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Kurzfassung

Aktuelle Studien und Versuchsreihen haben gezeigt, dass die Anderung der Drehzahl des Haupt-
rotors des UH-60 (Black Hawk) Mehrzweckhubschraubers in manchen Flugzustdnden die Mog-
lichkeit einer signifikanten Reduktion der erforderlichen Antriebsleistung bietet. Da aber der
Drehzahlbereich der Wellentriebwerke des Hubschraubers begrenzt ist und au8erdem einige Hilfs-
Aggregate, insbesondere die beiden Haupt-Generatoren, eine konstante Antriebsdrehzahl benoti-
gen, wurde der Einsatz von stufenlos verstellbaren Getrieben (Continuously Variable Transmissions
— CVTs) in Form von Compound-Split-Getrieben zur Anpassung der Drehzahl des Hauptrotors vor-
geschlagen.

Zweck der vorliegenden Arbeit ist es, darauf aufbauend einen geeigneten Antriebsstrang fiir den
UH-60 zu entwickeln. Dazu werden Zuverldssigkeit, erwartetet Gesamtmasse und Drehzahlen der
Komponenten des Antriebsstranges mehrerer méglicher Losungen verglichen. Wegen der begrenz-
ten Mittel dieser Studie, mussten einige Einschriankungen hinsichtlich der zuldssigen Architekturen
gemacht werden. Diese werden im Detail beschrieben und begriindet. Als vielversprechendste Va-
riante erweist sich eine Anordnung mit zwei Compound-Split-Modulen, je eines im Leistungspfad
eines Triebwerks.

Der sogenannte Variator; ein stufenloses Getriebe, das Ubersetzungen zwischen Null und unend-
lich realisieren kann; bildet eine Schliissel-Baugruppe des Antriebsstrangs. Wegen ihrer hohen
Leistungsdichten sind dafiir Axialkolbenmotoren mit verdnderlichem Hub vorgesehen. Die ent-
sprechenden Konstruktions- und Leistungsdaten werden auf Grundlage von Hersteller-Katalogen
geschétzt. Ein wesentlicher Nachteil hydraulischer Leistungsiibertragung ist der geringe Wirkungs-
grad im Vergleich zu Zahnradgetrieben. Aus diesem Grund wird der Gesamt-Wirkungsgrad der
gefundenen Losung untersucht. Obwohl dieser deutlich unter dem Wert des Getriebes mit konstan-
ter Ubersetzung liegt, lassen die Ergebnisse erwarten, dass die Vorteile der variablen Rotordrehzahl
dennoch iiberwiegen.

In Vorbereitung einer dynamischen Simulation des Antriebsstranges im Flug, werden die wesent-
lichen Parameter des Getriebes konstruktiv festgelegt und die Ergebnisse in das Simulationsmodell
eingepflegt. AnschlieBend wird in mehreren Simulationen das Betriebsverhalten des Getriebes un-
tersucht.

Zusammenfassend beinhaltet die vorliegende Arbeit

¢ den grundlegenden Entwurf eines Stufenlos-Getriebes fiir den UH-60,

die konstruktive Festlegung der Eckdaten von Variator und mechanischem System,

den Nachweis, dass der Gesamtwirkungsgrad zwar reduziert, aber in Anbetracht der zu er-
wartenden Vorteile ausreichend ist,

die Ergebnisse dynamischer Simulationen, die die einwandfreie Funktion des entwickelten
Getriebes im Flug zeigen, und
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* eine Auseinandersetzung mit zulassungsrechtlichen sowie mit Sicherheits-Aspekten in Form
eines einfachen Safety Assessments.

Obwohl im Laufe der Untersuchungen einige technische Herausforderungen, die noch zu meistern
sein werden, zum Vorschein gekommen sind und noch einiges an Entwicklungsarbeit zu leisten ist,
scheint das beschriebene Getriebe geeignet zu sein, im UH-60 Verwendung zu finden. Auf dieser
Grundlage ist eine weitere wissenschaftliche und technische Auseinandersetzung mit Compound-
Split-Getrieben fiir Hubschrauber jedenfalls gerechtfertigt.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Abstract

Recent studies and test campaigns have shown that the variation of the main rotor speed of the
Sikorsky UH-60 (Black Hawk) utility helicopter offers the opportunity to significantly reduce the
propulsive power demand in some flight conditions. Since the speed range of the turboshaft engi-
nes of the helicopter is limited and several accessories, especially the two main electric generators,
require constant rotational speed of their input shafts, Continuously Variable Transmissions (CVTs)
in the form of so-called Compound-Split (CS) transmissions have been proposed to vary the main
rotor speed whilst keeping the angular velocity of the engines unchanged.

The aim of this thesis is to develop a feasible drivetrain architecture for the UH-60 helicopter
based on this principle. This is done by comparing the reliability, expected mass and rotational
speeds of the drivetrain components of different possible solutions. Due to limited resources, the
possible solutions must be restricted, which is explained in detail. The most promising solution
contains two Compound-Split modules, one in the power path of each turboshaft engine.

The so-called variator, an infinitely variable transmission as sub-system of the Compound-Split,
poses a key component of the drivetrain. Because of the high power density of axial piston hy-
draulic machines with variable displacement, these were chosen to build up the variator. Their
properties are estimated based on the required corner power and catalogue data published by a
manufacturer. A major drawback of hydraulic power transfer is the poor efficiency compared to
gear drives. Therefore, the expected efficiency of the whole drivetrain is rated. Although lower than
for the baseline transmission system of the UH-60, the results indicate that it will be sufficient,
and the advantages of reduced power demand of the main rotor may outweigh the drawback of
reduced drivetrain efficiency.

As preparation for the dynamic simulation of the transmission system in flight, the main para-
meters of the drivetrain are derived in a design study. The results are integrated into a simulation
model of the whole rotorcraft. In several simulation runs, the operation of the proposed transmis-
sion system at different transmission ratios and during change of main rotor speed is studied.

In summary,
¢ abasic design layout for a CVT system for the UH-60 is developed,
¢ the main parameters of the variator machines and the mechanical transmission are defined,
e itis shown, that the overall drivetrain efficiency is reduced, but still sufficient,

* in dynamic simulations the proper function of the transmission system is shown, and

certification aspects are discussed, and a safety assessment is performed.

Although several issues raised during the study still have to be resolved and a lot of engineering is
still do be done, the proposed transmission system seems suitable for the use in the UH-60 heli-



copter. Based on these findings, further research on Compound-Split transmissions for rotorcraft

is justified.
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Symbol Description Unit

TThm Hydraulic-mechanical efficiency 1.0 (%)
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of a Compound-Split transmission

e Lateral cyclic pitch angle deg

J1s Longitudinal cyclic pitch angle deg

Dtw Twist angle of blade section deg

A Induced velocity parameter 1.0

Acrit Critical value of film thickness 1.0

A Ratio of film thickness to surface 1.0
roughness

A Non-dimensional parameter in efficiency 1.0
model

U Advance ratio 1.0

u Dynamic viscosity Pas

v Poisson’s ratio 1.0

V100 Kinematic viscosity at 100 °C mm?/s (cSt)

V40 Kinematic viscosity at 40 °C mm?/s (cSt)

¢ Ratio of hinge offset and main rotor ra- 1.0
dius

0 Density of hydraulic fluid kg/m3

Pair Air density kg/m3

ot Root fillet radius of the basic rack for cy- mm
lindrical gears

Pep Root fillet radius-factor of the basic rack 1.0
for cylindrical gears

o Solidity 1.0

o Non-dimensional parameter in efficiency 1.0
model

OElim Nominal stress number (bending) N/mm?

O Elim,99 Nominal stress number (bending) for N/mm?
99 % reliability

OFE Allowable stress number (bending) N/mm?
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Symbol Description Unit
OFE,99 Allowable stress number (bending) for N/mm?
99 % reliability
O lim Allowable stress number (contact) N/mm?
O'H,lim,99 Allowable stress number (contact) for N/mm?
99 % reliability
Ts Shear stress N/mm?
) Transmission spread 1.0
v Azimuthal blade angle rad (deg)
Q Main rotor angular velocity rad/s
w Angular velocity rad/s
Wmax Maximum angular velocity of hydraulic rad/s
motor
Wmax,0 Maximum angular velocity of hydraulic rad/s
motor when no load is applied
Wnom Nominal angular velocity of hydraulic rad/s
motor
Symbol Description Unit
Ay Area of blade section m?
AMR Main rotor disc area m?
Apiston Cross-section area of a piston mm?
Arr Tail rotor disc area m?
c Blade chord of main rotor m
Cp Drag coefficient 1.0
Cr Lift coefficient 1.0
cp Tip clearance of basic rack of cylindrical mm
gears
cp Power coefficient 1.0
Cp Tip clearance-factor of basic rack of cylin- 1.0
drical gears
Cpv Loss factor taking the mechanical and hy- 1.0
draulic losses dependent on Ap into ac-
count
Cr Reliability factor for pitting resistance acc. 1.0
to AGMA 911-A94
Cst Loss factor taking the volumetric losses 1.0

dependent on p into account

Latin letters
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Symbol Description Unit

Csy Loss factor taking the volumetric losses 1.0
dependent on y into account

cr Thrust coefficient 1.0

Cry Loss factor taking the mechanical losses 1.0
dependent on p into account

Cuy Loss factor taking the hydraulic losses de- 1.0
pendent on i into account

cw Weight coefficient 1.0

Dhpiston Pitch diameter of axial piston motor mm

E Young’s modulus N/mm?

e Hinge offset m

Fp Drag force of a blade element N

F; Lift force of a blade element N

G Shear modulus N/mm?

g Gravity (9.81 m/s?) m/s?

hap Addendum of basic rack of cylindrical mm
gears

hp Addendum-factor of basic rack of cylin- 1.0
drical gears

hep Dedendum of basic rack of cylindrical mm
gears

hg, Dedendum-factor of basic rack of cylin- 1.0
drical gears

h Stroke of a piston mm

io Epicyclic ratio 1.0

i12 Planetary ratio 1.0

ic Ratio of gear stage connecting variator 1.0
pump to mechanical path

ig Ratio of gear stage connecting variator 1.0
motor to mechanical path

Jr Torsion constant of a shaft section m*

ko Basic ratio of epicyclic gear set 1.0

k12 Ratio when carrier is not grounded 1.0

Ka Application factor 1.0

Kas Application factor (scuffing) 1.0

Kgq Transverse load factor (scuffing) 1.0

Kgp Face load factor (scuffing) 1.0
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Symbol Description Unit
Kgq Transverse load factor (root stress) 1.0
Krp Face load factor (root stress) 1.0
K, Load sharing factor (mesh load factor) 1.0
Kyq Transverse load factor (contact stress) 1.0
Kup Face load factor (contact stress) 1.0
Ky Reliability factor for bending strength acc. 1.0
to AGMA 911-A94
Ky Dynamic factor 1.0
L Characteristic length m
Ly Length of blade section m
Mp1 Mass of blade section kg
my Normal module mm
Ma Mach number 1.0
ME Quality grade acc. to ISO 6336-5 for repre- n/a
sents requirements that must be realized
when a high degree of operating reliabi-
lity is required
N Number of blades 1
Mmax Maximum rotational speed of hydraulic RPM
motor in RPM
Mmax,0 Maximum rotational speed of hydraulic RPM
motor in RPM when no load is applied
Mnom Nominal rotational speed of hydraulic RPM
motor in RPM
p Power kW
Peorner Corner power of hydraulic motor kw
Ap Pressure difference bar (Pa)
p; Induced power of a rotor kw
Pin Input power of power-split transmission kw
Phydr Maximum power to be transmitted hy- kw
draulically via the variator
Prax Maximum power of hydraulic motor kw
Pmax Maximum pressure of hydraulic motor bar (Pa)
Pyvr Main rotor power kW (W)
Pnom Nominal pressure of hydraulic motor bar (Pa)
Pout Output power of power-split transmis- kw
sion
Pg3 Static pressure at station 3 (turboshaft en- psi (bar)
gine)
Prr Tail rotor power kW
Prsg Engine shaft power kw

Latin letters
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Symbol Description Unit
Pyar Power transmitted via the variator path kw
Q Torque Nm
Qmax Maximum torque of hydraulic motor Nm
Qs Engine shaft torque (at MR) ft—1b
QrsE Engine shaft torque Nm
NTSE Engine shaft speed RPM
qv Hydraulic flow m3/s
Q« Deliverable torque of hydraulic motor at Nm
maximum angular velocity
R Main rotor radius m
F Generic radial position from hinge 1.0
r Radial position on main rotor blade m
Fmax Maximum radius of a shaft section mm
R? Coefficient of determination 1.0
Rar Arithmetic mean roughness (root) um
Ray Arithmetic mean roughness (flank) um
%NG Relative gas generator speed %
% Np Relative power turbine speed %
Rzgp Mean peak-to-valley roughness (root) um
Rzy Mean peak-to-valley roughness (flank) um
S Safety factor scuffing (DIN 3990, contact 1.0
temperature)
St Safety factor root (ISO 6336) 1.0
Sgrvazgg  Safety factor root (FVA 389) 1.0
SEFVA 45 Safety factor root (FVA 45) 1.0
Sevpi2737  Safety factor root (VDI 2737) 1.0
Su Safety factor pitting (ISO 6336) 1.0
Sints Safety factor scuffing (DIN 3990, integral Nm
temperature)
Tys Interturbine gas temperature (turboshaft degR
engine)
Ttr Tail rotor thrust N
T Main rotor thrust N
u Control vector of turboshaft engine mod- n.a
el
%4 Forward speed of the helicopter m/s
Vas Airfoil section speed in wind axes m/s
Vg Displacement of axial piston motor cm® (m?)
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Symbol Description Unit
Vg max Maximum displacement of axial piston cm?® (m3)
motor
Vp Airfoil perpendicular speed in wind axes m/s
Vr Airfoil radial speed in wind axes m/s
Vr Airfoil tangential speed in wind axes m/s
Wke Fuel flow Ib/s
Mac Aircraft mass kg (Ib)
X State vector of turboshaft engine model n.a.
X Profile shift coefficient 1.0
¥ Output vector of turboshaft engine model n.a.
T/N Life factor for tooth root stress 1.0
Z Number of pistons of axial piston motor 1
Z Set of vectors containing the numbers of n/a
teeth of sun, planet and ring gears of pla-
netary gear sets
Z' Set of vectors containing the numbers of n/a
teeth of sun, planet and ring gears and a
related number of planets
Z"c Set of vectors containing the numbers of n/a
teeth of sun, planet and ring gears and a
related number of planets with planetary
ratios required for PGS C
Z"p Set of vectors containing the numbers of n/a
teeth of sun, planet and ring gears and a
related number of planets with planetary
ratios required for PGS D
Znc Set of vectors containing the numbers of n/a
teeth of pinion and wheel with ratios re-
quired for i,
Znp Set of vectors containing the numbers of n/a
teeth of pinion and wheel with ratios re-
quired for iy
ZN Life factor for contact stress, 1.0

XIII
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1. Introduction

1.1. State-of-the-art of helicopter propulsion

Almost all helicopters of CS-29 class currently at service are powered by one or more turboshaft
engines. They are connected to the main and auxiliary rotors via fixed-ratio transmission systems
which reduce the rotational speeds, connect all rotors necessary for safe flight and drive several
accessories; such as electric generators, hydraulic and pneumatic pumps and cooling fans. Highest
demands in terms of reliability are placed on helicopter drivetrains, because failures usually lead
to hazardous or even catastrophic events. Besides that, high efficiency and power density are
required to limit the mass of the transmission system and increase the payload of the rotorcraft. The
certification requirements issued by the aviation authorities define several special requirements to
ensure safe operation of helicopters.

For example, CS-29 and AC-29 require either that all rotors necessary for operation and control
are driven by the main rotors (single-engine helicopters) or that the drive system arrangement
continues to drive all rotors by the remaining engines (multi-engine helicopters). In almost all
modern helicopters, these requirements are met by using cross-shafting and transmissions. (cf. [42,
122], paragraphs 29.917)

Another special request on transmissions in rotorcraft applications relates to their operation in
case of a failure of the lubrication system, the so-called loss of lubricant. Several mandatory tests
to show the compliance with these requirements are defined in the certification specifications.
(cf. [42, 122])

1.2. Variable rotor speed

The angular velocity of the main rotor is kept constant for most helicopters, especially for large
ones. Although for smaller rotorcraft a variation of main rotor speed has been tested to increase the
endurance (cf. [87]), for CS-29 class helicopter only a reduction of rotor speed by decrasing engine
speed during ground operation was implemented in the EC145/H145 (Variable Rotor Speed and
Torque Matching System (VARTOMYS), cf. [56]).

