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Abstract

This publication is part of the international research project VARI-SPEED, which aims to enable
rotor speed variation for a modern and ecologically efficient aviation. A mass estimation model for
two different Sikorsky UH-60A drivetrain architectures was set up, calculating the mass of gears from
the main-gearbox-input-shaft to the rotor-shaft and the tail-drive-shaft. One architecture includes
a single compound split for transmission ratio variation, located close to the main rotor shaft. The
other contains two compound splits, each located close to the turboshaft engines. Calculations were
performed with different boundary conditions and the feasibility was analysed. The questions, if the
compound split is the dominating factor of the mass optimisation and if the drivetrain architecture
has an influence should be answered. The influence of design boundaries and the impact of the
efficiency should be analysed. The compound split is not the dominating factor. Also the drivetrain
architecture has an influence on the mass optimisation but not on the compound split configuration.
Design boundaries have an impact, but the optimum is stable. The efficiency can have a higher impact
than the mass. Variator engines have to be chosen according to the drivetrain architecture. Variation
of the rotor speed via the gearbox enables the turboshaft engine, the rotor and the auxiliary units
to operate at their optimal speeds. Rotor speed variation can overcome the divergent requirements
between hover and fast forward flight, increase the efficiency and reduce noise and environmental
impact of rotorcraft.

NOTATION
SYMBOL DESCRIPTION SYMBOL DESCRIPTION
RPM Revolutions per Minute IMS Input Module Shaft
UAV Unmanned Aerial Vehicle TDS Tail Drive Shaft
FVL future vertical lift PDS Pylon Drive Shaft
VTOL Vertical Take-off and Landing DT Drivetrain
SFC Specific Fuel Consumption MTOW Maximum Take-Off Weight
FMEA Failure Mode Effect Analysis BG Bevel Gear
TSE Turbo Shaft Engine PG Planetary Gear Set
MGB Main GearBox HG Helical Gear Unit
1GB Intermediate GearBox CS Compound Split
TGB Tail GearBox VA Variator
VG Variator Gearbox TR Tail Rotor
m Mass [kg] i Transmission Ratio [—]
¢ Variation Range [—] n Efficiency [—]



SYMBOL DESCRIPTION

NASA National Aeronautic and Space
Administration

VARTOMS Variable rotor speed and torque
matching system

CVT Continuously variable Transmis-

sion

1 INTRODUCTION

The necessity for variable rotor speed technolo-
gies is indicated in different research and develop-
ment projects in the USA, in Europe and in Rus-
sia. There are two major research programs, one is
the USA ” Future Vertical Lift” (FVL) [5] program
and the second is the European Union’s ” Clean
Sky 2 - Fast Rotorcraft” program [12]. The aim
of both programs is to develop a high speed rotor-
craft with excellent hover and vertical take-off and
landing (VTOL) capabilities. In these programs
the commonly used single main rotor and tail ro-
tor configuration is not the only configuration of
interest any more. New configurations, like com-
pound rotorcraft or tiltrotor rotorcraft, are under
development.

The Airbus Helicopters high speed demonstra-
tor X3, the previous design to the RACER, is a
good example for this development. The X3 is
a compound rotorcraft with one single main ro-
tor and two tractor propellers mounted on small
wings on each side of the rotorcraft. High speed
and highly efficient results could be obtained with
a speed reduction of the main rotor during for-
ward flight while additional thrust was provided
by the two tractor propellers and the wings pro-
vided additional lift. The main rotors rotational
speed was reduced by the variability of the tur-
boshaft engine in fast forward flight to overcome
the problem of high-speed stall on the advancing
rotor blade. This setting enabled the X? demon-
strator to achieve an unofficial level-flight speed
record of 255kt (472km/h) in June 2013 [I1].

The National Aeronautic and Space Adminis-
tration (NASA) Heavy Lift Rotorcraft System In-
vestigation [13] is a good example for the possible
increase of efficiency with rotor speed variation.
Three different passenger transport rotorcraft con-
figurations were investigated. The so called Large
Ciwvil Tiltrotor Concept, a tiltrotor rotorcraft, was
identified with the highest potential. It needs a

rotor speed variation range of about 50% of the
nominal RPM to be economically competitive [7].

Boeings A160 Hummingbird is another good ex-
ample for improved rotorcraft efficiency due to ro-
tor speed variation. The rotorcraft set up a new
record in endurance flight (18.8h) in its class in
May 2008. It was possible due to a two stage
transmission gearbox for rotor speed variation
[19]. Furthermore the rotor and rotor blades were
designed by Karem to enable an operation at dif-
ferent RPM [14].

