the ideal solution is where the angle 8 is small. This
follows from the fact that the angular acceleration 4
of the rocker arm is thereby reduced and consequently
the inertial forces decrease. For further analysis, a
centric crank rocker with an angle of § = 10° and the
corresponding link lengths are used.

For the mass estimation it follows that if no plane-
tary gearbox is shifted before and after the freewheel
gearbox, the mass of the spur gears is 271 kg. This
is mainly due to the high driving torque. If, on the
other hand, a planetary gearbox is placed before and
after it, the mass of the spur gears and both planetary
gearboxes results in a mass of 131 kg. The housing,
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freewheels, bearings and crank rockers are not taken
into account in the mass estimation.

With the coupling of two freewheel gearboxes, its com-
plexity with regard to dynamic behaviour increases.
In order to determine the properties of the system in
more detail, the multibody simulation (MBS) software
Simpack is used. It turned out that system B does not
fulfill the desired motion. The reason is the kinematic
condition of the system, which causes the freewheel
to open or block permanently. This gained knowledge
also corresponds to the result of C. Pelger [14].

shows a section of a spur gear pair in which
the central wheel drives the planet wheel and between
the planet wheel and the rocker arm there is a friction-
ally engaged freewheel with a sprag element, as shown
in and This drive mode corresponds to
the system B from whereby the transmission
ratio of —1 <4 < 0 should be realized.

Central gear

Rocker arm

Freewheel

Planetary wheel

Centre distance

Figure 9. Section of a spur gear pair and the corre-
sponding crank rocker, based on C. Pelger [T])]

The outer ring of the freewheel is driven by the planet
wheel and the inner ring would now be the output to
the rocker arm. Since the planet wheels are in contact
with the central wheel, all outer rings of the freewheel
have the same angular speed and direction of rota-
tion. If now the planet wheel turns counter-clockwise
and the outer ring is in locking direction and the sys-
tem is raised from standstill, all rockers have the same
direction of rotation. In order for the cranks to rotate
in one direction, the rockers must have a nonlinear
angular path. This is not possible and the system is
blocked.

block
Outer ring:
Drive planetary gear
spra .
clljarf Inner ring:
P Output rocker arm
open  block

Figure 10. Orientation of the freewheeling and lock-
ing direction of the outer and inner ring of a sprag
freewheel [19]

If the freewheel direction is now reversed so that the
outer ring of the freewheel is in freewheel-mode in an
anti-clockwise direction, then no rocker arm can be
driven and the system remains at rest.

open
Outer ring:
Drive planetary gear
zrl);zfp nner ring:
Output rocker arm
block open

Figure 11. Orientation of the freewheeling and lock-
ing direction of the outer and inner ring of a sprag
freewheel [19]

Due to these conditions, the freewheel blocks the
movements of the rocker arm or it is permanently
open and no force is transmitted. Therefore, system
B does not meet the requirements and the achievable
transmission ratio of the system is —oco <17 < —1.

3 THE TRACTION IVT

3.1 Traction-IVT Model

3.1.1 Geometric Relationships

The traction drive presented in this chapter is based
on the CVP (continuously variable planetary) trac-
tion drive described in References [20] & [21], which is
mainly used as a continuously variable transmission for
electric bycicles. It consists of five main components,
depicted in The hollow shafts A and B, the
sun shaft C' and the carrier shaft D as well as trac-
tion elements. Shafts A, B and C' contact the traction
spheres under heavy pressure of several GPa, which
allows the traction fluid inside the contact patches to
exhibit a considerable traction coefficient in order to
transmit torque. The transmission ratio can be contin-
uously varied by manipulating the angle v between the
rotational axis of the traction sphere and the coaxial
shafts. This leads to a change of the radii Rap, Rgp
and Rcp between the contact patches and the spheres
axis of rotation. The influence of the variation of these
radii corresponds to manipulation of the radii of the
planet gears in the kinematic planetary analogy given

in [Figure 12| from Ref. [21].

3.1.2 Kinematic Model

The different shafts have been separated in order to
describe the kinematic relationships. Sections of the
traction sphere which are normal to its rotational axis
have been created and depicted in The
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Figure 12. Schematic of the traction drive CVT and
kinematic analogy from Ref. [21]

relationship between the rotational velocities of the
shafts wa, p,c and the velocities of the contact points
vpA,BB,BC 1S described by the corresponding radius

rap,c and the value of creep Cra rp rc in
tion 6 The exponent is positive for input shafts and
negative for output shafts.