However, the possibility to change the angular velocity of the main rotor offers several benefits.
For example, the noise generation can be affected, which was the main reason for the application of
different speed levels in the EC145/H145. Also, the flight envelope can be expanded. Lower angular
velocities of a rotor lead to lower Mach numbers at the tips of the advancing blade in forward flight
and therefore, faster flight speeds are possible. This is of special interest in — but not limited to —
military applications. On the other hand, increased rotor speeds allow the operation of a helicopter
at higher altitude. A particular demand for different angular velocities occurs in tiltwing or tiltrotor
aircraft, because the rotors are operated as helicopter rotors in hover mode and as propellers in
forward flight mode. (cf., for example, [25])

Besides these advantages, the major benefit of a variation of rotor speed is the possible reduction
of the power consumption of the main rotor, which has been shown in several studies. The rea-
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1. Introduction

son is, simply speaking, that the variation of angular velocity allows to operate the rotor at more
favourable lift to drag ratios of the used aerodynamic profiles. An overview of previous findings
and the physical background is given in [25]. Because of the large amount of publicly available
data, ranging from information on design to results of flight tests, a lot of studies deal with the
UH-60 (Black Hawk), a medium utility helicopter mainly used by armed forces. A study conducted
by Mistry and Gandhi [73] showed that, depending on gross mass and flight condition, up to 12 %
power reduction is possible. Misté et al. [72] presented a methodology for determining the optimal
rotational speed of the main rotor and showed that more than 10 % fuel saving is feasible in some
flight conditions. Garre et al. [46] investigated the influence of variable rotor RPM on four different
types of rotorcraft and found that within a range of 70 % to 110 % of nominal speed, power reducti-
ons of up to 15 % can be achieved. Additional information and results concerning a variable main
rotor speed can be found in [34, 39, 70, 71, 85, 111].

1.3. Previous approaches to achieve rotor speed variation

Several concepts to obtain a variation of rotor angular velocity have been proposed. These include
Variable-Speed Power Turbines (VSPTs), tip driven rotors, electric or hybrid electric drives and
various transmission designs. An overview of different approaches with a discussion of advantages
and drawbacks as well as a rating of the feasibility can be found in [24]. A short summary of
proposed technologies is given below.

1.3.1. Variable-Speed Power Turbines

An important contribution to the research on changing main rotor speed by adapting engine speed
was made by G. A. Misté et al. (cf. [70, 72]) and J. Steiner [111]. In [72], the optimum main rotor
speed of the UH-60 in consideration of the engine efficiency and specific fuel consumption were
determined. A comparison of these results to the operation at fixed engine speed but with using a
continuously variable transmission (CVT) was done in [70]. This study showed that for intermedi-
ate advancing speeds, a fixed ratio transmission yields similar benefits as a CVT, but that in hover
and fast forward flight the helicopter equipped with a CVT has a much better performance. How-
ever, the different weight and reliability of fixed ratio transmission and CVT were not considered
and still have to be addressed. The thesis in hand deals with some of these issues.

In the National Aeronautics and Space Administration (NASA) Heavy Lift Rotorcraft Systems Inves-
tigation project, Johnson et al. [55] came to the conclusion, that the Large Civil Tiltrotor (LCTR2)
concept has the best potential to meet the NASA technology goals. As already mentioned, tiltrotor
and tiltwing aircraft have a particular demand for different rotor speeds. For this reason, the NASA
conducted research on this topic for the LCTR2 concept, which is part of the Fundamental Aero-
nautics Program, Subsonic Rotary Wing Project. A reduction of rotor speed of 50 % was identified
as necessary. The work was carried out in cooperation with Boeing and Rolls Royce. Snyder, Robuck
etal. [19, 91, 92, 106, 132] compared engine and multi-speed gearbox technology as well as combi-
nations of both, but not continuously variable transmissions. Each concept was studied at three
technology levels: Commercial Off-The-Shelf (COTS), Entry-Into-Service (EIS) in 2025 and EIS in
2035. It was assumed that Variable-Speed Power Turbines which work efficiently at 50 % to 100 % of
the design speed will be ready for the market in the coming decades. The resulting gross mass was
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1.3. Previous approaches to achieve rotor speed variation

specified as the most important characteristic of a concept. The results did not yield a clear prefer-
ence for a single solution. A follow-up study [105] assessed the VSPT technology on Civil Tiltrotor
size and performance. Again, multi-speed gearboxes were also considered. The assumed 10 %
weight penalty for the multi-speed gearbox had much more influence on the resulting mass of the
propulsion system than the anticipated weight penalties of the different engines. However, because
of some unexpected results, the authors suggested a deeper look on VSPT technologies. Subse-
quently, detailed requirements of the LCTR2 on the turbine engines have been defined in [107] and
further studies on the design of propulsion and drive system, their sub-systems and arrangement
were carried out (cf. [90, 108, 109]). The results presented in [108] indicated, that the EIS 2035 en-
gine with a single-speed gearbox would lead to a minimum gross weight of the propulsion system.
However, the benefits compared to concepts using a two-speed gearbox are not that significant and
strongly depend on the assumptions made for the 2035 engine technology. Based on these finding,
sub-systems of the propulsion and drive system were studied and optimized in [109]. In addition,
Operational and Support (O&S) costs were evaluated. The results presented in this publication
represent the final outcome of the series of research projects carried out for the LCTR2 propulsion
and drive system. In summary, it turned out that fixed geometry VSPT EIS 2035 with two-speed
transmission yield the lowest gross mass of all studied options. However, the results strongly rely
on the assumed technical progress concerning engine weight and fuel consumption. Regarding
operational costs, the two-speed transmission provides significant advantages compared to a wide-
range speed variation. For the EIS 2035 engine with a two-speed gearbox possible arrangements
in the pod nacelle were studied in [90]. A Multi-Disciplinary Analysis and Optimization (MDAO)
approach for transmission sizing was also part of the project.

1.3.2. Blade tip drives

Driving the main rotor by means of an internal combustion engine and a transmission system is
not the only technically feasible way of propulsion. It is also possible, to use the repulsion of a
device acting on the blade tip perpendicular to blade axis. This device can be a nozzle emitting
compressed air (cold tip jets), a reaction chamber where a fuel-air mixture is combusted (hot tip
jets), ramjets, pulsejets or rockets.

Cold tip jets have been used in the Sud-Ouest Djinn and the VFW-Fokker H2 and H3. The most
famous example of a rotorcraft equipped with a hot tip jet is the WNF-342, developed by Friedrich
Doblhoff and built at the Wiener Neustiddter Flugzeugwerke during the Second World War. The
priciple and ideas to overcome some technical issues can be found in [36, 37, 38]. Another example
is the Fairey Rotodyne. The rotor of the Hiller YH-32 Hornet was driven by two ramjets. Pulsejets
and rockets have not been widely used in series rotorcraft. [49]

In principle, blade tip drives offer several benefits. The heavy transmission system can be omitted
and there is no need for a torque compensating device such as a tail or second main rotor. Also,
angular velocity of the rotor can be theoretically adapted by controlling the thrust of the tip drives.
For some reasons though, these technologies have not been pursued. A major issue with hot tip
jets and other concepts using fuel is the transport of the fuel from a tank in the fuselage —i.e., the
non-rotating system — to the rotor. Besides that, the fuel consumption is much higher than for
helicopters equipped with turboshaft engines and a transmission. Other important drawbacks are
the high noise level and the big masses at the blade tips which lead to large centrifugal forces.
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1. Introduction

1.3.3. Electric and Hybrid Electric Rotorcraft

In the last decades, the electrification of drive systems has become a big issue. To some extent
driven by environmental legislation, hybrid or even fully electric vehicles are nowadays common in
the automotive sector and their market share is still increasing. Also in other areas of applications,
such as marine propulsion or wing airplanes, these technologies have found use. Increasing power-
to-mass ratios may offer the opportunity to use hybrid electric propulsion in rotorcraft. (cf., for
example, [53, 69, 88, 130])

By varying the output speed of electric machines, which is usually done by a frequency inverter,
hybrid electric drive technologies offer the opportunity to change main rotor speed in flight. Al-
though many architectures of hybrid electric drive systems strongly affect the transmission design
and a fully electric propulsion system is comparable to adapting the angular velocity of an internal
combustion engine, these technologies have been summarized in a special section. Serial hybrid
architectures without a dedicated energy storage and electric transmissions are also included, al-
though they pose no hybrid technologies in a strict sense.! The reason is, that all of these concepts
use the same technology to vary the rotor speed and all of them face similar problems, which pre-
vent a implementation with state-of-the-art technology.

Several patents and publications are a proof of the research and development activities on hybrid
electric propulsion for rotorcraft. The following examples make no claim to be a comprehensive
summary of the developments.

A good overview of different possible approaches is given in [69]. This study concludes that
although so-called microhybrids with an electric power of about 50 kW as emergency electric power
sources are feasible with state-of-the-art electric drive technology, the additional mass still poses
a major disadvantage. Especially under economic considerations, the drawbacks outweigh the
benefits clearly. For hybrid architectures requiring more electric power significant progress is
needed in electric machine technology and especially in the field of electric energy storages.

The NASA also dealt with different kinds of more electric propulsion systems for rotorcraft. A
summary is given in [104]. The findings were similar to the ones of [69]. Technology projection
lead to the expectation that within 15 years (that would be in 2030) only small helicopters could be
equipped with electric propulsion. It is predicted, that in 2045, these helicopters will obtain similar
performance as the baseline small helicopters.

Airbus Group took out several patents [116, 117, 118] for a hybrid drive for rotorcraft. The inventi-
ons include electric machines directly driving the main and tail rotors. For these drives, low-inertia
electric motors shall be used. A possible design has been disclosed in [65]. Besides a thermal en-
gine driving a generator and a battery as electro-chemical energy storage, the helicopter disclosed
in one of the patents has also a fuel cell. Battery and fuel cell are intended to provide the whole
power required in take-off and landing whilst the thermal engine is in idle operation during these
manoeuvres. The system is intended to reduce noise emission near heliports. Besides that, the
possibility to increase the efficiency of main and tail rotor is explicitly underlined. However, to the
present day it has not been implemented by Airbus Helicopters in a series rotorcraft.

A promising application for electric drive technology is the tail rotor. Because of the lower de-
mand of power, it is probably easier to implement. Information on this field of development can

1As a consequence, a Compound-Split with an electric variator falls into this group whilst the Compound-Split with
hydraulic variator is considered a transmission technology.
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1.3. Previous approaches to achieve rotor speed variation

be found, for example, in [21, 41, 68, 115]. However, no electric tail rotor has been implemented to
a series helicopter by now.

A serial hybrid drive for Unmanned Aerial Vehicles (UAVs) has been invented by SWISS UAV
GmbH [76]. Another concept for a hybrid propulsion system has been published in [93]. A study
on possible applications of High Temperature Superconductor (HTS) technology in aircraft propul-
sion systems is described in [64]. Detailed considerations on the electric system in a hybrid electric
rotorcraft can be found [54].

This short summary is not intended to provide a comprehensive overview of the field of (more)
electric drive technology in rotorcraft applications, but points out some main development trends.
What they all have in common is, that with state-of-the-art technologies no economically competi-
tive series helicopter can be build. The main challenges are the power density of electric machines
and especially the poor energy density of batteries. Furthermore, the cooling of the electric sys-
tem raises technical issues which still have to be solved. If the electric drive system is intended
to vary the rotor speed, the rotorcraft has to be equipped with heavy frequency inverters, which
further increases the empty weight and raises additional questions concerning cooling and reliabi-
lity. However, the continued research and development in the field of hybrid electric vehicles and
future environmental legislation may lead to the realization of (more) electric helicopters.

1.3.4. Drivetrain solutions

The last approach to obtain a variable rotor speed which will be discussed in this introduction is the
field of drivetrains. As already mentioned, the classification of research work to one of the sections
is arbitrary to some extent. For example, the work on the LCTR2 [19, 90, 91, 92, 105, 106, 107, 108,
109, 132] always included single- and two-speed transmissions and has already been discussed in
section 1.3.1. Also, hybrid electric powertrains usually affect the design of the drivetrain. However,
in this section developments, which vary the rotor speed by making use of mechanical principles
will be discussed. A comprehensive analysis on these concepts can also be found in [24, 84]. These
studies also included different mechanical principles; such as chain gears, friction and belt drives;
which are clearly unsuitable to transmit power in the scale of a helicopter powertrain. These sys-
tems will not be discussed in detail here, but it is concentrated on developments expressly made
for rotorcraft. Studies on the influence of using different types of transmissions on a rotorcraft with
variable rotor speed can be found in [47, 70, 71].

Besides the studies carried out for the LCTR2, which have already been discussed, the NASA
searched several technologies to obtain a variable rotor speed (cf. [112, 113]). These included
dual-clutch and power-split transmissions (including a variator with a toroidal friction concept).
The authors recommended an Inline Two-Speed With Double Star/Idler Reversing Stage and the
so-called Offset Compound Gear, patented in [114], as promising concepts for future research on
two-speed transmissions. If a continuously variable transmission should be required, a Planetary
Differential With Variable Controlled Ring Gear was assessed as the simplest and most viable solu-
tion. The concepts derived in these studies were tested and the results were published in [61, 62].
The reasons which lead the author of the thesis in hand to choose a more complicated variant of
power-split transmission, the so-called Compound-Split, will be explained in chapter 2. Further
information can be found in [82, 83, 84]. The idea has been adopted by Amri et al. [22, 23].
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1. Introduction

A lot of additional published and patented designs of variable speed gearboxes for helicopters
are based on the principles of epicyclic gearing, for example, [20, 26, 75]. A totally different ap-
proach was chosen by E Buysschaert et al. [29, 30, 31]. They studied the use of a Ljungstrém turbine
to drive a coaxial rotor. This development was not primarily intended to enable a variable rotor
speed but is capable to do so and poses an unconventional approach to helicopter drivetrains.

Litt et al. [63] studied a sequential shifting algorithm for the control of a rotor with variable speed,
but still a lot of work has to be done in this field before the first series helicopter equipped with the
variable speed technology is ready for market.

1.4. Aim of the thesis

Alot of different ideas to realize a variable main rotor speed in various types of aircraft have been
searched and Misté already studied the influence on the UH-60’s powertrain including engines,
rotors and a basic model of the transmission system. However, a detailed dynamic simulation of
the propulsion system based on a sufficiently detailed model of the drivetrain has not yet been
carried out. Therefore, the main objectives of this thesis, which are reflected by its structure, can
be summarized as follows:

I A comprehensive summary of the basics of epicyclic gearing and power-split transmissions
shall be given. Based on this, a set of equations determining the operation of different
Compound-Split architectures shall be derived.

II With the fundamentals worked out in part I, the most promising architecture of a drive-
train containing one or more Compound-Split modules for the UH-60 shall be derived. In
preparation for part 111, a sufficiently detailed design of the specified transmission system,
including the variator, shall be developed.

III To show the feasibility of the derived transmission system, a dynamic simulation of the
powertrain shall be performed.

IV Safety and certification aspects play a major role in aviation. A transmission design which
theoretically enables a variable rotor speed but does not fulfil basic requirements on relia-
bility would not be an option for use in rotorcraft. This part of the thesis is dedicated to the
discussion of these aspects.

Some of the research questions have been studied by the author in previous publications [82, 83,
84]. If information is taken from there — adapted or not — it is emphasized in the text.

Although a wide range of topics has been addressed in the research presented in this thesis, a
lot of scientific and engineering work remains to be done. All parts of the powertrain need to be
tailored for the application, before a series helicopter is ready for market. Rotor tolerant to a wide
range of excitation frequencies, sufficiently efficient and reliable hydraulic machines as well as a
mechanical drivetrain capable of fulfilling the requirements of rotorcraft operation still have to be
developed, designed and tested.
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2. Basics of epicyclic gearing and power-split
transmissions

In this chapter a short overview of the field of epicyclic gearing is given and the basic equations
are stated. Furthermore, the principles of power-split transmissions are described. Based on these
foundations, the formulae will be abstracted in the following chapter in order to obtain a system of
equations suitable for finding solutions of problems in the field of drive technology.