VARTOMS (Variable Rotor Speed and Torque
Matching System) is an invention from Airbus He-
licopters for the H145 to reduce noise, especially
in urban areas, and to improve handling qualities.
A speed range of 7% (from 96.5% to 103.5%) of
the nominal RPM is possible [§]. A similar sys-
tem is also used in the Mi-8 class helicopter and
its modifications [6].

G.A. Misté presented an optimisation of vari-
able turbo shaft engine performance with main
rotor interaction of the T-700 UH-60A engine and
the UH-60A main rotor in his doctoral thesis [15].
He concluded that the RPM variation has a sig-
nificant 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 op-
timisation of the main rotor RPM and turboshaft
engine RPM.

There are three reasons for the trend to rotor
speed variation as the previous examples showed.
The first reason is the possibility to overcome the
divergent requirements on the rotor speed in hover
and in fast forward flight. This is especially inter-
esting for the new rotorcraft configurations, like
compound rotorcraft or tiltrotor rotorcraft. The
second reason is the ability to reduce the emitted
noise of the rotorcraft. This can increase the ac-
ceptance of rotorcraft in urban areas and in the
surrounding of heliports. The third reason is the
efficiency increase of the rotorcraft due to rotor
speed variation which reduces the environmental
impact.

An investigation of possible benefits of variable
rotor speed was performed by H. Amri et. al. [2].
In a CAMRAD II simulation model of a CS-27
class helicopter a required power reduction of 23%
could be achieved and different technology cate-
gories to enable rotor speed variation as well as



the major risks and problems were identified.

W. Garre et. al. [10] analysed the possible effi-
ciency increase and enhancement of the flight en-
velope with rotor speed variation for five differ-
ent rotorcraft configuration: a single main rotor, a
coaxial rotor, a coaxial compound, a tandem and
a tiltrotor configuration. They could show that
a rotor speed variation of up to 50% of the nomi-
nal RPM is useful for all rotorcraft configurations,
but there are always some flight states where ro-
tor 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 ro-
tor speed.

The technology categories, defined in [2], were
explored by H. Amri et. al. [4]. They found out
that nowadays only two technologies are suitable
for rotor speed variation: the turbine technology
and the gearbox technology. An electric drive-
train is an interesting option but the components
are too heavy. The turbine technology adds less
additional weight but it influences the whole drive-
train and the auxiliary units. Gearbox technology
is heavier but has the advantage that the RPM
of different rotors can be adjusted separately and
the turboshaft engine can be operated at the opti-
mum speed as well. RPM variation with the tur-
bine technology is suitable for a small variation
range while gearbox technology is suitable for a
large variation range.

W. Garre et. al. [9] analysed the rotor speed
variation in the context of missions for five differ-
ent rotorcraft configurations. They made a com-
parison between a single rotor speed, a two speed
and a continuously 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 configurations an ef-
ficiency increase could be identified.

P. Paschinger et. al. [I7] explored three dif-
ferent gearbox technology groups: discrete vari-
able gearboxes, pure CVT gearboxes and power
split gearboxes. They concluded that power split
gearboxes are most suitable for rotor speed vari-
ation and within this group the compound split
gearboxes are the favourable solution. A func-
tional Failure Mode Effect Analysis (FMEA) of
the compound split indicated no additional risks

in the drivetrain for a rotorcraft which could not
be negated with additional measures.

An investigation of the kinematic behaviour and
the mass of different compound split configura-
tions was performed by H. Amri et. al. [3]. 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 out-
put 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.

P. Paschinger et. al. [18] investigated the re-
liability of two different drivetrain architectures,
each containing a compound split. Furthermore,
they did examinations on different possible varia-
tor engines for the compound split.

So far the compound split system seems to be
useful for rotor speed variation in a rotorcraft.
The compound split itself was investigated accord-
ing to its mass behaviour and its reliability in
different design conditions. The questions which
should be answered in the present paper are:

e First, if the mass of the compound split is the
dominating factor for mass optimisation or if
other transmission elements of the drivetrain
architecture have a higher impact.

e Second, if the drivetrain architecture itself
has an influence on the mass.

Furthermore, the influence of boundary condi-
tions, like RPM restrictions or gear ratio limits,
should be analysed. The impact of the efficiency
of the drivetrain should be compared to the mass
increase. A feasibility analysis of one optimised
architecture should be carried out.