(6) vpapB.BC = TaB.C*wAB.C*(1—CraARB RC)T

Additionally, the velocity of the traction spheres
axis vpa,pp,pc at the center of every section S p.c

is given with the center distance Hja g ;¢ in
and [Bl Calculations for shaft A and B receive
negative sign, while those for shaft C receive positive
sign.

(7)  Hiarpic=rapBc Lt Rappscs*cos(y)

(8) vpa,pepc=wp*Hraipic
= VBA,BB,BC T WK * RAB BB,CB
As the rotational velocities of two shafts are set,

to [§] allow for computation of the velocities of
every element and shaft under assumption of creep.

3.1.3 Traction Model

A traction model has been set up in order to determine
the traction drives’ force-transmission-capabilities. In

N
Vbc
Wk /Z2
(_}7/ T T T VBC
a7 o Cw S

Figure 13. Geometric relationships of the velocities
for the traction drive

this traction model pressure, viscosity and velocity dis-
tribution are evaluated for every discrete point inside
the contact. Film thickness is calculated as a base
for a traction model. This traction model ultimately
yields a maximum traction coefficient pi,,q, for every
occuring transmission ratio. At first, the pressure dis-
tribution inside the contact is calculated according to
hertzian theory. Although the contact patch for Nu-
Vinci type traction drives is generally elliptic, a cir-
cular contact is assumed. The hertzian formulae for
contact size and pressure distribution in the circular
or axisymmetric problem are taken from [22]. After
pressure has been evaluated, the relationship between
pressure, temperature and viscosity is described, us-
ing the improved Yasutomi free volume model from
Ref. [23] with data from Ref. [24] for the traction
fluid Santotrac 50. The Hamrock & Dowson newto-
nian film thickness calculations for circular contacts
are used, as described in [25]. Since the traction fluid
Santotrac 50 is known to exhibit shear thinning be-
haviour at higher rolling speeds, which reduces viscos-
ity and film thickness, this non-newtonian effect has
to be considered [20], [27]. This is accomplished by in-
cluding a film-thickness reduction factor from [28] with
data for Santotrac 50 by [28] and [29]. The impact
of shear thinning on viscosity itself is neglected since
this effect becomes negligible for traction at high pres-
sures [30]. In order to calculate traction, two traction
models are used: The Bair & Winer traction model
under viscoplastic assumption [31] as seen in [32] and
the Johnson & Tevaarwerk Model for maximum shear
stress [33].

3.1.4 Force Model

A similar approach to the kinematic model is used for
the force model: The shafts are separated from each
other and the forces relevant to the power transmission

of the traction drive are displayed in Uti-

lizing a stationary approach, the torque equilibrium

for shafts A, B and C is given in with
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Figure 14. Force-Model for the traction drive

the number of rows of traction spheres m, the num-
ber of traction spheres per row n and traction forces
Frarerc.

9) Tapc=Frarprc*rapc*xmx*n

Similarly, the torque equilibrium for shaft D is given in
[Equation 10| with the forces Frp; and Frps, which are
acting upon the traction spheres axis in the previous
sections S4 and Spg.

(10) TDZ(H]A*FTDl—‘rH[B*FTDQ)*m*’I’L

Additionally, the force and torque equilibrium for the
traction sphere is given in and [12]

(11)

0=Fra+Frp+ Frc+ Frpi + Frps

(12) 0= Fra* Rap+ Frp* Rpp — Frc * Rcp

Although spin is accounted for in the calculation of
traction, spin related torques Msa sp,sc as seen in
are neglected under the assumption that
Msa sp,sc <TaB,c-

Furthermore, a relationship between force in the ax-
ial direction of the shafts A and B Fpa,pp and the
normal force on the traction contact Fy as well as
Fne, which is necessary to transmit force, is given in

and [14]

cos(a)

(13)