2.1. Principles and basic equations

2.1.1. Planetary gear sets

It shall be started with the description of the well-known Planetary Gear Set (PGS) consisting of
three shafts and three different types of spur or helical gears. The term "planetary" will be only used
for this kind of gear set, the general case will be referred to as "epicyclic". The three shafts are denot-
ed by indices 1,2 and C. The different types of gears which can be found in planetary gear sets are
sun (shaft 1), ring (shaft 2) and planet gears (pivoted on carrier shaft C). One sun and one ring gear
are combined with at least one (but usually more than two) planet gear(s). A typical arrangement
is depicted in figure 2.1 The planetary ratio iy is defined by the famous Willis' equation:

. w1 W] —wc
I12:=— =—, (2.1)
W2 |y,=0 W2—WC

where w,, w» and wc denote the angular velocities of the respective shafts. For gears, the planetary
ratio iy is the ratio of the numbers of teeth of sun and ring gear resp. the ratio of the working
pitch diameter of the ring gear to the one of the sun gear. The range of the planetary ratio i}, of a
planetary gear set as depicted in figure 2.1 is limited. By the very principle, i;2» < —1 applies. Due to
limitations in design and manufacturing of spur and helical gears, this range is further narrowed.
In [77, p. 27] arange of i}, € [-11.3,—1.2] specified. The basic ratio of the angular speeds w; and w,
in general operation conditions —i.e., wc # 0 — is denoted k;» and defined as

k]g = ﬂ (2.2)
w2

Apparently, k;» = i12 applies for w¢ = 0.

1Robert Willis (1800-1875), English academic
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2. Basics of epicyclic gearing and power-split transmissions

Analogous to definition (2.1), the planetary ratios can be defined as the ratio of the rotational
speeds of two arbitrary shafts when the third one stands still (cf. [77, Arbeitsblatt 1]):

. w2 w2—wc 1

Ip] i=— =—=— (2.3)
W1lpe=0 W1—WC Il12

. w1 W] — W2 .

lic:=— =——=1-ip (2.4)
wc w>=0 wc —w2

; _wc _wc—wp2 1 1 2.5)

c1i=— === - .
W1 |y,=0 W1—wW2 Gic l-ip2

. w2 w2 — W1 1

laci=— =—=1-— (2.6)
WC|y,=0 WC—W1 112

;v _wc—wy 1 i ©.7)

c2i=— === . .
W2 [y=0 W2—w1 I2c l12—1

Obviously, the six train ratios form three pairs of reciprocal values, each representing the same
planetary gear set defined by iy,. The respective basic ratios can be easily defined analogous to
(2.2) (cf. [77, Arbeitsblatt 1]).

shaft 2

. shaft C

Figure 2.1.: Typical arrangement of a planetary gear set

2.1.2. Epicyclic gear sets

Epicyclic Gear Sets (EGSs) pose a generalization of planetary gear sets. The principal layout of an
EGS with three shafts a, b and c is depicted in figure 2.2. Its epicyclic ratio i ,p. of an EGS with shafts
a,b and c can be defined as

wa wa - wc

ipei=al  —%a” % 2.8)
wp we=0 Wp— W
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2.1. Principles and basic equations

The shafts can be — but are not restricted to — the three shafts of a planetary gear set. Analogous
to (2.3), igchs Ibac» ipcar icab, and icp, can be defined. If the actual designation of the shafts does
not matter or follows from the context, iy will be used for the epicyclic ratio. For the general
considerations on one EGS, iy will be identified with i,;.. Of course, the respective basic ratio ky is

C

a b

Figure 2.2.: Principal layout of an epicyclic gear set

o :=—2. 2.9
Wp

The epicyclic ratio iy is an extension of (2.1), which takes different installation positions of planetary
gear sets—e.g, ring gear as input and carrier shaft as output —into account but also includes epicyclic
gear sets consisting of bevel gears or stepped planetary gears. Different to iy», iy can be any real
number. The epicyclic ratio is useful to study and compare different drivetrain architectures, but
for the final design proposed later is this thesis, only planetary gear sets shall be used. The reason
for this is, that planetary gears are widely used in rotorcraft transmissions and there are proven
solutions for a multitude of design problems, which will be an advantage in the certification process.
For this reason, a mapping from i, to i), is needed. For i;» < —1 even a one-to-one mapping can
be defined (cf. [77, pp. 35 & 249]):

io -0 <= -1 (ip =112)
1/1y -1 <ip=s O (ip = i21)
ot ={ 0 <h= : o =tc) (2.10)
io/ (ip—1) 3 <ip=s 1 (ig=ic2)
1/ (1—1p) 1 <ig=s 2 (io = i2¢)
1-1iy 2 <ips oo (ip=11¢)-

For the final planetary ratios, the discussed limitations of i}, have to be considered.

2.1.3. Kinematics of epicyclic gear sets

As a consequence of (2.8), an epicyclic gear set has two kinematic Degrees Of Freedom (DOFs), i.e.,
the angular velocity of two of the three shafts can be chosen independently, determining the speed

13
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2. Basics of epicyclic gearing and power-split transmissions

of the third. In this thesis, shaft a will be identified with the input shaft of a transmission system
and b with the output shaft. Indices c and d will refer to shafts which are connected to some kind
of machine able to control their angular velocity. Therefore, w;, will be regarded as the dependent
variable (in a mathematical sense):

_ wa+(ip— 1w,

W 2.11)
1o

2.1.4. Torque and power
Angular velocity w, torque Q and power P of a rotating shaft are interconnected via

P=Quw. (2.12)
If the efficiency of gear meshes is neglected,

Y Qi=0 (2.13)

i€{a,b,c}
and
ie{a,b,c} ie{a,b,c}

have to be fulfilled. Therefore, the ratios between the torques at the three shafts are given by
Qa:Qp:Qc=1:~ip:ip—1. (2.15)

This means, that an epicyclic gear set has one static degree of freedom, i.e., in states of balance, one
torque can be chosen independently and the other two are determined by (2.15). The description
of torques and powers of lossy meshes in general cases is possible but tedious and will not be
discussed here. When describing the efficiency of the chosen drivetrain architecture for the UH-60,
the efficiency of the used planetary gear sets will be discussed there. For a more general survey of
the topic it is referred to [77, p. 59. sqq.].

2.2. Power-Split Transmissions

Epicyclic gear sets can be used to build up so-called Power-Split Transmissions (PSTs). In a trans-
mission system of this kind the power provided by the main (thermal) engine is split into a mech-
anical and a so-called variator path. The latter can consist of two electric or hydraulic machines
and the related system. Although this technology is widely used in Hybrid Electric Vehicles (HEVs),
no energy storage such as a battery or a hydraulic accumulator is needed and thus the drivetrain
can be operated as a Continuously Variable Transmission (CVT). Because of the high powers in-
volved in a rotorcraft transmission system and the resulting weight of energy storages, this thesis
will focus on the CVT case, i.e., without additional energy storage. Three main types of power-split
transmissions can be distinguished: Output-Split (OS), Input-Split (IS) and Compound-Split (CS).
In addition, transmission systems comprising more than two epicyclic gear sets are possible. The
difference between the three main types is the connection of the variator machines to the mechan-
ical path. In Output- and Input-split transmissions, one machine is connected to the mechanical

14
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2.2. Power-Split Transmissions

path by a gear train with constant ratio and the other by an epicyclic gear set. Input-Split means
that the whole engine power is split into mechanical and variator power in the epicyclic gear set
and brought together again via a fixed-ratio gear stage. In Output-Split transmissions it is just the
other way around. In difference, Compound-Split transmissions use two nested epicyclic gear sets
connected to the variator machines. All three main types of power-split tranmsisions have two
kinematic degrees of freedom. [53, 88]

Since the efficiency of the variator path is usually lower than the one of mechanical transmis-
sion, the portion of propulsion power transmitted in the variator path has a strong influence on
drivetrain efficiency. Therefore, the factor € as the ratio of variator power Py, to input power Pjj, is
introduced (cf. [53, p. 39]):

. Pyyr
E= .
Pin

(2.16)

2.2.1. Output-Split

The detailed description of the three most important types of power-split transmissions will start
with the Output-Split. It will also be used for describing the principles of power-split transmissions
in general.

In figure 2.3 the layout of an Output-Split transmission system is depicted. Only the parts ne-
cessary to build up such a system are considered. In general, a drivetrain can contain additional
gear stages, shafts and clutches. On the left-hand side of figure 2.3, the input power from the en-
gine(s) is supplied via shaft a. A portion of power is the taken off by a fixed-ratio gear stage and
transmitted to one of the machines of the variator. This machine is depicted as hydraulic pump but
could also be an electric generator. Here the mechanical power is transformed into hydraulic power
which is transmitted to a second machine, a hydraulic or electric motor. The power is converted
back to torque and angular velocity and transmitted to an epicyclic gear set with epicyclic ratio
ip. Here the power from the variator and the remaining mechanical power on shaft a are brought
together again and the output power Py is further transmitted to the driven machine(s). As will
be explained later, the operation modes of the variator machines —i.e., pump or motor — can be
interchanged, but this operation condition is not desirable.

To be able to use an additional source of power, an energy storage device could be added to the
variator path. Due to the high masses expected for these devices they will not be used in this thesis.

To vary the output speed of the Output-Split transmission system, the speed of the engine and
the one of the hydraulic/electric motor can be adapted. To illustrate the characteristics of an
Output-Split, angular speeds, torques and powers are calculated using equations (2.11) to (2.16),
epicyclic ratios from 0.2 to 5.0 and basic ratios kp € [% io, 1.5ip]. As will be explained later, it is very
important, the range of k( includes the epicyclic ratio iy. It was chosen because according to [46],
a transmission spread @, i.e., the ratio of maximum and minimum output speed, of 1.5 is desirable
for the UH-60 helicopter. In principle, the range of ky/iy can be extended to negative values, which
can be used as reverse gear in hybrid electric vehicles. However, for rotorcraft a reversal of the
sense of rotation is not needed. Since on both axes transmission ratios are plotted, the axes are
scaled logarithmically so that sections of equal length refer to the same multiple of transmission

15
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variator

[""="==ssscc===a

Figure 2.3.: Principal layout of an Output-Split transmission

ratio. Where applicable, the results are normalized to the input quantities wiy, Qin and Pjy. In
figure 2.4 (a), the relative angular velocity of shaft b is depicted. It is given by

Wq

= k—o. (2.17)

wp
For epicyclic ratios near 1.0 and the given range of kj, the Output-Split transmission can reduce as
well as increase the input speed. Values of iy below 1.0 generally lead to increased output speed
whilst such above 1.0 reduce the input speed. Since for rotorcraft drivetrains an increase of speed
is not of interest, values of i larger than 1.0 are advantageous.
Subfigure (b) shows the angular velocity of shaft ¢ in accordance with
_d
ko
“1—iy”

We=w (2.18)
For ip = 1.0 and ko # 1.0, o, has a singularity and near these values angular velocities with high
absolute values occur. However, there are wide ranges where w. has speeds below the input speed
wg4. For ky = iy, shaft ¢ stands still. As will be explained later, this is a very desirable operation
condition of the OS transmission system.

The following three subfigures (c), (d) and (f) depict the torques of the three shafts a, b and ¢
which act on the EGS. They are calculated by

Qa:_g.2 ZEQE
lg loWg
P; Pin ki
Qy=—— S L 2.19)
wp Wq
. (io—1) Pin k
Qe=(ip-1)Q =———"102
loWg

These equations are based on the assumption that no losses occur, i.e., P, = —Pqyt. Apparently, Qg
is input torque times ky/iy. At ko/ip = 1, the whole input torque — and therefore the whole input
power — is transmitted to the epicyclic gear set via shaft a. Since P, = —Poy, the plot of Q in

16
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2. Basics of epicyclic gearing and power-split transmissions

subfigure (d) is the inverse of the plot of wj, in subfigure (a) and therefore the similar assertions
apply. From (2.19) and (e) it can be seen that Q. = 0 for iy = 1. However, at these epicyclic ratios
the angular velocity w. has a singularity and goes towards infinite.

A very important characteristic of the Output-Split transmission is the ratio between the power to
be transmitted via the variator path and the total propulsive power provided by the engine. The
formulae already given yields

Pe_Qeoe_; ko 2.20)

Pin  Pin lo
The results are plotted in figure 2.4 (f). For kq/iy = 1, shaft ¢ stands still and therefore no power is
transmitted via the variator path. Since the whole propulsion power is transmitted mechanically,
this transmission ratio is called a Mechanical point (MP) ©. The operation is highly efficient, which
is the reason why the range of transmission ratios ky ought to include iy. Below iy = 1.0, P, is
positive whilst above these values it is of negative sign. This means that in the first case power is
supplied to the EGS by shaft ¢ and in the second case it is taken off. Referring to figure 2.3, this
means that for ky/iy > 1.0, the direction of power flow in the variator changes and that the mo-
tor works as a pump and vice versa. With (2.19) and figure 2.4 (c) it can be seen that the power
at shaft a, P, = Q,w,, becomes larger than the input power in these operation conditions. Ac-
cordingly, power is circulating in the transmission system. Since the circulating power does not
contribute to driving shaft b and the connected machines but causes losses, these operation con-
ditions have to be avoided. Different to hybrid electric vehicles, which are operated in a range with
circulating power (cf. [53, p. 39]), it shall be avoided in rotorcraft. The maximum value of ¢ in this
case is 0.33, i.e., one third of the propulsive power is transmitted via the variator path. If circulating
power flow is permissible, a range of ky from 0.8 to 1.2 would yield a maximum absolute value of
€=0.2.

Of course, the range of iy in figure 2.4 can be extended to negative values. It follows from (2.17) that
negative values of iy will yield output speeds with negative sign but the same absolute values as in
figure 2.4 (a). This also applies for Q. Q. and € only depend on ky/ip but not on iy explicitly. In
contrast, w. and Q. are strongly influenced by negative epicyclic ratios. As can be seen from (2.18),
the absolute value of w, is smaller for —|iy| than for |iy|. The effect is just inverse for the torque Q,,
whose absolute value is greater. For iy < —1, Q. is the highest torque at the EGS for the given range
of ky. Therefore, this range will be excluded in this thesis.

2.2.2. Input-Split

The second type of power-split transmission is the Input-Split sketched in figure 2.5. In some sense,
the arrangement of the Output-Split is mirrored. Shaft a transmits the propulsive power to the
epicyclic gear set, where it is split into one portion which flows directly to the output shaft b and
one supplied to the pump/generator of the variator by shaft c. After being transformed in the
variator the latter is transferred to shaft b via a fixed-ratio gear stage.
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2.2. Power-Split Transmissions

variator

Rttt |

Figure 2.5.: Principal layout of an Input-Split transmission

When efficiency is neglected, the following formulae apply:

w
Qa = Qin wb:%ﬁ
0
_l
Qp=—10Qin We=wWgq ].CO (2.21)
l—m
. lo
Qc = (ip—1) Qin e=——1.
ko

Apparently, the angular velocities are the same as for the Output-Split and the torques are inde-
pendent of the basic ratio k. As for the OS, € does not depend on i, explicitly but on the ratio
ko/ig. For ip € [0.2,5] and kg € [% ip, 1.5 io], the resulting values of the torques and ¢ are depicted in
figure 2.6. The torque at shaft a is the input torque for all epicyclic ratios. At iy = 0.5 the torques Qy
and Q. are the same. For ratios below this value, Q. is the torque with the biggest absolute value
and for iy > 0.5 it is Qp. In difference to the OS, circulating power flow occurs for negative values of
€. From figure 2.6 (b) it can be seen that circulating power flow occurs for ky < ip. The maximum
absolute value of ¢ is 0.33 if this is not permissible and 0.2 for kg € [% i, % io] ~[0.83iy,1.25iy]. The
Input-Split has one mechanical point at ky = ip. At this basic ratio shaft ¢ stands still and no power
is transmitted via the variator path.
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2. Basics of epicyclic gearing and power-split transmissions
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Figure 2.6.: Quantities for Input-Split transmissions

2.2.3. Compound-Split

The main drawback of Output- and Input-Split transmissions is the poor efficiency when operated
at transmission ratios far off the mechanical point. One possibility to improve this characteristic is
the use of a second epicyclic gear set with a different epicyclic ratio. If appropriately connected, the
two epicyclic gear sets yield a transmission system with two kinematic degrees of freedom and two
mechanical points. This type of power-split transmission is called Compound-Split. The principle
is used in hybrid electric vehicles, as CVT in ships and in aircraft to provide constant input speed to
electrical generators. In the latter case, the transmission is known as Constant Speed Drive (CSD)
and is part of the so-called Integrated Drive Generator (IDG).