2 MODEL DESCRIPTION

The research questions should be answered for the
drivetrain of the UH-60A Black Hawk, as a ref-
erence drivetrain. A detailed description of the
drivetrain can be found in the UH-60A Student
Handout [I]. The drivetrain consists of two tur-
boshaft engines (TSE) which are connected to one
of the input module gearboxes (IM). The input
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Figure 1. Schematic of the UH-60A drivetrain

module gearboxes are connected via a free-wheel-
clutch followed by the input module shafts (IMS)
to the main gearbox (MGB). The power flow is
then combined in the main gearbox via a bevel
gear stage with two pinion gears.

On the bevel gear wheel there is an additional
bevel gear stage from which the power for the tail
rotor is taken. Then the power is transferred via
the tail drive shaft (TDS) to the intermediated
gearbox (IGB) and then via the pylon drive shaft
(PDS) to the tail gearbox (TGB) and finally to
the tail rotor.

The power for the main rotor is transferred from
the bevel gear wheel to the sun shaft of a plane-
tary gear stage. The main rotor shaft is connected
to the planet carrier. A schematic of the UH-
60A drivetrain with the RPM of each shaft can
be found in

The reference drivetrain has a mass of 100kg.
There the bevel gear has a gear ratio of ipg = 4.76
and a mass of mpg = 45.2kg. The planetary gear
stage has a gear ratio of ipg = 4.68 and a mass of
mpag = 54.8kg. These are not the original masses
of the UH-60A components. The drivetrain’s mass
was recalculated with the load assumptions taken
for the new design.

Two different drivetrain architectures for vari-
able transmission ratio were defined for the given
reference drivetrain. For each architecture the
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transmission ratio was varied for the gear stages
in the main gearbox. Furthermore, all possi-
ble variants of the compound split were used in
the calculation. The total transmission ratio of
Ttotal = 20.26 was kept constant for all variations.
The spread ¢ = 1.5 was defined according to the
results in [9]. The mass was calculated for each
variation point and the efficiency was calculated
for each optimum. Different boundary conditions
and design limitations were defined and applied
to the calculation model to analyse their impact.
One variation of each drivetrain architecture was
selected and a design model was set up in the gear-
box calculation software KISSsoft.

2.1 Drivetrain Architectures

The two architectures can be distinguished by the
position of the compound split in the drivetrain,
as shown in In architecture 1
the compound split is located after the bevel gear
and before the planetary gear set in the drivetrain.
There are two compound splits in architecture 2.
The are located before both, the bevel gear and
the planetary gear set, directly on the two IMS
(Figure 4)).
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The tailrotor transmission in architecture 1 is
connected to the bevel gear similar to the origi-
nal UH-60A drivetrain. In architecture 2 a new
tailrotor drivetrain has to be installed before the
two compound splits to prevent the tailrotor to be
affected by the variation of the rotational speed.

2.2 Compound Split and Variator

As described in [3] there are eight possible com-
pound split configurations Al, A2, Bl1, B2, C1,
C2, D1, D2. Their mass depends on the basic
transmission ratio i g, the spread ¢ and the torque.
Because the compound split variants A1 and A2
as well as B1 and B2 are symmetrical, they have
the same mass. Investigating the power flow of
the compound split variants it turned out, that
idle power occurs in variants C2 and D2. This
is why this paper only analyses the masses of the
four compound spit variants A1, B1, C1, D1. The
compound split variants Al, B1l, D1 are equiva-
lent to those in [3]. However C1 of this paper is
the same variant as C2 in [3]. In the following
the compound split variants will be named A, B,
C and D. A schematic of the variants is given in
the Appendix. Also a drivetrain with a compound
split e.g. A will be referred to as ”drivetrain A”.

The variator is a combination of a generator and
a motor. The hydraulic machines that are in use
are described in [1§].

Because the power demand of the variator in
architecture 1 exceeds the highest in [I§] listed
variator power, two variators were used to split
the power demand. Architecture 2 also needs two
variators, one for each compound split. There-
fore, the number of variators are the same in ar-
chitecture 1 and in architecture 2. The required
power of the variators depends only on the chosen
spread, which is the same for both architectures.
Thus, the variator power is the same for both ar-
chitectures. This means that also the mass of the
variators is the same for both architectures.

The variator and the compound split are con-

Figure 5. Variator Gearboz

nected by a gearbox. This variator gearbox is
modelled with a helical gear stage and, depend-
ing on the required transmission ratio, zero to two

planetary gear sets (Figure 5).