Fy =Fpa,pa

(14) Fnco =2Fnsin(a) — Fz

F being the radial force due to inertia, which is cal-

culated in

(15) Fy = mg(R+rc)wh

3.1.5 Design

A design model was set up for an automatic mass cal-
culation driven by the optimization of the main design
parameters. The assignment of the design criteria to
the different components is shown in The

numbers @ to @ correspond to the critical design
factor for sizing of each component (e.g. bending and
torsional stresses in shafts or fatigue life of traction
contacts). The shafts are dimensioned using prelim-
inary design relationships due to material, diameters
and torsional @, as well as bending @ stresses taken
from [34][S. 297]. The hollow shafts A and B are addi-

tionally sized due to radial bending @ stemming from
the equally spaced contact forces between shaft and ev-
ery traction spheres Fiy as given in [35]. Additionally,
these hollow shafts have a disk attached to them at
their outermost end, which serves as a base for a roller
bearing, used to achieve the axial forces required for
providing the contact pressure in the traction contact.
This disk-like geometry is also subject to severe bend-
ing stresses @ and sizing is accomplished by using the
Bernoulli-Euler and the Kirchhoff disk theorem as pre-
sented in [36][S.299ff], which allows for calculation of
occuring stresses and deformation of circular disk ele-
ments. The planet carrier, which is connected to shaft
D, is modeled as a slotted disk. The slots allow for tilt-
ing of the traction sphere axles, necessary to manipu-
late the transmission ratio. The minimum distance of
the slotted holes from each other and the border of the
disk as well as the thickness of the disk due to bolt-
bearing stress is calculated using the Eurocode 3,
which is usually meant for the calculation of bolted
joints, as a rough estimate. Finally, the length of life
@ is evaluated for all bearings according to DIN 281
and for every traction contact using the lifecycle model
for traction contacts presented in [37]. After the gen-
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Figure 15. Assignment of dimensioning criteria

eral part dimensions have been evaluated, component
mass can be calculated or - in terms of the bearings -
automatically picked from the catalogue data. Addi-
tionally, the mass of possible planetary stages and spur
gears, which are used before as well as after the trac-
tion drive in order to reduce torque inside the drive
or to collect the torques from multiple parallel trac-
tion drive stages is estimated using the relationship
between mass, torque and transmission ratio given in
Ref. [38].

3.1.6 Optimization

The design model presented in [subsubsection 3.1.5]is
utilized to automatically generate and size every de-
scribed shaft, bearing and planet carrier, as long as
input torques and velocities as well as material and
the principal geometric values that govern the kine-
matics of the traction drive (o & ) are given. The
requirement of setting the principal geometric values
allows for determination of the kinematic properties
of the traction drive while other dimensions can be
chosen in order to minimize mass. Three independent
values have been found for optimization: the outer
radius of shaft C r¢, the number of parallel traction
drive stages or cavities m and the transmission ratio
of possible planetary stages before and after the trac-
tion drive ipg. In order to conduct any optimization,
the definition of an objective goal is required. These
goals need to be quantified and weighted and finally
merged into a single value - the fitness - to be used in
an genetic algorithm optimization process. Two types
of goals were defined:
Primary goals:

e Transmit required maximum torque

e Maintain component life above minimum

e Maintain film thickness above minimum
e Avoid collisions

Secondary goals:

e Minimize mass

Primary goals are either quantified by their nega-
tive relative distance to their upper or lower boundary
value or equal to zero, if they are leading to an accept-
able solution. It is necessary to provide the optimiza-
tion algorithm with the information about how much
off an unusable configuration is. Only when the sum
fitness of all primary goals reaches zero, the secondary
goal is quantified, which leads to a description of the
mass of the certain configuration relative to a refer-
ence mass (in this case 126kg). The sum of the fitness
related to every subgoal is finally maximised, leading
to a working configuration with minimum mass within
this model. The flow chart in [Figure 16 shows the gen-
eral sequence of calculation, which is applied in the
subsections above.

Initialization
Input Power & Torques
Material data
Principal geometry
Configuration
Temperature

Calculation of

Kinematics > shaft velocities
Model contact point velocities
Traction contact geometry
Model pressure distribution
viscosity distribution

film thickness

traction coefficient

Force shaft torques

> :

Model req. traction forces
Design shaft diameters
Model bearing sizing
collision avoidance

planet carrier sizing

Optimization eval. of fitness
Model optimization of mass

Mass of geometrically
optimized traction drive

Figure 16. Flow chart of the traction CV'T evaluation
and optimization model
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3.2 Results for the Traction IVT