The four possible arrangements are depicted in figure 2.7. As for OS and IS, the input power is
supplied to shaft a and the output is connected to b. In Arrangement A, the input power is split
at shaft a. This can be achieved by a being a shaft (sun, ring, carrier) of each EGS or by means
of additional fixed-ratio gear stages. Since a Compound-Split transmission comprises two EGS, a
distinction between them has to be introduced. They shall be referred to according to (2.8). The
shaft c of the EGS i,y is connected to one machine of the variator (depicted as hydraulic pump)
and d is driven by the other. When shaft ¢ stands still, there is no power supply to the variator
system and since there is no energy storage available, no torque from the motor acts on shaft d.
The same applies when shaft d stands still. The corresponding basic ratios ky := Z_Z are the two
mechanical points ©; and 0, of the CS transmission, i.e.,

w Wg—wW w Wg—wW
Q=4 e g4 _Ta%d (2.22)
Wply.=0 Wp—Wc Wply,=0 Wp—Wq

At shaft b the power is brought together again and further transmitted to the driven machines.
The working principle is the same for the other three arrangements B, C and D. In all of them two
shafts of each EGS are coupled which leads to two DOFs. They also have two MPs each. In the
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(a) Arrangement A

(c) Arrangement C

2.2. Power-Split Transmissions

(b) Arrangement B

(d) Arrangement D

Figure 2.7.: Principal layout of Compound-Split transmissions

four arrangements four different epicyclic ratios i,pc, iabd, iadc and icpg occur. Their values can be

determined with (2.22):

labc ‘=

labd :

ladc =

lcha :

Wq
wp

wp
Wq

Wq

Wp

Wg— W e
Wp— g 1,
wp—wWgqg ’
Wa=0: _01(1-0y) (2.23)
Wg—We @1 - @2 ’
We—Wgq @1 —@2
wWp— Wy 0,-1 '
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2. Basics of epicyclic gearing and power-split transmissions

Furthermore, the kinematics of all four CS arrangements is the same and given by

Wq
wp=—
b kO
We=wg > (2.24)
c 1-0, .
A
wg=w K
d a 1-0, .
The conditions
Y. Qj=0
jela,b,c,d}
Pa+ Py =Qawa+Qpwp=0 (6-23)
Pc+Py=Qcwc+Quuwg=0
and equation (2.24) yield the following formulae for the torques:
Qa = Qin
Qb = _kO Qin
k() -0,
=0 (07 —1 (2.26)
Q¢ =Qin (0 )@1—92
CIE ko
=0in (0, —1 .
Qd an( 2 )®l_®2

In contrast to Output- and Input-Split, the torques Q, and Q, denote the input and output torques
of the Compound-Split transmission and not the portion acting on one of the epicyclic gear sets.
Because of the different epicyclic ratios according to (2.23), the latter depend on the CS arrange-
ment and can be calculated from Q. resp. Q4 by (2.15). With equations (2.24) and (2.26) the powers
at shafts c and d are given by

(01 — ko) (ko — ©2)

P, =P,
M k(01 -0y) 2.27)

P;=-P,.
Depending on the mechanical points, the variator machine acting on shaft c is a pump or a motor:

>0 (motor) [0;]>]0,],
P (ko) = (2.28)
<0 (pump) [0;]|<[Oy].

Withoutloss of generality, the variator machine acting on ¢ will be considered as a pump hereinafter.
In the discussion of the flow of circulating power in the mechanical path, the advantage of this
definition will become apparent. Furthermore, only positive values of ®; and ©; will be considered
to limit the torque acting on shafts ¢ and d.

With P, € can be calculated by

5_&—@1_'“0)(’60‘92)_(1_15_?)(5—?—8—?)
" Pn ko©1-0y) "0(1_&) :

h G|

(2.29)
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2.2. Power-Split Transmissions

With the assumptions made for ®; and 0,, the following statements apply:

<0 for ko €101,0,[
& >0 for ko Z[01,0,], ko >0 (2.30)
=0 for k0€{®1,®2}.

This means that no circulating power flow occurs for basic ratios between the mechanical points.
Furthermore, |e| (kp) has a single extreme value of

(2.31)

at kyp = /01 0,. The function ¢ (log(.)), restricted to the domain of the log function, is symmetric
with respect to this value, i.e.,

€ (log(@) +log(x)) =¢ (log(@x)) =€ (log(%)) = (log(@) —log(x)).

(2.32)

Consequently,

(2.33)

e(ko):e(glgz)

0
applies for ky > 0. Since the absolute value of |g|yax increases with the ratio 8—?, the mechanical
points must be set ©, = ®©; when the CS shall be operated with a transmission spread of @,

without circulating power flow and a minimum of |e|yax. For ® = 1.5, this yields |€|max = 0.101. If
circulating power flow is permitted and a minimum of |e|yayx is desired, i.e.,

!
kO,max =0 kO,min

0
9_? -1 1 ‘ (G)l - kO,min) (kO,min - 82)
/% +1 kO,min (01 -02) (2.34)
0
o ! i ‘ (©1 — ko,max) (ko,max — ©2)
/82 41 ko,max (©1 — ©2) ’
0,
this value can be significantly reduced. Solving (2.34) for ® = 1.5 yields
@1 =~ 1.06 ko
0, =141k (2.35)
|€lmax = 0.0716.

Although the ¢ value is significantly lower if circulating power flow is permitted, this thesis fo-
cusses on the case of basic ratios between the mechanical points. The main reason is that the
four-quadrant operation of hydraulic motors, which will be used in the variator, raises issues lea-
ding beyond the scope of this thesis.
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2. Basics of epicyclic gearing and power-split transmissions

Besides the power circulation in the CS transmission if operated at basic ratios outside the in-
terval between the mechanical points, power circulating in the mechanical path only can occur
(cf. [77, p. 146 sqq.] ). According to [77, p. 251], the shaft of an EGS transmitting maximum power
can be determined depending on the epicyclic ratio and the basic ratio. The information presented
there was adapted for a Compound-Split transmission in arrangement A and is summarized in
table 2.1. In the first column the range of the two epicyclic ratios i, and i,p4 (equivalent to the

. . |P|max Of EGS | |Plmax of EGS
labe) labd kO . . Remark
iape at shaft iapa at shaft
ko <0 c d circ. power flow
. . 0<ko<igpe b b circ. power flow
O<igpe<igpa<l1 . . .
Labe < ko < igpa a b no circ. power flow
labd < ko a a circ. power flow
ko <0 c d circ. power flow
. . 0<ky<igpe b b circ. power flow
O0<igpec<1<igpd . . .
Labe < ko < igpa a b no circ. power flow
iabd < ko a a circ. power flow
ko <0 c d circ. power flow
. . 0<ky<igpe b b circ. power flow
1 <igpc <laba . : ;
Labe < ko < igpa a b no circ. power flow
iabd < ko a a circ. power flow

Table 2.1.: Operating ranges and shafts transmitting the maximum absolute value of power (cf. [77, p. 251])

two mechanical points ©; and ®;) can be found. The ratio between them was chosen so that with
equations (2.27) and (2.28), the machine acting on shaft c is the pump/generator for ky € [01,0>].
Furthermore, only positive mechanical points were studied. In the second column the different
cases of ko = kg, are listed. Since the focus is on the shaft transmitting the maximum power and
not on efficiency etc. or distribution of power, some cases listed in [77] were omitted. The following
two columns contain the designation of the shaft transmitting the maximum power for both of the
epicyclic gear sets. In three-shaft-operation, the power of two shafts are of the same sign whilst
the power transmitted via the third shaft is of the different one. Since the sum of the three powers
has to be zero, the latter is transmitting the maximum absolute value of power. To avoid flow of
circulating power, this should be shaft a for the EGS connected to the pump/generator and shaft b
for the EGS connected to the motor. It can be found that for ky € [0, 0], no power flow occurs for
any considered combination of i,j. and i,;,4. The flow of idle power for basic ratios outside this
interval has been discussed previously.

So far, these findings are only valid for arrangement A, but they can be easily extended to the
other three arrangements. With figure 2.7 and equations (2.23), it can be understood, that the
third column of table 2.1 is also valid for arrangement D and the fourth column is also valid for
arrangement C. Turning to the latter, it can be seen that if the shaft transmitting maximum power
is not b for i,p4, this means that either a or d do not supply power to EGS i,,4 but take power off.
If ky is restricted to [0}, 0,] — otherwise circulating power occurs anyway —, the machine acting
on d is the motor. Also, the input power supplied to shaft a is positive. As a consequence of a or
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2.2. Power-Split Transmissions

d taking off power from i,4, either a supplies a greater power than Pj, to EGS i 4. or d supplies
power to it instead of taking off. In both cases a flow of circulating power occurs. Therefore, b
not being the shaft transmitting the maximum power of EGS i,4 (ko € [©1,0-]) leads to a flow of
idle power in EGS i,4.. Using the same line of argumentation, it is concluded that a not being the
shaft transmitting the maximum power of EGS i, (ko € [01,0;]) leads to a flow of idle power in
EGS i pq. Since the occurrence of the flow of circulating power only depends on the basic ratio
ko and the mechanical points ®; and ©,, it can be concluded that it occurs in arrangement B if
either i,p. or i,p4 fulfil the conditions. This means, that i, fulfilling the condition leads to i.p4
being affected by circulating power which further leads to i, being affected by circulating power
and finally, 7,34 is also affected. This also works the other way around: i;pq5 — ig4c — ichd — Tabe-
Therefore, the flow of circulating power occurs for all or none of the four arrangements and, as
explained previously, does not occur for sgn(®;) = sgn(0,), ©; <0, and kj € [01,0,].

In figure 2.8 the main quantities at a Compound-Split transmission in dependence of the mechan-
ical point ©; and é—‘i € [1,1.5] are depicted. Due to the definition of wy, it is the same as for Output-
and Input-Split. The angular velocities at the variator shafts, w. and wg4, depicted in 2.8 (b) and (c)
also have the characteristics shown in figure 2.4 (b). Subfigures 2.8 (d) and (e) present the torques
at the two variator shafts. These differ strongly from the ones for OS and IS, which leads to lower
powers in the variator path of the CS. The resulting ratio ¢ is depicted in Subfigure 2.8 (f). Clearly
visible, its value is zero at the two mechanical points and has its minimum at the geometric mean
of them. Also, the value of |¢|max = 0.1 can be read off.
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2.2. Power-Split Transmissions

2.2.4. Summary of Power-Split transmissions

In the previous sections the properties of the three most important architectures of power-split
transmissions — Output-, Input- and Compound-Split — were described and compared. It was
shown that the Compound-Split offers the opportunity to obtain a given transmission spread with
a smaller portion of propulsive power to be transmitted via the less efficient variator path. The
four different arrangements of a CS transmission system were described, and it was shown, that
they are identical with respect to their kinematic properties. An important finding was that for
sgn(0®;) =sgn(0,), ®; < O, and ko € [01,0,] no flow of idle power occurs for any arrangement. As
a result of all of this, it is decided to analyse the possibilities of a CS transmission in rotorcraft in
detail.
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3. Basic Architecture

This chapter deals with the definition of the principal layout of a rotorcraft transmission system
containing one or more Compound-Split modules. Parts of the information presented have been
published in [83].

3.1. The UH-60’s transmission system

The Sikorsky UH-60 Black Hawk is a medium-lift, twin-engine Utility Helicopter (UH) developed
and manufactured by Sikorsky Aircraft Corporation [119]. It is well-studied and therefore was cho-
sen as a basis for showing the feasibility of a helicopter with a continuously variable transmission
system.

The basic structure of the UH-60’s transmission system as found in [120] is depicted in figure 3.1.
The rotors and accessories are driven by two General Electrics (GE) T700 Turboshaft Engines (TSEs)
rotating at 20900 RPM, each providing 1543 SHP (1151 kW) of intermediate power (cf. [121]). In
the two input modules, the speed is reduced to 5750 RPM by a bevel gear stage. The bevel gear is
connected to a shaft (red) connecting input module and main gearbox (MGB) via a free-wheeling
unit. This shaft is also driving the accessories (not depicted in figure 3.1) and further leads into
the main gearbox, where the powers of both turboshaft engines are brought together and speed
is further reduced to 1207 RPM! by a bevel gear stage. From the output shaft of this stage the tail
rotor (TR) drive (green) goes off and the main rotor (MR) power is transmitted into a planetary gear
stage, the output shaft (carrier) of which is the main rotor shaft rotating at 258 RPM. The tail rotor
power is further transmitted to the tail rotor via an intermediate gearbox and the tail gearbox.

3.2. Possible drivetrain architectures

There are virtually unlimited possibilities to implement a Compound-Split module as part of the
UH-60’s transmission system. To limit the possible drivetrain architectures, three constraints are
imposed in this work:

1. For constant power consumption, a reduction of the main rotor RPM leads to increased
torque and therefore to a higher power demand of the tail rotor. In [39] three different cases
were examined:

a. Constant ratio of main and tail rotor speeds (TR following MR speed variation)
b. Continuously variable tail rotor speed (independent of MR)

c. Constant tail rotor speed

11n [83, p. 20] the rotational speed of the connecting bevel gear resp. the sun gear is erroneously stated to be 1270 RPM.
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3. Basic Architecture

free wh. unit
5750 RPM

20900 RPM

T700 T700

Figure 3.1.: Layout of UH-60 transmission system (based on [120])

It is shown, that in the first case for low main rotor speed (~ 80 % of the nominal speed)
the tail rotor is not able to balance the MR torque in all flight conditions any more. Since
the implementation of a continuously variable tail rotor speed is possible — with the same
solution as for the main rotor — but entails further technical effort and safety issues, it is
decided to restrict further analysis on tail rotors with constant speed. This means that the
tail rotor power has to be taken off before the transmission ratio is varied.

2. A continuously variable helicopter transmission system will still need a device to decouple an
engine from the rotors in case of failure of this engine. Since free-wheeling units are complex
components, changes in the design also imply technical and safety issues. This is beyond
the scope of this study and therefore the design of the free-wheeling unit will be kept as in
the basic UH-60 drivetrain.

3. For reasons of redundancy, the accessories (electric generators and hydraulic pumps) are
to be connected to the rotors any time. From the technical view, constant speed is a great
advantage for these machines. As a consequence, their power take-off has to be between the
free-wheeling unit and the speed variation module, i.e., the Compound-Split module.

Because of these constraints, all high-speed parts of the drivetrain, input modules, free-wheeling
units and accessories will be kept unchanged. This means that their kinematic structure, principal
design and especially rotational speed will stay the same, however, their positions may change.
Hence, two possible basic architectures for a redesign of the UH-60 transmission system are en-
visaged:
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3.3. Reliability — Decision on architecture

I. The connecting bevel gear stage and the tail rotor take-off are kept unchanged. The Com-
pound-Split module is placed in the blue part of the drivetrain in figure 3.1. For this architec-
ture, only one CS module is needed, but it has to transmit and vary the power of both engines
(minus accessories and tail rotor).

II. The connecting shaft (red in figure 3.1) is divided into input shaft a and output shaft b of the
Compound-Split module. Accessories stay where they are on shaft a, the tail rotor take-off
is moved to shaft a and the Compound-Split module is placed afterwards. This leads to two
tail rotor drives, one on each side of the transmission system, and also two Compound-Split
modules. Possible implementations of such a tail rotor drive system can be found in [60, 81].

3.3. Reliability — Decision on architecture

3.3.1. The exponential distribution

To reach a decision on which of the architectures I and II is the most promising solution for a
helicopter transmission with variable ratio, the reliability of them will be evaluated in this section.
The lifetime of technical devices with constant failure rate is distributed exponentially, i.e., the
probability density function is given by

£ = de=M >0, 3.1)
0 else ’
and the related cumulative distribution function is
1—-e M >0,
F(y) = 3.2)
0 else.

Herein A > 0 is the number of failures per time interval, usually per 10° hours. The exponential
distribution is a good approximation for matured components when teething troubles and effects
of ageing and wear are not taken into account. It will be used in the following to compare the
reliability of the two drivetrain architectures. The most important difference between the two
architectures found in the previous section is the number of Compound-Split modules. Since these
components have not been in service in helicopter propulsion so far, the focus of the reliability
analysis will be on them. For the analysis of the reliability, some assumptions are made:

1. Although, by the very principle, a Compound-Split module is an aggregate of several techni-
cal components, it is assumed that its failure rate Acg is constant, i.e., the time to failure is
distributed exponentially.