2.3 Mass and Efficiency Estimation

The planetary gear set’s mass was calculated ac-

cording to the formula of [3] (Table 1)).

mpqg = (CLO +ai-i19 +as- 2%2) -1

ag = —0.0004038177188

—0.0004165768445
0.0001785895452

a

ag =
Table 1. Mass function of the planetary gear set

The compound split consists of two plane-
tary gears with different fixed carrier gear ratios.
Therefore, the compound split’s mass is the sum
of two planetary gear sets.

The mass of the helical gear unit is calculated
using a derivation of the planetary gear set for-
mula . Furthermore, the assumptions
was made, that a helical gear unit’s mass behaves
similar to the mass of a bevel gear unit. Thus, the
same mass formula was used for the helical gear
sets and the bevel gear sets.

muc =mpa = (bo + b1 -isa + ba - i%g) - T
by = 0.002588216233

b1 = 0.000008547900080

by = 0.0008844549095

Table 2. Mass function of the helical gear set and
the bevel gear set

The variator’s mass is calculated using the for-
mulas of [I§] and, therefore, depends on
the corner power. The corner power is the prod-
uct of the maximum rotational speed times the
maximum torque on each compound split variator
shaft ¢ or d (e.g. Peorner,c = Mmaz. - Tmaz.). The
variator series with the lowest mass is series 71.
The total mass of two variators of that series with
the given power demand is m7; = 125.6kg.

3
Serie 71: m71(Pogrner) = 0.003760 - P2ymer

Table 3. Mass function of the variator series 71



The efficiency of the planetary gear sets were
calculated according to [I6]. The same formulas
were used for the compound splits. A fixed car-
rier efficiency of 112 = 0.95 was chosen [16]. For
each architecture’s optimum the efficiency of the
drivetrain was calculated. The efficiency of the
bevel gear, however, was neglected as a constant
efficiency ratio was assumed and it affected both
architectures in the same way.

2.4 Boundary Conditions

The input rotational speed n;, = 5750rpm is
given. The optimal range of the main rotor speed
is between +10% and —30% of the nominal main
rotor speed ny = 258rpm [10].

Therefore, the maximal rotor speed
Noutmes = 283-87pm
and minimal rotor speed
Nout,nin, = 189.2rpm
were chosen. That leads to the drivetrain’s total
gear set ratio of:

Nin __ 5750

Towtman  283.8

20.26

itotal =

This ratio is the product of the gear set ratios
of the bevel gear, the planetary gear and the basic
transmission ratio of the compound split.

ltotal = 1BG * 1PG " IB

As the planetary gear set ratio i pg and the basic
transmission ratio ip are varied the bevel gears
ratio is determined.

Bevel Gear Unit i, <1
2 \
\z\ \\\
2\2

24 123

\“\“%

Planetary Gear Set i,, <2.4
Planetary Gear Set i, >12.3

Figure 6. Basic boundary conditions

2.4.1 Basic Boundary Conditions

Three basic boundary conditions were chosen:

e First, the direction of rotation should not
change. Thus, all gear set ratios are set as
ij > 0.

e Second, the rotational speed should be low-
ered in every stage. Therefore, all gear set
ratios should be greater than or equal to 1
(ipc 2 lyipag > 1,ip > 1).

e Third, the planetary gear set should be a sun-
carrier transmission (2.4 < ipg < 12.3).

The implemented boundary conditions lead to
the remaining drivetrain possibilities shown in

The grey area represents the possible
gear ratio combinations for the drivetrains.

2.4.2 Design Boundary Conditions

In the next step the gear ratio boundary condi-
tions are set for the planetary gear sets. All plan-
etary gear sets must have a fixed carrier ratio of
—11.3 < 412 < —1.4 [3]. The boundaries lead to
restrictions for the basic transmission ratios of the
compound splits.

2.4.3 RPM Boundary Conditions

In this case the restrictions are not caused by the
gears but by the bearings. If the RPM of a shaft is
too high, some bearings might be not applicable.
Therefore the RPM limit is set to 6 000rpm.

3 RESULTS

For both architectures separately the combined
masses of the drivetrain components were anal-
ysed. Each drivetrain’s architecture consists of a
bevel gear, a planetary gear set and one of four
compound split variants, namely A, B, C' or D.
The drivetrain masses are compared in each cal-
culation point and only the drivetrain variant with
the minimal mass mpr, ,, is shown in each point
of the figures. Initially, the drivetrain was neither
bound to gear ratio restrictions nor to rotational
speed limits. Successively, gear ratio boundary
conditions and speed limits were introduced to
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identify their influence on the mass of the driv-
etrain. In every step a comparison of the two ar-
chitectures was made.