In order to accomplish the desired transmission ratio
range of —oo < iy < 0 different configurations of the
described traction drive have been evaluated and two
design strategies have been found in order to create
infinite or zero-transmission. Infinite or zero trans-
mission corresponds to a state in which the input-
and output-shafts are decoupled. The first strategy
was to find an assignment of shafts, for which these
boundary transmission values can be reached, simply
by tilting the traction sphere without additional com-
ponents. Since this relies on one shaft standing still,
while the other exhibits rolling without torque trans-
fer, there exists the problem of traction and film thick-
ness as rolling velocities of one contact slowly reach
zero. Both the Johnson & Tevaarwerk traction model
as well as the Hamrock & Dowson model for film thick-
ness require nonzero rolling speed. The isothermal vis-
coplastic Bair & Winer Model can be used for traction
calculations with creep of less than 10% - but zero
rolling speed results in infinite creep. The first strat-
egy can not be modeled using the described methods.
The second strategy thus requires the shafts of the
traction drive never to stand still, while the shafts of
the compound split are allowed to have zero velocity
one at a time. This is achieved with one planetary dif-
ferential stage on each end of the traction drive. The
sun gears of both differential stages is connected to
the central shaft C, while the ring gear of each stage
is connected to either the shaft A on the input or the
shaft B on the ouput side. Lastly, the planet carrier
is connected to the input or output shaft. This re-
sults in the described kinematic phenomenon, when
the axis of the traction sphere is tilted such that the
speed ratio of shaft C and shaft A or shaft C and shaft
B corresponds to the base transmission is; of the con-
nected differential stages. This setup is displayed in

3.2.1 Mass
shows the resulting mass of the design model

for parameter variation of the unscaled transmission
ratio of a planetary stage at the input and the out-
put of the variator module ipg, and the outer radius
of shaft C r¢, while the number of ball rows is held
constant at m = 6. ipg, ranges from 0 to 1 and cor-
responds to the actual transmission ratio of the plan-
etary stages as follows:

® ipa = ipay for ipg, < 0.42
e ipg=1"for 042 <ipg, < 0.6
e ipg =4xipgy, for 0.6 <ipg, <1

This scaling between ¢ p and ¢ pg,, is necessary since
the utilized genetic optimization algorithm does not

0.2 :
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r, [m]
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0.02 L L L L h . . T L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

unscaled iPG-Value [1]

Figure 17. Results of parameter variation of ipgy
and ro at m =6

allow for dicontinuities in the optimization parameters
which in this case obviously happen due to the usual
transmission ranges for planetary gears.

The scaling of these parameters leads to the three
zones in Zone 1 denotes transmission to
higher speeds, zone II no transmission ratio and zone
IT transmission to lower speeds. In general, masses in-
crease strongly with increasing r¢, due to the result-
ing radial scaling of the whole gearbox and increase
moderately with rising transmission ratio ipg. At
the boundaries of every zone, a discontinuity of mass
takes place because of the corresponding discontinu-
ity in transmission ratio. When including the primary
design goals in the resulting mass, three design crite-
ria_are most relevant to the mass distribution shown
in All configurations below @ do not al-
low for sufficient force transfer in the traction contact
according to the viscoplastic Bair & Winer traction
model. Similarly, every configuration outside of @
cannot provide force transfer in the Johnson & Tevaar-
werk Model. The vertical cutoff between zones I and
II happens for @ because of the model boundaries
in terms of rolling velocity. The second relevant de-
sign criterion is shown by @ and displays the bound-
ary for the fatigue life of the hertzian contacts: Since
pressure is held constant in the contact and rotational
velocity increases in zone I compared to zone II, the
hertzian contact cannot support enough load cycles
to provide for the necessary component life of 5000
hours. Thus every configuration left to the fatigue
life boundary is not valid. Lastly, the value-less area
confined by @ does not provide masses, because no
geometrically fitting bearings could be found in the
SKF-bearing catalogue. The mass minimum has been
found by the genetic algorithm at ro = 0.1m and
0.42 < ipgy < 0.6 = ipg = 1 for the viscoplastic Bair
& Winer Model. The result of the genetic algorithm
corresponds exactly to the mass minimum found by
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parametric variation in at @ with 585kg.
The use of genetic optimization led to an approximate

50-fold reduction in computational time using an Intel
®Core®© i7-3610QM CPU@2.30GHz.