2. The failure rate A¢s is independent of the size of the system, i.e., there is no difference whet-
her it has to transmit and transform the power of two or only one engine.

3. Itis presumed that fixed ratio gear trains (comprising gears, shafts, bearings and free-wheeling
units) pose a proven solution for helicopter transmission systems and meet the certification
requirements, i.e., they have no significant influence on the reliability of a transmission archi-
tecture. This means that the decisive aspect is the reliability of the Compound-Split module.
This assumption is supported by the fact that major sections of the UH-60’s transmission
system will stay as they are.
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3. Basic Architecture

4. The lifetimes of the two CS modules of architecture II are independent exponentially distri-
buted random variables, i.e., a failure of one module does not influence the failure rate of the
other.

3.3.2. Comparison of the architectures

Based on the assumptions described in section 3.3.1, the probability of failure of the helicopter
drivetrain caused by a failure of the Compound-Split module of architecture I within ¢ hours of
operational life is

P(t)=F(t)=1—e ot (3.3)

A rating of the reliability of architecture II is more complex, because it has to be distinguished
between failures of one module resp. both modules. The probability of failure of one module is the
same as for architecture I. After a failure of one module, it will be replaced instead of continuing
operation of the rotorcraft with the remaining one. Therefore, a failure of both modules can only
occur if they fail within the time interval from the failure of the first module to the repair of the
transmission system. Since the UH-60 is a twin-engine helicopter, operation of architecture II
with a failed CS module is comparable to One-Engine-Inoperative (OEI) condition. According to
AC 29 [122], there are three different OEI ratings: 30-second, 2-minute and 30-minute. Under the
given assumptions, the probability that both of the modules, each with a operational life of ¢, fail
within a time interval At is

P(t,At) = ff faDf@)dridr,

[T1—T2|<At

t T2
_9. 2 =Acs(T1+72)
=2 /(; /(; ACSe dtdt, (3.4)

t TZ—AI 1
_2.f f Aése— cs(T1+72) dr,d7»
At JO

— 1= e AcsAt _ p=Acs2t=A1) | ,=2Acst
At present, no information on failure rates of Compound-Split modules with a hydraulic variator
in rotorcraft is available. However, under the assumption that Acg is the same for both possible
architectures, probabilities that one single resp. both modules fail in the operational life of a trans-
mission can be calculated for a range of failure rates and the results be compared. The computed
probabilities P(¢) (solid blue line) and P(t,At) (dashed blue) for t = 15000h and At = 30min as
well as the ratio of them (red) are plotted as functions of Acg in figure 3.2. In addition, the per-
missible probabilities of failure of several probability classes according to [122] are depicted as
dashed black lines. Note that different failures may lead to different effects and, therefore, Acs
must be interpreted as the portion of the total number of failures leading to a specific failure mode.
It is also important that P(t,At) is not necessarily the probability of failure of architecture II, but
the probability that both modules fail in the same way or show the same failure effect within Az.
During operation, the failure of only one CS module may also have consequences, but in general,
they are less severe than for architecture I.

Apparently, the probability of failure of one CS module is higher than the probability of two CS
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3.3. Reliability — Decision on architecture
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Figure 3.2.: Probabilities of failure of Architectures I and II

modules failing at almost the same time. P(¢, Af) meets the requirements of all failure classes for
failure rates Acs lower than 3-107! (failures per 10° hours). The ratio of the probabilities is about
2-10* for Acs = 10% and is strongly increasing for lower failure rates, reaching a value of 10° for
Acs = 1073, These results mean that it is more than 2 - 10 times more probable that architecture I
fails than it is for the alternative design II.

Although the data situation is poor, example values for hydraulic pumps in helicopters taken from
[89, p. 75] can be used as a guideline. From a source of four records and 365 pumps failed (reason
type of failure unknown) in 0.924 - 10% hours, a maximum likelihood estimator of the failure rate of
A =395.022 (60 % confidence interval: [377.544,413.448]) failures per 10° hours is quoted. Because
a failure of each hydraulic machine would lead to a failure of the CS module, this value has to be
taken twice (as an approximation), leading to A = 790.044. In this value, failures of gears, shafts or
bearings of the CS module are not yet included. This failure rate is much too high for drivetrain
components and of course is not directly applicable to hydraulic machines designed for the use in
rotorcraft transmission systems and not every failure is to be classified in the same way. In addition,
special measures (cf. [84]) may reduce the consequences of a specific type of failure and therefore
increase the permissible possibility of failure. However, it shows that the reliability of hydraulic
components is a mayor safety issue and that further efforts have to be made to reach acceptable
failure rates. As a result, architecture II offers a better chance to reach the required reliability at
reasonable cost and therefore it is chosen for further study.
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3. Basic Architecture

3.4. Planetary gear sets — Decision on Compound-Split arrangement

Besides the decision for a drivetrain architecture, the one for one of the principal Compound-Split
arrangements depicted in figure 2.7 is crucial for the final transmission design and its characteris-
tics. To be able to compare the different arrangements, their structures depending on the two mech-
anical points ®; and ©, have to be known. Therefore, the epicyclic ratios iy € {igpe, iabd, Lader Lebd)
defined in (2.23) have to be converted into planetary ratios i;». This can be done by using the
one-to-one mapping defined in equation (2.10). This mapping also provides information on the
installation position. This means that a permutation matrix R € R3*3 assigning three of the shafts

a,b,c,d to sun, ring and carrier (1,2,C) can be defined:

0
—00 <ip<
0 1
[0 1
-1 <ip<
LO
()‘
1 0 <ip<
L OJ
R (ip) =«
0
% <ip=<
0
[0 0 1
1 <ip<
LO
()‘
1 2 <ip<
OJ

-1

D=

(o.¢]

(io = i12)

(ip = i21)

(io=ic1)

(lo=ic2)

(io = i2¢)

(io =i10).

(3.5)

— T : ; . T
By use ofg, speed vectors w ;. := [wq, wp, W] can be easily assigned t0 W, := (w1, w2, wc]" via

Wic = ggabc'

(3.6)

Based on the derived equivalences, the properties "mass of planetary gear sets" and "maximum
relative speed of planet gears" will be used to find the best arrangement for the UH-60 with the

assumptions made.
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3.4. Planetary gear sets — Decision on Compound-Split arrangement

3.4.1. Mass of planetary gear sets

Accordingto [79, pp. 262 sqq.] the reference diameter d; of a spur or helical pinion can be calculated

as
2000Q; u+1
di = 3 _ , 3.7
VK rd) 57
where u = Z?E“ is the gear ratio, Q; is the pinion torque and b/d, is the given ratio of face width

Zpinion

and reference diameter of the pinion. K* is a characteristic value for the Hertzian stress. For
helicopters driven by gas turbines values of K* = 6.4N/mm? and K* = 6.2N/mm? for the first
respectively the second stage are specified in [79, Tafel 22.1/2.]. Hereinafter the higher value will
be used throughout the calculations. It has to be stressed that (3.7) is a numerical value equation,
i.e., lengths have to be in mm and the torque in Nm. For planetary gear sets the gear ratio between
the sun and the planet gears is

Zpl —1-ip
=

3.8
p 5 (3.8)
In a strict sense, (3.8) is only valid for z; +2z,; + z2 = 0 (22 < 0), but poses a good approximation for
other cases. If all gears — including the rotating ring gear — are approximated by cylinders, whose
diameters are calculated with (3.7) and (3.8), and multiplied with volume utilization factors, the
mass can be estimated via

. Psteel oo 5L (0.8+0.5qu? +0.1 (1 +2u)%) 7 =L,
m(ir2, Q1) = 2000K,Qy 1141 . . ) 1 3.9
Psteel TgR707 T (0.5 +0.8u >+01u"*(1+2w)?)n u<gs.

The volume utilization factors 0.8, 0.5 and 0.1 for sun, planet and ring gears are taken from [57].
The formula distinguishes between the cases that the sun resp. the planet gear is critical. The
factor 0.7 takes the reverse load at the planetary gears into account. K, is the load sharing factor [1,
Table 8] and g is the number of planets. Since the analysis is based on the planetary ratio i;2 and
no further details are known, the maximum number of planets will be assumed and calculated as

T
= . 3.10
q L.IO arcsin(L)J (3-10)

u+l

In principle, the maximum integer of non-colliding planets is calculated. Therefore, the reference
diameters are increased by 10 % to take addendum and clearance into account. At this point, the
following restriction is made: planetary ratios, which are below —11.3 (cf. [77, p. 27]) or allow more
than nine planets according to (3.10) will be neglected. This leads to a range of planetary ratios of
about ijp € [-11.3,—1.78]. As a consequence, there are pairs (01, 0,) for which some arrangements
cannot be implemented with common planetary gear sets.

The relevant torque Q; is the torque at the sun gear. It is determined by

min (|Qcl, | = igpcQcl, 1 (iape — D Qcl) for iy,
min (|Qql,| -1 [ 1(Gapa — 1) Qal) fori
Q1= ' Qa 'abde ' abd —1)Qqg 'ubd 3.11)
min (1Qcl, | = igacQcly |Gaac — DQcl) for igzac
min (|Qqgl, | = icpaQals 1(icpa — 1) Qal) for icpa
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3. Basic Architecture

for the four different epicyclic gear sets. Note, thatin (3.11) Q. and Q4 denote the torque acting on
the EGS via shafts ¢ and d and not necessarily the ones defined in (2.26).

The resulting masses for the different arrangements are depicted as colour-levels in figure 3.3 along
with logarithmically spaced levels of spread. To minimize the necessary changes in the UH-60
drivetrain, ®; and ©, were restricted to [1.1,2.5]. These changes are caused by the increase of
torque in the low-speed part of the drivetrain and the transmission ratio of the CS module, which
will lead to a lower ratio in the remaining gear stages. This will primarily affect the number of
teeth and the diametral pitch of the combining bevel gear stage and the planetary gear set and
subsequently the diameters, bearings and housing. Where no solution for the calculated i,, could
be found for at least one of the two planetary gear sets of each arrangement, the plot is blank. The
colourbar on the right side of each subfigure indicates the mass of the colour-levels in kg. However,
this is just a rough estimation based on cylindrical gears and neglecting shaft, bearing, carrier and
housing masses. Based on [46], a main rotor speed range of 180 RPM to 285 RPM (70 % to 110 % of

aa o
iz 12
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= =
7 14 7 14
& 1z & 1z
g g g g
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£ 10w £ 1o m
— o — o
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Figure 3.3.: Mass of the four Compound-Split arrangements according to figure 2.7

nominal speed) —i.e., a transmission spread of ® = 1.5 resp. ® = 0.67 — is required. As explained in
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3.4. Planetary gear sets — Decision on Compound-Split arrangement

section 2.2.3, ® = 0.67 will be neglected to avoid circulating power flow in the mechanical path. It
can be seen that arrangement A does not have a solution for these spreads. All other arrangements
can be implemented. Design D offers the lightest solution in the analysed range.

3.4.2. Rotational speeds

From (2.23) it follows that for a given (0;,0,) only four different epicyclic gear ratios igpc, igpe,
iape and igzpe occur. As a consequence, only four planetary ratios i;2(ip) according to (2.1) have
to be considered. The rotational speed of shaft a is 5750 min~! and the speeds of b, c and d are
determined by k,j, and (2.24). From these, rotational speeds of the sun gear, the ring gear and the
carrier shaft can be calculated by (3.5) and (3.6). The relative speed of the planet gears is

w1 —wc

Wpl,rel = Y (3.12)

with u according to (3.8). The resulting maximum absolute values of the relative rotational speeds

wtlt
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Figure 3.4.: Maximum rotational speeds of the planet gears (absolute values)

of the planetary gears for the four epicyclic gear ratios are depicted in figure 3.4. The speed levels
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3. Basic Architecture

are colour-coded in 1000 RPM steps from 0 to 20000 RPM. The latter was assumed as an upper
boundary for the bearings of the planet gears. Where no iy, could be found for the respective iy,
the figure is blank. Arrangement A consists of i, and i,;4 and since neither for ® = 1.5 nor for
® = 0.67 both epicyclic ratios have a corresponding planetary ratio i;,, this arrangement is ruled
out. For i,,4, the relative speed of the planetary gears is above 16000 RPM for the required spreads,
except for an area where neither B nor C have a solution. For arrangement D, consisting of i,
and i.pq4 there are sections along the ® = 1.5 line where the relative speeds of both planetary gear
sets are below 10000 RPM. Hence it was decided to analyse arrangement D.

3.5. Resulting arrangement of CS modules and drivetrain

From figure 3.4 it can be seen, that the searched combination of mechanical points (01,05) is
located in the area [1.1,1.4] x [1.6,2.1]. The final parameters have to be defined in the design
process. For this thesis, the following values are set:

®;=1.3, Iape = 1.3, i12c = —3.33, qc =5,

. . (3.13)
0, =195, icpg=-2.17, i12p = —2.17, qp =17.

With equations (2.10) and (2.23), the principal architecture of the CS module depicted in figure 3.5

variator

Figure 3.5.: Sketch of the final arrangement D

is obtained. The input shaft a is connected to the ring gear of the first planetary gear set C. Shaft c,
which carries the pump take-off, connects the sun gears of the two planetary gear set and d, car-
rying the motor input, is the carrier of PGS D. The common output shaft b connects the carrier of
C and ring gear of D. With these results, the maximum rotational speeds (absolute values) of shafts
c and d can be calculated:

6,
ng(l— 9_2)
Nemax = Ne(02) = W ~ —6388 RPM
o (3.14)
2
ng(l— @_1)
Ng max = Nq(O1) = W =~ 3026 RPM.
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3.5. Resulting arrangement of CS modules and drivetrain

These results show that the carriers of C and D rotate at a maximum speed of 1j max = 4423 RPM
resp. 14 max = 3026 RPM and therefore no unacceptably high stresses caused by the centrifugal
forces of the planet gears are to be expected.

Figure 3.6 gives a rough idea of the available assembly space for the CS module. The pitch circle
diameter of the ring gear of 653.9 mm [80, p. 2] can serve as a comparative value. With the results
of chapter 6, the installation option can be rated.
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Figure 3.6.: Sketch of UH-60 transmission system (taken from [74])

The resulting drivetrain architecture is depicted in figure 3.7. As stated in in the definition of
architecture II, the parts comprising the turboshaft engines, free-wheeling units and accessories
(not shown) are not changed compared to the baseline drivetrain. The first important change is
that the tail rotor take-off is arranged immediately after the free-wheeling units on each side of the
rotorcraft. From there, the TR power is transmitted to a combining bevel gear stage and further to
the TR (green), which rotates at 1090 RPM (pink).

The following parts of the drivetrain are the CS-modules, which transform the input speed of
5750 RPM into a variable output speed of 2950 RPM to 4425 RPM, corresponding to a transmission
spread of ® = 1.5. This value was chosen based on the finding that a variation between 70 % to 110 %
of the baseline MR speed is desirable[46]. Each CS-module consists of two nested epicyclic gear
sets, labelled C and D, and the variator. The input and output shafts of the variator are connected
to the epicyclic gear sets via helical gear stages with transmission ratios i, and i;. The ring gear
of C is driven by the input shaft of the CS-module. The sun gears of both EGS are connected via
a shaft (blue) and the carrier of C along with the ring gear of D form the output shaft (red). The
variator pump is connected to the two sun gears while the motor drives the carrier of EGS D.

After being transformed, the propulsive power of each turboshaft engine is transmitted to a com-
bining bevel gear stage similar to the one in the baseline drivetrain and further to a planetary gear
set and the main rotor (dark green).
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Figure 3.7.: Sketch of transmission layout
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4. The Variator

The properties of the machines forming the variator have a strong influence on the characteristics
of a drivetrain with one or more CS modules. Rough estimation of the machine size for the UH-60
transmission system based on the known properties of Compound-Split transmissions — especially
the power to be transmitted via the variator path, cf. e.g. [129, p. 277] — gives rise to the assumption
that an electric variator with state-of-the-art electric machine technology (cf. [64]) is much too
heavy and therefore not viable. A study on the applicability of hybrid electric propulsion in rotor-
craft [69] came to similar conclusions. Therefore, the present thesis will concentrate on hydrostatic
variators — more precisely, such comprising variable displacement axial piston motors.