Furthermore, the variator path and the trans-
mission to the TDS was analysed in terms of mass.
Finally the efficiency of the drivetrain mass op-
tima was investigated.

3.1 Mass of the Architectures

As shown in [Figure 7| the mass optima are realised
by the drivetrain C' and D. If no gear set ratio
boundaries and rotational speed limits are set the
results of are valid for both architectures.

The minimal mass of the drivetrain of architec-
ture 1 is realised with the compound
split D and has the value mpp1,,,,,, = 59.1kg. At
this calculation point the planetary gear set’s mass
is mpg1 = 21.8kg and the bevel gear unit’s mass
is mpg1 = 21.Tkg. The compound split’s mass
mesi, = 15.6kg is the lowest of the components.
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Figure 8. Architecture 1, minimal mass plot

In the next step the lowest possible mass of the
compound split D was examined. The minimal
mass of the compound split D is mcsip,,.,, =
1.2kg. At this calculation point the drivetrain’s
mass is mpri1, = 189.3kg. The planetary gear set
is the component with the highest mass mpg; =
178.1kg in this drivetrain. The low gear set ra-
tio of the bevel gear leads to it’s low mass of
mpag1 = 10.0k:g.

Furthermore, the lowest possible mass of all
compound splits was investigated. The mini-
mum is realised by compound split C' with the
value mcsig,,.,, = 1.0kg. The drivetrain’s mass
in this calculation point is mpri, = 228.8kg.
The mass of the planetary gear set has the value
mpg1 = 217.3kg and the bevel gear’s mass is
mpa1 = 10.5kg.

The minimum mass of the drivetrain with the
compound split C' is mpri,,,,, = 84.5kg. This
value is not shown in the mass plot in
because at this calculation point a solution of driv-
etrain D with a lower mass exists. The mass of
drivetrain C' is additional information in the plot.
At this drivetrain C the planetary gear sets mass
is mpg1 = 31.3kg and the bevel gear unit’s mass
is mpa1 = 32.5kg. The compound split C has a
mass of mcgi1, = 20.7kg.

The drivetrain’s minimal mass of architecture
2 mpr2p,.., = 103.0kg is realised with the com-
pound split D (Figure 9). Thus, it’s minimal mass
is 43.3kg greater than the optimum of architec-
ture 1. The planetary gear set’s mass is mpge =
37.6kg, the bevel gear’s mass is mpge = 61.4kg.
The mass of the sum of two compound splits is
mcs2, = 3.8kg. Unlike in architecture 1 the min-
imal mass is not calculated at the minimal plan-
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Figure 9. Architecture 2, minimal mass plot



etary gear ratio. While the masses of the plane-
tary gear set and the bevel gear are bigger than
in architecture 1, the the compound split’s mass
is comparably small.

The minimal mass of the compound split D is
mcs2p,.;, = 1.2kg. Due to the fact that the com-
pound split is positioned before the bevel gear
and the planetary gear set it’s mass is only de-
pendent on the basic transmission ratio. This is
why the mass of the compound split is constant
along constant basic transmission ratios and de-
picted as a line in the figures. The compound
split C reaches with m¢sa,,,,, = 0.8kg the lowest
possible compound split mass. The minimal mass
of the drivetrain C mpra,,,,, = 109.7kg is like
in architecture 1 higher than the minimal mass of
the drivetrain D. The planetary gear set’s mass is
mpgo = 45.9kg and the bevel gear has the mass
mpage = b7.4kg. The sum of the two compound
splits C' shows a mass of mcga, = 6.3kg.

3.2 Design Boundaries

The minimal mass of architecture 1 mpri1,,,,, =
59.7kg in is again realised by the driv-
etrain D. The drivetrain’s minimal mass shifts
to higher basic transmission ratios, because other
solutions get restricted. This leads to a small in-
crease of the minimal drivetrain mass of 40.6kg.
The compound split’s mass increases by +4.3kg
and has the mass mcg1, = 19.9kg. The planetary
gear set’s mass is mpg1 = 21.8kg and the bevel
gear unit’s mass has the value mpg1 = 18.0kg.
The lowest possible mass of the compound split
D has under the given gear ratio boundary con-
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Figure 10. Architecture 1, minimal mass plot at
gear ratio boundaries

ditions the mass mcgip,,,, = 2.8kg. The drive-
train’s mass at this calculation point is mpri, =
230.2kg. While the bevel gear’s mass mpg1 =
10.1kg is relatively low the mass of the planetary
gear set mpg1 = 217.3kg is very high.