3.2.2 Dimensions

Due to the utilization of m = 6 rows of traction el-
ements, the outer diameter of the lightest valid con-
figuration is equal to 0.52m, with an absolute length
of Im. Although the mass of the connection mech-
anism of the traction drives rows is included in the
mass estimation model, its dimensions have not been
evaluated.

3.2.3 Efficiency
In the power flow over the variator module

is compared to the flow over the shafts in the trac-
tion drive. @ shows the point of maxi-
mum power flow over the variator module at about
200kW. Due to the introduction of differential plane-
tary stages, power recirculation over the shafts A, B
and C takes place. The recirculating power exceeds
the maximum transmitted power through the variator
module by 560% at the transmission boundaries e.g.
as seen in |Figure 18 @ This excessive amount of cir-
culating power generally impacts efficiency negatively.
Additionally, power which is converted into heat needs
to be removed from the CVT since increasing temper-
atures lower the force transfer capabilities.
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Figure 18. Power flow of input and output shafts
of the variator module compared to shafts of traction
drive configuration

4 DISCUSSION

Previous work conducted in [39] has calculated the
maximum economic mass for a variable speed gearbox

according to helicopter and mission type. Maritime
search & rescue missions allow for the greatest addi-
tional weight with 445kg and are closely followed by
external transport missions with 413kg. Both masses
were calculated for the UH60A Black Hawk.

With regard to the mass reduction of the freewheel
gearbox, a planetary gear is connected upstream and
downstream in the variator train so that the input
speed in the variator is increased and the torque to
be transmitted decreases. Thereby, a mass minimum
of m = 131kg is achieved for the spur gears of the free-
wheel gearbox. The transmission range of —oco <7 <0
can not be reached with the freewheel gearbox.

The traction IVT has the required transmission
range of —oo < ¢ < 0. The presented traction drive
concept has an outer diameter of 0.52m and a length
of 1m. The great length is associated with the number
of traction element rows m = 6. The outer diameter is
only representative for the traction drive without the
row-connection mechanism, which has not been evalu-
ated in size. Thus, the dimensions roughly correspond
to those of a UH-60A main gear box with an outer
diameter and height of about 0.8m and 0.6m.

With 585kg solely for the variator module and ex-
cluding its housing, the presented traction drive con-
cept already exceeds the overall maximum economic
weight of 445kg. Yet it is necessary to point out,
that the described model only leads to a rough estima-
tion of mass and significant improvements are likely in
the event of further and more detailed concept studies
based on the automatically generated configuration.

Although the efficiency itself has not been evaluated,
it is presumed to be significantly affected by the max-
imum recirculating power, which amounts to about
560% of the maximum transmitted power through the
variator module. Since only about a maximum 10% of
total main rotor power are diverted through the vari-
ator module, total efficiency is not very sensible on
variator efficiency. Still, it is necessary to remove the
generated heat from the variator assembly in order to
maintain traction capabilities, which can lead to ex-
cessive requirements on cooling.

5 CONCLUSION

Two continuously variable transmission technologies
have been evaluated for their use in variable speed
drivetrain for rotorcraft using a compound split mech-
anism combined with a variator module. Both CVTs
have been assessed in terms of capability of providing
the necessary transmission ratio of i = —o0c — i =0
and the mass of their driving components excluding
the housing.

e With the expectation of reduced mass in future
conceptions of the presented traction drive, its
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Figure 19. Schematic of the chosen shaft configuration

utilization in a UH-60A helicopter is generally
plausible.

e The freewheel gearbox in the compound split is
unsuitable for a helicopter, since the required
transmission ratio is not achieved.

e The traction gearbox based on the NuVinci trac-
tion drive concept requires additional differential
planetary stages in order to provide the necessary
transmission ratio.

e The freewheel gearbox is only capable of a trans-
mission ratio of —oco <4 < —1.

e Combination of a mirrored freewheel gearbox as-
sembly in order to allow for the necessary trans-
mission ratio has not been successful due to the
nature of the freewheel mechanism.

e The mass of the lightest configuration found with
the provided model amounts to 585kg for the
shafts, bearings, traction elements, spur gears and
planetary stages.

e With a mass of the spur gears of only 131kg, the
freewheel gearbox provides a very light solution
compared to the traction IVT.

e The differential planetary stages lead to high re-
circulating power, which is generally associated
with low efficiency.
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