In this chapter, approximations of the key parameters based on catalogue data published by
a manufacturer of axial piston motors with variable displacement are derived. The findings will
be used for the further development of the transmission architecture. Parts of the information
presented have been published in [83].

4.1. Axial piston motors with variable displacement

4.1.1. Principle layout

The basic design of axial piston motors with variable displacement is depicted in figure 4.1 which
is taken from Bosch Rexroth [126]. The references are explained below.

Figure 4.1.: Layout of A6VE axial piston motors (taken from [126, p. 18/60])

1 Drive shaft 3 Stroke piston 5 Lens plate 7 Piston

2 Control piston 4 Port plate 6 Cylinder
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4. The Variator

The axial piston unit depicted in figure 4.1 is of bent-axis design, an alternative principle is the
swash-plate design. Bent-axis design means that there is an angle (swivel angle), denoted as &,
between the axis of the drive shaft (1) and the one of the cylinder (6). This arrangement forces
the pistons (7) to execute a stroke when the shaft is rotated (pump operation) resp. a stroke of the
pistons leads to rotation of the cylinder (6) and the shaft (motor operation). The cylinder with bores
for the pistons slides on the lens plate (5) which is connected to the hydraulic system via the port
plate (4). The swivel angle of the bent-axis rotary group is continuously variable. It is controlled
hydraulically by the stroke piston (3). Movement of the stroke piston leads to a movement of lens
plate, cylinder and pistons and as a consequence to a change of displacement. [126, p. 18/60 sq.]

The mathematical relationship between displacement Vg and the swivel angle @ is given by (cf. [43,
p. 306])

Vg (@) = Z - Apiston h = Z - Apiston Dpiston Sin (@) (4.1)

Here Z is the number of pistons, Apjston is the cross-section area of one piston, h is the stroke and
Dhyiston is the pitch diameter of the circle on which the pistons are connected to the shaft.

As described below, axial piston machines can be principally used as pump or motor. However,
there are differences between these two operation conditions which will be addressed in the follo-
wing.

4.1.2. Pump and motor operation

When an axial piston unit is operated as pump, it transforms mechanical power into hydraulic flow.
Therefore, the input parameters are angular velocity and torque and the output is a hydraulic flow
gy at a given pressure difference Ap. The pump operation is described by

1 -
av=5- Vg (@) wn)y
Ap = 21 Q
p= m Thm 4.2)
Phydr =qyvAp=Qw NyNhm-
——
=
Here also the volumetric efficiency 1y and the hydraulic-mechanical efficiency nny, are taken into
account. Their product is the total efficiency 1 of the hydraulic machine. When the hydraulic

machine works as motor, the situation is the other way around, i.e., hydraulic flow and pressure
are converted into rotation and torque. The related equations are

qv

w=2m Vg Ny
Vg
Q= Py Apnhm (4.3)
b4

Prech = QW =Ap qyNvNhm-
——
=

These are similar to (4.2), but the efficiencies act the other way round, in the positive sense of
power flow. I shall be stressed, that 1, and 7,,, are not necessarily the same for pump and motor
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4.2. Requirements on hydraulic machines

operation. In fact, they depend on several parameters, such as angular velocity, pressure and
also the properties of the hydraulic fluid. A detailed description of these factors will be given in
section 5.1.

4.1.3. Open and closed circuits

There are two main types of hydraulic circuits; open and closed ones. The former are characterised
by a reservoir where the fluid is taken from by the pump and further transferred to the motor or
other consumers such as hydraulic cylinders. From there, the fluid flows back into the reservoir. In
contrast, closed circuits do not have a reservoir but the fluid coming from the motor goes directly
back to the inlet of the pump. Of course, also closed circuits need to compensate for leakage and
therefore special feed pumps, which are usually much smaller than the main pump, are added to
the system. An important advantage of closed circuits is that the hydraulic system can be operated
in reverse, i.e., the motor acting as pump and the pump converting hydraulic into mechanical
power. Usually, closed circuit systems are used for hydraulic transmissions and this will be the case
for this study as well.

4.2. Requirements on hydraulic machines

The characteristic curves of hydraulic motors are depicted in figure 4.2 as solid lines in blue (torque)
and red (power). The figure and the notation are based on [123, 124, 125]. From standstill of the
motor shaft at w = 0 to the nominal rotational speed wyom, the maximum deliverable torque Qmax
is constant and therefore the machine power is directly proportional to the machine speed. For
speeds between wpom and wmax, the deliverable maximum power Py, is constant and therefore
the torque decreases. At w4 the motor can deliver the torque Qx. Above w4, the motor can
rotate up to an angular velocity of wmax0, but without load, i.e., the torque is zero. For a short
time overload, the permissible torque can be increased by a factor of approximately 1.1, the cor-
responding curves are plotted as dashed lines in figure 4.2. By varying the swivel angle & and/or
the pressure difference Ap, every torque below the (dashed) blue line can be adjusted (cf. (4.3)).
When using rotational speed in RPM instead of the angular velocity; nnom, #max and fmaxo can
be defined analogously. The characteristics of hydraulic motors also apply if the motor is used as
a pump. With (2.31) the required maximum power Ppyq; to be transmitted hydraulically via the
variator path can be written as

o 1 Vo -1

Phydr,max = Pinput @ = Pinput m (4.4)
1

If efficiency is neglected, it is determined by the input power and the spread. However, hydraulic
machines directly connected to shafts ¢ and d also have to fulfil

Wmax,c Z lwc (©2)]
Qmax,c = Q¢ (01)]
Wmax,d = |wg (01)]
Qmax,d = |Qd (62”-

(4.5)
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4. The Variator
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Figure 4.2.: Characteristic curves of variable displacement axial piston motors

If they are connected to shafts ¢ and d via fixed-ratio gear stages with transmission ratios

. Wmotor,c

lc =
We

. Wmotor,d

igi=——
wq

as defined in figure 3.5, they have to fulfil

Wmax,c = licwc (03)]

1
._Qc (91)
lc

Qmax,c =

Wmax,d = ligwg (O1)]
1

Qmax,d = an (82)

Combining the equations for each shaft and using equations (2.24) and (2.26) leads to

wmax,chax,c 2 |we (02) Q¢ (O1)]

)
wa(l -5, 0,-0,
= 0,-1
—e, @ -Vg g,
1
= Pa 5_1
wmax,deax,d =|wg (©1) Qa (©2)]
e
wall — 5} 0,-06;
=|—— ®-1)—
-0, Qa(©2 )61—62
=|Pq (®-1)].
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4.2. Requirements on hydraulic machines

The product wmaxQmax is called the corner power Pcormer 0f a hydraulic machine and although it
cannot be delivered, it is an important characteristic parameter. The required corner powers for
Py, =P,=1151kWand ® = 1.5 are

Pcorner_c =383.67kW

(4.9)
Pcorneryd =575.50kW.

From (4.4) and (4.8) it follows that the machine size is a function of the required spread and the
input power. Although both machines face the same requirements regarding maximum power, the
demand with respect to the corner power is different. The ratio of the required corner power and
the required maximum power for machines c and d is given as

Pcorner,c _ Pq (% - 1)

P hydr,max P, g; }

®>0 (Vo + 1)2 _.

[0} ) (4.10)
Pcorner,d _ Pa (@®-1)

Phydr,max P, \/\/%:

(D;O (\/6-}- 1)2 =:{4.

These ratios will be denoted as ¢ and they are characteristic for a given machine. For the required
spread @ = 1.5 (4.10) yields 3.30 and 4.95. For ratios of a given machine between 1.0 and the ones
derived in (4.10), the corner power is the decisive criterion. Otherwise, the required maximum
power determines the machine size. These considerations are illustrated in figure 4.3. Depicted
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Figure 4.3.: Power transferred via variator path and characteristic curves of different hydraulic machines
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4. The Variator

are the power demand of the shafts c and d and the deliverable power of hydraulic machines with
different characteristics in dependence of the basic ratio ky. As defined earlier, the range of ky
is limited to [©1,0,]. It is assumed that the variator machines are connected to the shafts ¢ and
d by fixed-ratio gear stages in such a way that the pump operates at wpyax at 2 and the motors
operates at wmax at ©1. The green lines pertain to hydraulic machines with {, =3.30 and {5 = 4.95,
i.e., that maximum and corner power both exactly meet the requirements of the Compound-Split
transmission. This can be easily understood because the curves’ extrema are just the required
maximum powers and their slope is tangential to the power demand curves of ¢ and 4 in the
mechanical points where the maximum torque has to be delivered. Since in that case the lightest
machines are to be expected, it would be the most desirable case. However, usually this is not
the case. The blue dashed lines show the characteristics of hydraulic machines with ¢, > 3.30 and
(4 >4.95, i.e., that for both machines the maximum power is the limiting factor. In this case, the
slope of the curves of the hydraulic machines is steeper than the one of the required powers. The
red dashed lines belong to machines with (. < 3.30 and {7 < 4.95. If this is the case, machine size
is determined by the corner power. This is, as will be discussed in the following section, the case
for the hydraulic machines that will be studied in detail in this thesis.

4.3. Approximation of hydraulic machine data

For further analysis of a Compound-Split transmission for the UH-60, the relationship of the cha-
racteristic variables of hydraulic motors is needed. Therefore, an estimation based on machine
data published by Bosch Rexroth AG [123, 124, 125] is made. The relevant machine data is sum-
marized in tables 4.1, 4.2 and 4.3. The first column contains the type of motor and the different
variables. In the second column the series is denoted and the physical units of the variables can be
found. In the remaining columns the values for the different nominal sizes of the motors are given.
The variables listed are the maximum displacement Vg may of the motor, the different characteris-
tic speeds, the nominal pressure pnom and the maximum pressure pmax. Also, maximum torque,
maximum power, corner power, the ratio { and the mass are shown. The ratio ( is between 1.0 and
3.30 for all studied motors and therefore, the corner power is the decisive criterion.

AG6VE | Series63 | NG28 NGb55 NG80 NGI107 NG160 NG 250

Vg max cm? 28.1  54.8 80 107 160 200
Mnom RPM 5550 4450 3900 3550 3100 2700
Nmax RPM 8750 7000 6150 5600 4900 3600
Nmaxo | RPM | 10450 8350 7350 6300 5500 3600
APnom bar 400 400 400 400 400 350
APmax bar 450 450 450 450 450 400
Omax Nm 179 349 509 681 1019 1391
Prmax KW 104.0 162.6 207.9 2532  330.8  393.3
Peorner KW 164.0 2558 327.8 399.4 5229 5244
{ 1.0 158 157 158 1.58 1.58 1.33

m kg 16 26 34 47 64 90

Table 4.1.: Data of AGVE Series 63 variable displacement axial piston motors (cf. [123])

To be able to interpolate between the nominal sizes of the motors, curve fits were derived. They are

48



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.3. Approximation of hydraulic machine data

A6VE | Series65 | NG55 NG80 NG107 NG160 NG 200
Vg max cm? 54.8 80 107 160 200
Mnom RPM 4450 3900 3550 3100 2900
Nimax RPM 7000 6150 5600 4900 4600
Mmax,0 RPM 8350 7350 6300 5500 5100
APnom bar 400 400 400 400 400
APmax bar 450 450 450 450 450
Qmax Nm 349 509 681 1019 1273
Prax kw 162.6 2079 253.2  330.8  386.6
Peormer KW 255.8 327.8  399.4 522.9 613.2
14 1.0 1.57 1.58 1.58 1.58 1.59
m kg 28 36 46 62 78

Table 4.2.: Data of A6VE Series 65 variable displacement axial piston motors (cf. [124])

ABVE | Series71 | NG60 NG85 NG115 NG170 NG215
Vg max cm3 62.0  85.2 115.6 171.8  216.5
nom RPM 4450 3900 3550 3100 2900
Mmax RPM 7200 6800 6150 4900 4800
max,0 RPM 8400 8350 7350 5750 5500
APnom bar 450 450 450 450 450
APmax bar 500 500 500 500 500
Qmax Nm 444 610 828 1230 1550
Prax kW 2069 249.1 307.8  399.3 4707
Peorner kW 334.8 4344  533.3 631.1 779.1
{ 1.0 1.62 1.75 1.73 1.58 1.66
m kg 28 36 46 62 78

Table 4.3.: Data of AGVE Series 71 variable displacement axial piston motors (cf. [125])

based on the assumption that the used material is the same for all nominal sizes of a series. This
means, in particular, that density, Young’s modulus E, shear modulus G and permissible stresses
are constant. Therefore, the mass of a hydraulic machines depends on a characteristic length L as
follows

moc I3, (4.11)
Furthermore, the shear stress 7, is calculated by
’
T, = Q -, (4.12)
Jr

where rmax and J1 denote the maximum radius and the torsional constant and the torsion constant
of a shaft section. Since the maximum allowable shear stress is assumed to be constant and 75 o<
Lrespectively Jr oc L* apply,

QoL (4.13)
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4. The Variator

follows. The torque is connected to pressure via
Q=ApV,. (4.14)

Since both, Q and V; are proportional to L3, the pressure is the same for all nominal sizes of
a hydraulic motor. Forces are usually proportional to torque divided by a characteristic length.
Since surfaces and cross sections are proportional to L2, it follows that a torque according to (4.13)
will yield the same stresses in the hydraulic machines for every nominal size of a series. Another
important characteristic of a hydraulic machine are the velocities, for example sliding velocities of
the pistons or the rolling velocities on the bearings. Since v = r w,

30 .

Nmax = — Wmax X L~ (4.15)
b4

applies. As a consequence of (4.13) and (4.15) the relation between the corner power and a charac-
teristic length is

Peorner ¢ L2. (4.16)

Since the corner power is the decisive factor for the Compound-Split transmission, equations (4.11),
(4.13) and (4.15) are transformed to

3/2
m o P corner

3/2
Qmax X Pcorner (4.17)

P corner

Nmax
max

The proportionality of the rotational speed indicates that the approximation was obtained from
the curve fit of the torque and the given corner power instead of fitting it to machine data. The
reason is, that this approach conserves corner power.

In figure 4.4, mass as a function of corner power of all motors of the A6VE type is depicted. Data
points of series 63 are blue, of series 65 are red and of series 71 are green. For each series of motors
a curve fit for the mass was derived with Matlab [66] and added to figure 4.4 in the colour of the
respective data points. The data of the A6VE series 63 NG 250 is labelled in brackets and not in-
cluded in the curve fits because it has a lower nominal pressure than all other motors of its series.
The found curve fits are

Me3 (Peomner) = 0.005635 P3/2 (RZ, = 0.9701)
M5 (Peorer) = 0.005358 P32 (R3; = 0.9504) (4.18)
M1 (Peomer) = 0.003760 P3/2 (R%, =0.9701).

The parameter R? (R-squared) in brackets is the coefficient of determination. For the purpose of
this study, all found curve fits are sufficiently accurate. Figure 4.4 indicates, that for a given corner
power (and therefore a given spread), hydraulic motors of the A6VE Series 71 have the lowest mass.
The main reason for this is the higher pressure level (Apnom = 450bar instead of 400bar in the
other series) for this type of machine. Therefore, they will be used as reference for hydraulic motors
hereinafter. Another important result is that for the given machines and a > 1

/2

a m71 (Peorner) < M71 (& Peorner) = a® m71 (Pcorner) (4.19)
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4.3. Approximation of hydraulic machine data
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Figure 4.4.: Fit of mass as a function of corner power for AGVE motors Series 63, 65 and 71

applies. In particular, this means, that one large variator is heavier than two small ones. Referring
to architectures I and I, this yields

mp = msy (2 : Pcorner,c) +my (2 : Pcorner,d) ~226.75kg (4.20)
my =2-my (Pcorner,c) +2-my (Pcorner,d) ~160.33kg. .