The minimal mass of compound split C
MCS1omm = 2.8kg is the same mass as the com-
pound split D. Also the planetary gear set’s mass
in this calculation point is mpg; = 217.3kg. Only
the bevel gear’s mass differs with mpg; = 11.3kg.
That leads to a drivetrain mass of mpri, =
231.4kg. The optimal solution of the drivetrain
C is not affected by the conditions and has a mass
of mprig,,, = 84.5kg. The masses of all gear
components remain unchanged.

The drivetrain’s minimal mass of architecture 2
increases by +2.0kg in to mprap,.., =
105.0kg. The planetary gear set’s mass becomes
mpga = 29.2kg and the bevel gear’s mass changes
to mpgo = 61.4kg. Also the compound split mass
increases and reaches the value mcg2, = 7.9kg.

The minimal compound split masses also in-
crease and have the values mcsa,,,,, = 2.6kg and
mes2pmi = 2.0kg. Like in architecture 1 the
minimal mass of the drivetrain C' mpra.,,,, =
109.7kg is not influenced by the gear ratio bound-
ary conditions.

3.3 Rotational Speed Boundaries

Only the planets of the compound split planetary
gear sets were affected by that limit and have an
impact on the minimal masses.

However, in [Figure 12]of architecture 1 the min-

imal masses of the drivetrains C' and D do not
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Figure 11. Architecture 2, minimal mass plot at
gear ratio boundaries
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Figure 12. Architecture 1, minimal mass plot at
gear ratio boundaries and rotational speed limits

change. Only the smallest possible compound
split masses increase to mcsa,,,;, = 6.4kg and
MCS2pim = (-2kg.

The rotational speed limits have an influence on
the solutions of architecture 2 as seen in
Because the compound split is positioned before
both, the bevel gear and the planetary gear set,
the input rotational speed is n = 5750rpm in all
calculation points. Thus, various basic transmis-
sion ratios lead to high rotational speeds of planets
that surpass the speed limit. Therefore, the min-
imal masses of the drivetrains and the compound
splits increase.

The minimal mass of drivetrain in architec-
ture 2 increases by +1.2kg and has a value of
MDT2p1,, = 106.2kg. The planetary gear set’s
mass is mpge = 27.0kg and the bevel gear unit
shows a mass of mpge = 70.0kg. At this calcu-
lation point the compound split D has the mass
MCS2p i = 9-2kg. This is also the minimal mass
the compound split D can have at the chosen
boundary conditions.

The mass increase of +0.5kg of drivetrain C’s
minimum leads to the mass mpra,,,., = 110.2kg.
The planetary gear set shows at this calculation
point the mass mpgo = 42.3kg and the bevel gear
unit’s mass is mpge = 59.0kg. The compound
split C' has the mass mcga,,,,, = 8.9kg which
is also the lowest possible mass of the compound
split C.

3.4 Minimal Drivetrain Variants

shows the optimal drivetrain variants of

architecture 1. Boundary conditions of gear set ra-
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Figure 13. Architecture 2, minimal mass plot at
gear ratio boundaries and rotational speed limits

tios and rotational speed limits are implemented.
There are solutions where the drivetrains A, C, or
D have the lowest mass.

In architecture 2 (Figure 15) only the drive-

trains C' or D have the lowest mass.

3.5 Variator Path

Next, the variator path is taken into considera-
tion. Whereas the mass of the variator is in every
calculation point the same, the mass of the gear
set, necessary to connect the variator to the com-
pound split, changes from point to point. The
variator chosen in this paper is designed for high
rotational speeds and low torques. Depending on
the speed and torque of the compound split shafts
higher or lower gear set ratios are necessary to
combine the compound split to the variator. The
higher the input speed of the compound split is at
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Figure 14. Architecture 1, minimal variants at
gear ratio boundaries and rotational speed limits
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Figure 15. Architecture 2, minimal variants at
gear ratio boundaries and rotational speed limits

a given basic transmission ratio, the higher are the
rotational speeds of the compound split shafts.

At the minimal mass solution of architecture 1
the input rotational speed is low and the basic
transmission ratio is high. Therefore, the gear set
ratio of the variator gear is out of proportion and
the mass exceeds a reasonable scale.

As architecture 2, however, has high input
speeds at the compound split, lower gear ratios
are needed to combine it with the variator. Thus,
the gear set’s mass is lower and is comparable to
the mass of the components of the power path.
The variator path, however, transfers only a frac-
tion of the total power.