This is another argument for the selection of architecture II.
In figure 4.5 the maximum torque and the maximum speed of AGVE Series 71 motors are plotted
with added curve fits. The latter are given by

Qmax (Pcorner) =0.07198 P3/2 (R% = 0.9839)

corner

30-1000 P,
Nmax (Peorner) = e —1.3267-10°P 2 (R% =0.8942).
T Qmax (Pcorner)

(4.21)

As already mentioned, Qmax (Pcorner) Was obtained by fitting machine data and nmax (Pcorner) by
dividing the corner power by the torque fit and multiplying with Lgoo_ Again, the values of R? are
satisfactory and justify the use of the approximations for further study. With this knowledge, the
data for the pump and the motor can be calculated. Based on the required corner powers (4.9) the
results listed in table 4.4 are obtained. The nominal rotational speed 7y, Was obtained from 7y«
by dividing by 1.74 (cf. [125, p. 8]). Now the ratio of the gear stages connecting shafts ¢ and d to
pump resp. motor can be calculated as

i o= — [Spumpe ) OTT3 ) 06
¢ W max 6388 ' 122)
ig=— 'wmotor,d _ _5530 ~—1.83 ’
T 0 g ma 3026
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Figure 4.5.: Fit of characteristic variables as a function of corner power for A6VE Series 71 motors

Series 71 kw Nm RPM RPM bar kg cm3
pump ‘383.67 ‘ 540.9 6773 3893 450 28.26 75.5

AGVE ‘P corner | Qmax  Mmax Mnom APnom Mass Vi

motor 575.5 | 993.7 5530 3178 450 51.91 138.8

Table 4.4.: Approximated data of the required hydraulic motors

A serious disadvantage of hydraulic transmissions compared to mechanical ones is the lower ef-
ficiency. Although in a Compound-Split design only a portion of the propulsive power has to
be transmitted hydraulically, a significant drop in drivetrain efficiency has to be reckoned with.
With the basic architecture derived in the previous chapter and the information on the variator
machines gathered above, an evaluation of the efficiency of the transmission system depicted in
figure 3.7 can be carried out. The following chapter is dedicated to the used simulation approach,
the made assumptions and the results of this evaluation.
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5. Assessment of drivetrain efficiency

5.1. Efficiency of hydraulic motors

A major drawback of hydraulic transmissions is the low efficiency compared to gear drives. Al-
though only a portion of the total propulsive power is transmitted via the variator, this perhaps
unduly reduces the overall efficiency of the drivetrain. For this reason, a simulation of the overall
efficiency of a transmission system containing two CS modules with hydraulic variators is carried
out here. Parts of the results have already been published in [83].

Schlosser [97, 98] presented a method for estimating the efficiency of hydraulic machines, which
will be used in the following. According to this, the total efficiency 1. of hydraulic machines is
the product of the volumetric 1, and the hydraulic-mechanical efficiency nyy,. First, the non-
dimensional parameters A and o are defined as

A= it
Ap
oy % (5.1)
o= ,
2Ap
o

wherein p is the dynamic viscosity of the hydraulic fluid and p is its density. V, @ and Ap denote the
geometric displacement per revolution, the angular velocity of the shaft and the differential pres-
sure. Based on the optimum range of the kinematic viscosity v = 16 mm?/s to 36 mm?2/s (cf. [125])
and usual values of mineral oils,

p=0.0308Pas,  p=856kg/m>. (5.2)

is set. With these parameters and the loss factors Cpy, Cy, Csy, Cry and Cyy, the efficiencies are
determined by

B 1
T 1+ CT + %
(5.3)
Nhm =1-Cpy CypwA-Cpo
Nt =Thm " Tv
for motor operation and by
=1- Cov _Ca
T A o
1
= (5.4)
Thm = Cpu+ Cop A+ Cry 02
Nt =TNhm " Tv
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5. Assessment of drivetrain efficiency

Loss factor | unit | description typical range

Loss factor taking the mechanical
Cpv 1.0 | and hydraulic losses dependent on 0.01...0.1-1078
Ap into account

Loss factor taking the volumetric

Cs: 1.0 | losses dependent on p into ac- 0.5-107%...2.8-107*
count

Loss factor taking the volumetric

Csy 1.0 | losses dependent on g into ac- 0.5-107%...2.0-1078
count

Loss factor taking the mechanical

Cy 1.0 | losses dependent on p into ac- 100...250
count

Loss factor taking the hydraulic los-

: 0.2-10°...0.8-10°
ses dependent on p into account

Table 5.1.: Loss factors (taken from [97])

for pump operation. The definitions of the loss factors and their ranges as specified in [97] are given
in table 5.1. The ranges of loss factors were defined in the late 1960s, based on state-of-the-art axial
piston motors of that time. Probably modern machines will reach better values. However, since
the characteristics of the variator machines are not known in detail, three different calculations
of overall efficiency, the first with best-case, the second with worst-case and the third one with
average (arithmetic mean) case values of the loss factors according to Schlésser, will be performed.
The first two cases are borderline cases, because "high values of C,, usually coincide with low
values of C,,," [97, p. 9]. In all simulations an efficiency factor of n,= 0.99 taking pressure losses in
the pipes between the pump and the motor into account is assumed. It is expected that the results,
although not completely precise, will be sound enough to allow deciding whether the Compound-
Split technology is not only a possible, but also a satisfactorily efficient solution for rotorcraft with
variable rotor speed.

5.2. Efficiency of AGVE Series 71 hydraulic motors

To be able to rate the assumptions made in Schlosser’s model and get reference values for the
efficiency of the machines forming the variator, the total efficiencies for the axial piston units
defined in table 4.4 were calculated for a given pressure level Ap = 450bar and their respective
ranges of operation. The results are depicted figure 5.1. The related volumetric and hydraulic-
mechanical efficiencies as well as shaft torques and powers can be found in figures A.1, A.2, A.3
and A.4 in Appendix A.1. It has to be pointed out, that according to [97, p. 9] the range of Vg
is limited to [10cm?®,50cm?®] and therefore the displacements of the studies machines are not
covered by the model. However, since the calculation is intended as a rough estimation only, the
use of Schldsser’s model seems reasonable. The three subfigures in the left column of figure 5.1
show the total efficiency of the pump, whereas the ones in the right column are related to the motor.
The subfigures are based on best-, worst- and average case of the loss factors. The speed range
of a hydraulic machine is laid on the x-axis and the displacement is laid on the y-axis. It shall be
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5.2. Efficiency of A6VE Series 71 hydraulic motors

stressed that the scales are not the same for pump and motor. The levels of total efficiency are
colour-coded in 0.025 (2.5 %) steps between 0.0 and 1.0. In addition, the lines of maximum torque
as defined in table 4.4 are plotted. Apparently, these lines lie within the nominal range of speeds
and displacements for pump operation but are outside for motor operation. This phenomenon
can be explained with equations (4.2) and (4.3). For a given pressure level of Ap = 450bar, the
total efficiency leads to an increased demand for mechanical input power - i.e., torque — of the
pump, which lies above the maximum input torque for some operation conditions. For the motor,
the situation is the other way around and the losses prevent the output torque from reaching its
maximum value for a given pressure level. To be able to show the line of maximum nominal torque
for the motor, the range of the y-axis has been extended and a dashed black line is plotted for the
maximum displacement.

In subfigure (a) the total efficiency of the pump is depicted for best-case of loss factors. It can
be seen that the maximum efficiency is about 0.95 at medium speed and low displacement. For
rotational speed below 2000 RPM the total efficiency is nearly independent of the displacement
and decreases significantly for very low speeds below about 500 RPM. This is mainly due to the
volumetric efficiency as can be seen in subfigure A.1 (a) in Appendix A.1. Combinations of high
speeds and big displacements yield satisfactory results. As mentioned earlier, the line of maximum
nominal power lies within the nominal ranges of speed and displacement and therefore limits the
operation of the pump.

The worst-case for the pump is shown in subfigure (c). The overall appearance of the efficiency
map is similar to the best-case, but the values of the total efficiency drop significantly. As a con-
sequence, the maximum torque line is at lower diplacements compared to the best-case. The
maximum value is only about 0.75. Below speeds of about 1000 RPM, the efficiency decreases
strongly towards standstill of the pump. The white areas indicate operation conditions where
Schlésser’s model even yields negative values of the total efficiency. This has no physical meaning,
but it rather shows the limits of the model which was presumably not developed for these operating
conditions.

Subfigure (e) shows the efficiency map for the average case. As could be expected, the results lie
somewhere in between the ones for best- and worst-case. The maximum value of total efficiency
is about 0.85 and below 1000 RPM it decreases strongly with the rotational speed and also shows
areas where no physically meaningful solution was obtained.

Turning to the results for the motor and subfigure (b), it can be seen, that the efficiency map
is similar to the one of the pump depicted in subfigure (a). The maximum value is also about 0.95
and occurs at medium to high rotational speeds and low displacements. For low speeds, the total
efficiency is nearly independent of the displacement, but very poor near standstill of the motor.
The solid black line marking operation conditions at maximum nominal shaft torque lies above
the dashed line for the maximum displacement limits of the motor. This is caused by the fact that
the losses reduce the actual output torque compared to the nominal values, which were defined
without considering efficiency. Combined with the inverse behaviour of the pump, the cyan and
pink line in figure 4.3 will be shifted downwards and the sum of mechanical powers taken off EGS C
and added to EGS D will not be zero. This means, that the pump has to contribute more torque for
balancing the transmission system.

The worst-case for the motor is shown in subfigure (d). The resulting values are significantly
lower than the ones of the pump. Near standstill of the motor no white areas marking operation
conditions with no reasonable results occur. The maximum shaft torque line is even higher com-
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Figure 5.1.: Total efficiency of hydraulic machines of the A6VE Series 71 type in pump and motor operation
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5.3. Efficiency of gear stages

pared to the best-case, which means that the stress of the mechanical parts of the machine will be
even lower than in that case.

As expected, the results for the average case loss factors depicted in subfigure (f) lie in between
the previous two evaluations.

5.3. Efficiency of gear stages

To be able to assess the efficiency of the proposed transmission system, a reference value for the
baseline UH-60 has to be calculated. Only the efficiency of gears will be taken into account whereas
other sources of losses, such as bearings, will be neglected. The losses of gear stages consist of load
dependent and load independent parts. Based on [79, p. 219 sqq.], the former are considered to
be 1.5% of the input power P, i.e., Lj; := 0.015P. This applies for spur, helical and bevel gears,
independent of the direction of the power flow. The latter are determined according to [79, p. 223]

by

Lig =Lbv
=L Lou
_ 2.25 Ut
- 10t

B

where vy is the tangential speed of the mesh. The angular velocities of all gears can be calculated as
described in chapter 3 and the pitch diameters are taken from [74, 80] respectively are calculated
with (3.7) for b/d = 0.88 (cf. [79, p. 267]). This leads to a total efficiency of a gear stage of

1
Mot = 5 (P—Li4.—Lii)
2.25 Ut
104

(5.6)
=0.985-

Since the pitch power in planetary gear sets has to pass two meshes, the efficiency for this power
flow is the product of the efficiencies of the two meshes. It should be noted that for planetary gear
sets only the pitch power is assumed to be lossy, but not the coupling power. Losses of the coupling
power, for example, windage losses of the carrier, are neglected. The terms for the efficiency of
planetary gear sets considering only the pitch power flow are determined — as well as in (5.10) for
the planetary gear stages of the CS module - as described in [77, p. 250 sqq.]. For the baseline
fixed-ratio drivetrain of the UH-60, these assumptions yield a total efficiency of

Ntot,baseline = 91.73 %. (5.7)

5.4. Drivetrain efficiency

The expected efficiency of the proposed UH-60 transmission system is calculated with the assump-
tions regarding power supply and demand as summarized in table 5.2. A full load as well as a partial
load condition will be considered, each with the best-, average and the worst-case scenario of the
variator. The two states are defined by the propulsive power of the two turboshaft engines and the
power consumption of the tail rotor and the accessories. The values for the latter were taken from
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5. Assessment of drivetrain efficiency

device | full load / kW partial load / kW note
turboshaft eng. (2x) 1151 575.5 -
accessories (2x) -51 -51 incl. losses
tail rotor (TR) -450 -112.5 incl. losses
main rotor (MR) remaining power remaining power -

Table 5.2.: Assumptions regarding power supply and demand

[70, p. 86]. Since the last two are not affected by the CS module and the power has to pass as much
gear meshes as in the basic UH-60 drivetrain, they are presumed to already contain the gearing
losses. Therefore, in the simulation only the losses of the power flow to the main rotor will be taken
into account. The overall efficiency is

Pyr

(5.8)

Noverall = .
2 Pturboshaft eng. — PrR — 2 - Pyccessories

The lossy transmission system can be described by a system of non-linear equations of the type
F(x) = 0. In this study, the efficiency is calculated for full and partial load in best-, average and
worst-case for combinations of the displacement of the pump Vpump € [0, Vinax,pump] and the basic
transmission ratio k., € [@1,02]. Since the rotational speed of shaft a is assumed to be constant at
5750RPM, all rotational speeds (angular velocities) are determined by k. In addition, the input
power and the torque of the CS modules are known:

P = | Prurboshaft eng. — 5 FTRT Paccessories | gear
(5.9)
Py
Qu=—.
Wq
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5.4. Drivetrain efficiency

With the other parameters defined so far, F(x) can be written as

[ 12,UH-607t01,PGS — 1
2QpwpNiot, cbm Pyr
1
—LQu+ —1—
—llzpn;}tc Qa i120Mtot,0—1 Qa—Qc
: PRI
gR llzcmmc 1 Qa L12DMtot,D 1 Qd Qb
b .
Voump v,pump v,motor Wc licl + @a lig| Vimotor
QC V. 1 him,pump] hm,motorTp QcTtot,c Qg v
Qu motor v licl Niot,dlial ~PUMP
pump ntot,c
Vimotor V Ppump ~ 7 hm,pump Qc 7 [ icl
Ppump 52% Pmotor’ hm,motor — m
Pmotor Hewdlic) }Lpump
. p
F Apump |:= Hoglial _ : (5.10)
Amotor Pmotor motor
3/ Vpump
O pump (—wclicl) 2=
o clic gppump O pump
motor
3/V
1 v,pump Vo Ig(;zmr
wqligl —"F=— e 0 motor
Tl v,motor . T
hm, — ——sv st
th pump 1 Apusw gpugp T v,pump
m,motor ; X
’ + SU + St )
1/ (1 Amotor O motor n v,motor
1+c,,u+cw;tpump+cwagump2‘ "hm,pump
| 1-Cpy— CyvAmotor = CtvOi0t0r — T hm,motor ]

where the indices ib, cb, C, D, ¢, d, and PGS denote input and combining bevel gear stages, the
stages depicted in figure 3.5 and the final planetary gear stage of the transmission system. The
first term describes the relation between torque at the output shafts of the CS modules and MR
power. The following two consider the equilibrium of torques of the lossy planetary gear sets. The
fourth and fifth terms deal with the transmission ratio in the variator path. The following two
consider the relation between the torques at the shafts ¢ and d and the displacements and pres-
sures at the hydraulic machines. The remaining terms determine the efficiency of the variator path.

The power at the main rotor is calculated with Matlab’s nonlinear solver fsolve [67] and the over-
all efficiency is calculated according to (5.8). The resulting efficiencies are depicted in figure 5.2
and the pressure levels at the pump are shown in figure 5.3. The area of permissible solutions is
limited by the short-time overload pressure (500 bar) and a minimum overall efficiency of 0.75. In
addition, the maximum displacement of the motor is plotted as a solid black line (black patterns
in the images occur around points for which the solver could not find a valid solution). On the left
of the maximum displacement line, the required displacement is lower whilst on the right of it, the
motor is not able to convert the flow delivered by the pump at the given speed level. Also, for some
combinations of parameters — especially in the worst-case scenarios —, the simulation reaches the
limits of Schlosser’s model. For example, near the mechanical points at k,;, = 1.3 resp. k;, = 1.95
one of the variator shafts ¢ and d has very low speed and as a consequence, the parameters A and o
become very low and division by them leads to numerical problems. However, it can be seen from
figure 5.2 that in the best-case of hydraulic efficiency for the full load case as well as for the partial
load case, solutions for nearly the whole range of k,;, could be found. Beyond the mechanical
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5. Assessment of drivetrain efficiency
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Figure 5.2.: Overall drivetrain efficiency ngverall
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points, a minimum overall efficiency of 0.88 can be obtained. Compared to the basic transmission
system with an estimated overall efficiency of 0.917, this is a significant reduction.
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5.4. Drivetrain efficiency

The worst-case scenarios yield even lower efficiencies and the results show numerical difficulties
in solving (5.10). The minimum value in these cases is about 0.84. Subfigures 5.2 (e) and (f) show
the results for the average case of machine efficiency. As could be expected, the calculated overall
efficiencies are between the ones of best- and worst-case. The minimum value in the transmission
range is about 0.85.