3.6 Transmission to Tail Drive Shaft

The mass of the bevel gear that connects the
main gear box to the tail drive shaft is around
mprgr1 = 2.5kg for the minimal drivetrains in ar-
chitecture 1. In architecture 2 the mass model of
the transmission to the tail drive shaft results in
the mass mrry = 4.1kg. These masses are not
included in the drivetrain mass optimisation.

3.7 Efficiency

The efficiency of the drivetrain mass optima was
investigated in order to analyse the influence.

On the one hand, the efficiency of the compound
splits was calculated. The efficiency of the two op-
erating points was compared. The lower efficiency
is at the low main rotor RPM for all configura-
tions. In architecture 2, the masses of the optima
of drivetrain C' and D are similar. The efficiency

of compound split C' nesa,,,,, = 96.5% is higher
than that of compound split D nosa,, . = 94.4%.

On the other hand, the efficiency of the plan-
etary gear set close to the main rotor was calcu-
lated. For architecture 1, the drivetrain was com-
pared with and without this planetary gear set.
This is possible because the compound split itself
contains two planetary gears that can be used as
the final stage in the drivetrain. The planetary
gear set has an efficiency of npg, = 97%.

The efficiency increase of the drivetrain without
planetary gear set had to be taken into consider-
ation.

An estimation was made to evaluate how mass
and efficiency correlate. The MTOW of 10000kg
was compared to the turbine power (2 x 1 151kW).
It was assumed that 85% of the turbine power is
used by the main rotor and 15% by the tail rotor.
Therefore, the 3% power loss of the planetary gear
set is comparable to 255kg MTOW.

3.8 Design Results

One drivetrain solution in each architecture was
selected and modelled in the design software KISS-
soft.

For architecture 1 the solution with-
out the planetary gear set was chosen, because the
positive effect of the efficiency increase weighs out
the negative effects of the mass increase in terms
of the overall efficiency. The KISSsoft model had
amass of mpr,,,.,. = 253.0kg. The efficiency cal-
culated in KISSsoft of the planetary gear set for
architecture 2 is npgo = 99%.

In architecture 2 the drivetrain C'
was selected, because of similar masses of driv-
etrain C' and D but better efficiency of drive-
train C. The KISSsoft model had a mass of
MDTeymin = 195.0kg. The efficiency calculated
in KISSsoft for the compound split for architec-
ture 1 is nos1 = 98.8% and for architecture 2
nos2 = 99.2% at the lower speed.

4 DISCUSSION

To answer the research question if the mass of the
compound split is the dominating factor in the op-
timisation and if the architecture has an impact,
we need to take a closer look at the results of the

mass of the architectures, given in and
Figure 9, The drivetrain architecture 1 has a mass
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Figure 16. Architecture 1, CAD-Model

of mpT1p,,, = 99.1kg and the compound split has
a mass of meg1,, = 15.6kg, which is about 25% of
the drivetrain’s mass. Architecture 2 has a mass
of mpr2p,.., = 103.0kg and there the compound
split has a mass of mcg1, = 3.8kg which is about
4% of the drivetrain’s mass. The compound split
is in both architectures not the dominating factor.

Although the compound split is an additional
gear stage in the drivetrain the total mass of the
drivetrain architecture 1 is lower than the origi-
nal one. Architecture 1 has 59% of the mass of
the original drivetrain. This is possible because of
the reduction of the transmission ratios of the gear
stages. Especially the planetary gear set benefits
from this reduction. More planets can be used in
the stage and therefore the load is distributed to
more gear teeth. This shows that a new design
of the whole drivetrain is necessary to implement
a transmission variable module (compound split).
Architecture 2 has 103% in comparison to the orig-
inal drivetrain.

Regarding the selection of the compound split
configuration in terms of the lowest mass, it could
be shown that drivetrain D is always the solution
with the lowest mass of any investigated drive-
train architecture. Referring to [3], drivetrain D
is the one with with the lowest mass at the high-
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Figure 17. Architecture 2, CAD-Model

est basic transmission ratio and the given spread.
Therefore, it can be concluded that the mass op-
timized compound split configuration is indepen-
dent of the drivetrain architecture. Drivetrain ar-
chitecture 1 with compound split D is the solution
with the lowest mass for the chosen example.

The previously discussed results did not take
the design limitations into account. It is not pos-
sible to build planetary gear sets with a fixed car-
rier ratio close to one and it makes no sense to
build it with only two planets. Therefore, the re-
strictions for the fixed carrier ratio between 1.4
and 12.3 were defined and the optimisation cal-
culation were performed with the additional lim-
its (Figure 10| and [Figure 11)). Taking a look
at these results show an increase of the mass of
both architectures. Architecture 1 has a mass of
MDPT1pm = 99.6kg (+0.6kg) and architecture 2
has a mass of mprs2, . = 105.0kg (+2.0kg). The
compound split in architecture one increases its
mass by +4.3kg (19.9k¢g) and in architecture 2 by
+4.1kg (7.9kg). The mass increase of the com-
pound split is compensated by the other compo-
nents. The reason for that is the increase of the
basic transmission ratio of the compound split in
both architectures. Therefore, the other compo-
nents can reduce the transmission ratio and the
mass. Consequently, there is an influence of the




boundary conditions on the mass, but the mass
optimum is a stable optimum, which means that
small deviations have only a small impact on the
result.

Next additional boundaries were applied. This
has only an influence on mass optima of architec-
ture 2. The mass of the compound split increases
by +1.3kg (9.2kg) and the architecture’s mass is
then 106.2kg (+1.2kg).The behaviour is similar to
the design boundaries.

As the results show the drivetrain D of archi-
tecture 1 is the solution with the lowest mass. It
has even less mass than the original version. This
is because of the distribution of the total gear ra-
tio onto more gear stages. However, the differ-
ences in the efficiency are not considered so far.
The power losses were transferred into losses of
MTOW to have a comparable value. It turned
out that the architecture 1 would lead to a better
helicopter performance if the last planetary gear
stage would be removed. The mass of the driv-
etrain increases up to 111kg, but the additional
MTOW increases up to 255kg. Therefore a net
benefit of 144kg occurs. Drivetrains with a higher
mass and a better efficiency can be preferable.

Another part which was not considered so far,
is the variator path. The variator engines are the
same for both architectures, but the connecting
gear stages from the compound split to the vari-
ator vary in each calculation point. The model
for the mass estimation of the variation path did
not show feasible results. In the design there are
many different possible solution to achieve lighter
variator paths. What the calculation did show is,
that the variator has to be chosen according to the
solution of the drivetrain. In the simulation there
were variator engines used which are suitable for
high speeds and lower torques. They led to good
results for architecture 2, because the compound
split’s position leads to high shaft speeds. For ar-
chitecture 1 the variators did not work because all
the speed reductions in the main drivetrain have
to be compensated in the variator path. In the
variator path there is only a small fraction of the
power flow, but due to the low efficiency and the
high mass of the engines it has to be designed with
attention.

The design of the two architectures showed that
the mass is increasing during the design compared
to the calculation model. On the one hand, the

mass of the planetary gear sets was underesti-
mated. On the other hand, the efficiency losses
were overestimated. Garre at al. [J] estimated a
possible mass increase of about 190kg. In this case
the designed solution of architecture 2 is close to
the limit. Because of the higher efficiency of the
planetary gear sets architecture 1 would be a good
solution too, if the planetary gear set is included.
The result would have even lower weight than ar-
chitecture 2.

5 CONCLUSION

e The compound split is not the dominating
factor in terms of mass in the drivetrain. A
new design of the whole drivetrain, including
the compound split, is necessary to optimize
the mass.

e The compound split configuration is indepen-
dent of the drivetrain architecture. It de-
pends on the chosen spread and is the one
with the highest basic transmission ratio at
its lowest mass.

e Architecture 1 with compound split D is the
solution with the lowest mass.

e Design boundaries have an impact on the
mass optimum of the drivetrain.

e The mass optima of the drivetrains are stable.
Small deviations have only a small impact on
the result.

e RPM boundaries have an impact on the mass
optimum of the drivetrain and behave in the
same way as design boundaries.

e The efficiency of the drivetrain and its com-
ponents have a high impact on the design of
the drivetrain. Even solutions with a higher
mass but a better efficiency can be preferable
in terms of helicopter performance.

e The properties of the variator have to be cho-
sen carefully according to the requirements,
torque and speed, based on the solution of
the drivetrain.
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APPENDIX

(a) compound split variant A (b) compound split variant B

(c) compound split variant C (d) compound split variant D

Figure 18. graphical display of the compound split variants,

SYMBOL DESCRIPTION

a input shaft of compound split
b output shaft of compound split
c, d shafts from compound split to variator

transmission ratio from shaft z to
shaft y when shaft z is not rotating
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