Another important finding is, that although the pump defined in table 4.4 is able to deliver the
required flow in all operation conditions, the motor reaches the limits of possible displacement
near the mechanical point ©,. This is caused by the fact that the losses 'help’ the pump to provide
the torque at shaft ¢ while reducing the torque resulting from the displacement and the pressure
for the motor resp. shaft d. Therefore, in the final design the size of the pump and the motor
have to be adapted to the losses. With a more detailed and validated loss model of the machines,
this can be achieved by iteratively varying the maximum displacement of both machines until a
satisfactory safety margin for the transferable power is reached in every operation condition. In
any case an experimental assessment of the variator is indispensable. Turning to figure 5.3, one
notices that the highest efficiencies are obtained for high pressure levels. This is an important
finding for the control of the variator, since it is possible to define a nominal system pressure,
which is kept constant by the pump while the motor adjusts the speed. Nevertheless, the control
of a variable-ratio transmission system for the UH-60 poses a challenging task.
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5. Assessment of drivetrain efficiency
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Figure 5.3.: Pressure level at the pump
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6. Design

The basic properties of a variable-ratio transmission system comprising two Compound-Split mod-
ules for the UH-60 have been described in the previous chapters and also detailed information on
the machines forming the variator could be gained. However, to be able to set up a dynamic simu-
lation model of the drivetrain, additional design parameters have to be defined. In the following
sections the considerations leading to the design data of the gears are described. The approach
was the same as used in [82], but due to slightly changed parameters and restrictions, the results
differ. However, both designs have similar dimensions and therefore the influence of the different
parameters on the dynamic simulation is negligible.

6.1. Compound-Split modules

6.1.1. Definition of possible combinations of numbers of teeth

The required epicyclic and planetary ratios of the planetary gear sets C and D are given in (3.13).
To find appropriate combinations of numbers of teeth of sun, planet and ring gears, all possible
combinations of sun gears with 17 to 100 teeth and planet gears with numbers of teeth in the same
range were searched. The number of teeth of the ring gear has to be close to —(z; +2zp)) (note the
negative sign). When using profile shift, there can be a deviation of one or two teeth. These are
not fixed limits but depend on the manufacturing process and several other restrictions described,
for example, in [2, 3, 4, 5]. Especially for high numbers of teeth of the sun and planet gears, there
is even more flexibility in the number of ring gear teeth. However, the allowed combinations of
numbers of teeth z for the scope of this thesis can be written as a set Z defined as

Z:= {g:z (21, zp1, 22] |21, zp1 € {17,...,100} A 25 € {— ((z1+22p1)+2),...,—((z1+2Zp1)—1)}}. (6.1)

The set Z contains 28224 vectors describing the numbers of teeth of sun, planet and ring gears. To
reduce this number, every element which did not fulfil

ged (21, zp)) = 1 6.2)
ged (21, 22) = 1 6.3)
ged (zp), 20) = 1 (6.4)

was removed from the set. With this constraint set, every tooth of a gear mates with each tooth
of the mating gear and not only with a subset. The aim of this measure is to reduce the influence
of unfavourable overlap of production deviations and also a positive influence on the emission
of noise is anticipated. In the design of a drivetrain for series production, these restrictions may
be overruled by other requirements, for example, assembly space. Furthermore, according to [77,
p. 237] planetary gear sets with g equally spaced planets have to fulfil

(21— 22) mod g = 0. (6.5)
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6. Design

For every element of Z, the maximum number of planet gears was calculated according to (3.10).
If the numbers of teeth and the calculated number of planets satisfied (6.5), the number of planets
was added to the element, otherwise the element was removed from the set. The resulting set of
vectors containing numbers of teeth and planets is denoted as Z'. This set was used as basis for
the dimensioning of suitable planetary gear sets for usage in the CS modules. In the next step the
elements of Z’ which correspond to the required planetary ratios of the PGS C and D had to be
found. This was obtained by using (3.8) and removing elements which yielded a planetary ratio
i1 deviating more than 1 % from the target values given in (3.13). The remaining sets are denoted
Z" ¢ and Z"p. The full mathematical definitions are given by

z1,2p € {17,...,100}

22 €{—((z1 +22zp) +2),...,— ((z1 +22p) — 1)}
; ged (z1,zp1) = 1A ged(z1,22) =1 Aged(zpy, 22) =1
Z"c:=A lz1,2p), 22, q] _ { x J > (6.6)
q= 1.10 arcsin(-%; )

(z1—z2) mod g =0
i—f €[-3.33-0.99,-3.33-1.01]

for planetary gear set C and

z1,2p € {17,...,100}
22 €{—((z1 +22p) +2),...,— (21 + 2zp) — 1)}
ged (z1,zp) = 1 Aged (21,22) =1 Aged (zp, 22) = 1

Z"p =1 [z1,2p1, 22, q] _ - > (6.7)
q= 1.10 arcsin( -5 )

(z1—2z2) mod g =0
2 €1-2.17-0.99,-2.17-1.01]

21

for PGS D.

6.1.2. Calculation of strength

In the next step, designs with sufficient strength were derived for each element of Z"¢c and Z"p. A
main parameter defining a gearing is the normal module m,,. The Deutsches Institut fiir Normung
(DIN) standards collection defines a set of preferred values of the normal module in [6, 7]. From
this list, the following set of values was chosen to be used in the calculation process:

my,/1lmme {1,1.125,1.25,1.375,1.5,1.75,2,2.25,2.5,2.75,3,3.5,4,4.5,5,5.5,6,7,8,9,10}.  (6.8)

Of course, for application with highest demands on the transmission system — such as is rotorcraft —
tailored tools with normal modules deviating from these values could be used. However, for the
purpose of this study the distance between the standard values is sufficiently small. The reference
profile according to [8] which was used for sun and planet gears of the planetary gear sets C and D
is given in table 6.1. Since the tooth geometry and the manufacturing of the ring gears is subjected
to additional restrictions, the final profile of the ring gears was determined on a case-by-case basis
by the calculation software. The related absolute values of addendum, dedendum, tip clearance
and root fillet radius of the basic rack are denoted hyp, hep, cp and pgp.

The selection of the profile shift coefficients is not straightforward, since the used software does
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6.1. Compound-Split modules

Parameter Symbol | Phys. dimension | Value
addendum-factor hp 1.0 1.00
dedendum-factor hg 1.0 1.25
Tip clearance-factor cp 1.0 1.25
Root fillet radius-factor Pep 1.0 1.0
pressure angle a deg 20

Table 6.1.: Reference profile for gears of planetary gear sets C and D

not offer an optimization based on the given parameters. To be able to conduct a variety of calcu-
lations, the profile shift coefficients of sun and planet gears, x; and xp , were chosen according to
[9] to obtain a balanced mesh. The set values are given below.

(0.05,0.00) forzy=—(z1+2zp)+1

(0.25,0.20) for zp = — (21 + 2 zp|)
(x1, xp1) = (6.9)
(0.35,0.30) forzpy=—(z1+22zp) —1

(0.35,0.30) for zx = —(z; +22zp) —2

The profile shift coefficient of the ring gear x,, which is a function of x; and xpj, was calculated by
the software. Because of the relatively low values of x; and xpj, the resulting profile shift coefficients
of the ring gears satisfy the limits defined in [4].

To be able to carry out strength calculations, some information on the used material, manufactu-
ring and lubricant is needed. The assumed data is listed in tables 6.2, 6.3 and 6.4. According to
[10], gears in power transmissions of aerospace applications are usually manufactured from steel
which is case hardened either by nitriding or carburizing. Weden et al. [131] and Coy et al. [33]
state that the commonly used material in US helicopter transmissions is AISI 9310, a carburizing
steel. Therefore, the data of the gear material of sun and planet gears was selected from [11] for
carburized steel of quality ME. The latter is the highest quality grade and to meet its requirements,
a large number of measures have to be taken. These are defined in [11, p. 32 sqq.] and include;
amongst others; chemical analysis, requirements on grain size, ultrasonic examination and crack
inspection. The strength values given in [11] are valid for a probability of failure of 1 %. According
to [10, p. 44], a reliability of three standard deviations has been used for highly reliable aerospace
design in the past. With the statistic information given there, this is equivalent to a reliability of
99.875 % and the strength values presented in [11] have to be reduced by a factor of 0.%77 T which
corresponds to reliability factors Kg and Cg of approximately 1.0963. In table 6.2 the strength va-
lues for 99 % and 99.875 % reliability are summarized. To avoid an excess of indices, the latter are
not identified with the corresponding reliability. Gears for aerospace applications are usually shot
peened or coated to increase the strength of the material. It is assumed that the influence of such
measures is already taken into account in the values listed in table 6.2.

Depending on the application, ring gears are sometimes only quenched and tempered. For
higher requirements on strength they are ground and nitrided afterwards. Only in exceptional
cases, the grinding process is carried out after nitriding. Ring gears for high stress applications are
sometimes carburized, hardened and ground. [96, p. 876]

For the scope of this thesis, it is assumed that all gears are manufactured from the same material.
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6. Design

Parameter Symbol | Phys. dimension Value
description - - AISI 9310
material quality - - ME
reliability - % 99.875
probability of damage - % 0.125
reliability factor - 1.0 1.0963
data source - - [11, Figures 9 & 10]
type - - carburized steel
Young’s modulus E N/mm? 206000
Poisson’s ratio v 1.0 0.3
surface hardness - HV 660

core hardness - HV 370
allowable stress number (contact, 99 %) O H,1im,99 N/mm? 1700
nominal stress number (bending, 99 %) OElim,99 N/mm? 550
allowable stress number (bending, 99 %) OFE,99 N/mm? 1100
allowable stress number (contact, 99.875 %) OH,lim N/mm? 1550
nominal stress number (bending, 99.875 %) OElim N/mm? 500
allowable stress number (bending, 99.875 %) OFE N/mm? 1000

Table 6.2.: Gear material

Surface quality and roughness have a big influence on the formation of the lubricating films. This
affects the efficiency of the transmission system and the threat of some damage types, especially
scuffing and micropitting. The assumed values of surface roughness on the flanks and the root
fillet are summarized in table 6.3. In addition, the cold working treatment and finishing process
are indicated. These are only informative, their influence is taken into account in the values of
material strength and roughness. The gear quality according to DIN 3961 [12] was set 5.

Parameter

| Symbol | Phys. dimension |

Value

cold working process

final processing

arithmetic mean roughness (flank)
mean peak-to-valley roughness (flank)
arithmetic mean roughness (root)
mean peak-to-valley roughness (root)
Gear tooth quality DIN 3961

Ray
RZH
Ray
RZF

pHm
pm
pHm
pm

Table 6.3.: Manufacturing and finishing

all gears shot peened
all gears superfinished
0.3
(1.8)
0.3
(1.8)
5

As lubricant a synthetic oil fulfilling the requirements of [13] was assumed. The information on
the load stage has been extrapolated from tests of oils fulfilling this specification. These tests were
performed at the Institute of Engineering Design and Logistics Engineering (TU Wien). The oil

temperature was taken from [120, D-11].
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6.1. Compound-Split modules

Parameter Symbol | Phys. dimension Value
description - - helicopter transmission oil
data source - - [13]

type - - synthetic
Kinematic viscosity at 40 °C V40 mm?/s 23

Kinematic viscosity at 100 °C V100 mm?/s 5(4.90-5.40)

FZG load stage (A/8.3/90) - - 11

FZG load stage micropitting (C/8.3/90) - - 10

estimated temperature - °C 71

Table 6.4.: Lubricant data

Besides geometry, material and lubricant, the strength of a gear mesh depends on the operating
data. Information on the assumed power, rotational speed and service life is given in table 6.5.
Since no detailed information is available or — as in the case of the time slice of rotational speeds —
do not exist for the UH-60, the chosen values are estimations on the safe side. The input power
represents the intermediate power of one T700 turboshaft engine (cf. [121]). Tail rotor power and
the demand of the accessories are not subtracted. The assumed service life of 10000 h is a common
value for helicopter transmissions. However, high speed parts with high numbers of load cycles
are usually designed fatigue endurable. Usually, helicopter transmissions are designed for a given
load spectrum. This information is not open to the public and therefore no calculation of service
life under variable load could be carried out and instead the life time factors Zy and Yy are both
set 0.85. The load capacity of PGS C and the fixed-ratio stage driving the pump are calculated
for a standstill of the pump shaft because this yields the maximum torques. For PGS D and the
fixed-ratio stage driven by the hydraulic motor, the other mechanical point, i.e., a standstill of the
motor shaft, is used.

Parameter | Symbol | Phys. dimension | Value
service life - h 10000
input power at shaft a Pin kw 1151
input speed ng (Wg) RPM (rad/s) 5750 (602.14)

Table 6.5.: Operating data

6.1.3. Calculation method

Based on the assumptions made so far, a strength calculation was performed for each element of
Z" ¢ resp. Z"p in order to find the minimum normal module - and therefore the minimum diame-
ters — in combination with which the minimum safety factors defined in table 6.6 are met. The first
two factors are the results of the pitting resistance resp. bending calculation acc. to ISO 6336 [14,
15, 16]. The safety factors for scuffing were determined acc. to DIN 3990 part 4 [17]. In addition,
the bending strength of the ring gears considering the influence of the rim was rated in confor-
mity with one method developed by Verein Deutscher Ingenieure (VDI) [18] and two procedures
published by Forschungsvereinigung Antriebstechnik (FVA) [50, 99, 102]. The threat of micropit-
ting was calculated with FVA 54 [100]. The calculation was carried out by using a script within
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6. Design

the FVA-Workbench (FVA-Wb) [45], a calculation software for machine elements and transmission
applications.

Damage type / safety factor | Symbol | Phys. dimension | Value
pitting (ISO 6336) Su 1.0 1.1
root (ISO 6336) Sk 1.0 1.4
scuffing (DIN 3990, integral temperature) Sints 1.0 1.8
scuffing (DIN 3990, contact temperature) SB 1.0 2.0
root (VDI 2737, ring gear only) SEVDI 2737 1.0 14
root (FVA 389, ring gear only) SEFVA 389 1.0 1.4
root (FVA 45, ring gear only) SEFVA 45 1.0 14
threat of micropitting (FVA 54) A Acrit 1.0 1.0

Table 6.6.: Required minimum safety factors for the planetary gear sets within the CS modules

To be able to run the calculations, some additional specifications have to be made. For example,
assumptions on the influence of the application, internal dynamics and load sharing had to be
made. The load sharing factor (mesh load factor) K, was taken from ANSI/AGMA 6123-B06 [1,
Table 8] for application level 3:

Kyc=1.19 (6.10)
Ky,p=1.23. (6.11)
For accurate determination of the other load factors detailed information regarding a multitude of

parameters is needed. At the time, this data is not available. Therefore, for Ky, Kas, Ky, Ki1p, Kna»
Kgp, Kra, Kpp and Kpq the following assumptions were made:

Ky=2 (6.12)
Kxg =2 (6.13)
Ky, Ky, Kiia, Kep, Kga, Ky, Kg, Kpo = 1. (6.14)

Since the compared transmissions are quite similar to each other, it is expected that these assump-
tions - even if not yielding exact solutions for a given mesh — may be reasonable for comparing
their strength.

For reasons of space, the variator cannot be placed in-between the two epicyclic gear sets as de-
picted in figure 3.5. To limit the required centre distance for the helical gear stages i, and iy and
also to reduce the centrifugal forces acting on the planet bearings, high values value of b/d; resp.
b/ dp) —whichever is greater — are preferable. In [79, Tafel 22.1/5], guideline values of this parameter
are given for spur and helical gears. An example of a planetary gear is described at [79, pp. 364 sqq.].
Here a value of b/d = 0.8 was chosen for the smallest gear. This value was set for the layout of the
planetary gear sets of the two CS modules.

The planetary gear stage in the baseline drivetrain of the UH-60 consists of spur gears. High-speed

meshes and even the final (non-epicyclic) stages of helicopter transmissions comprise helical gears.
The helix angles of sun, planet and ring gears in epicyclic gear sets of motor vehicles and hybrid
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6.1. Compound-Split modules

electric cars are usually different from zero (cf. [78]). In several studies; e.g., [51, 94, 95]; it has been
shown, that for gears without modifications, whole-number values of the overlap ratio €4 lead to
reduced noise emission. Therefore, the helix angle § was chosen so that overlap ratios of 1.0, 2.0,
3.0 and 4.0 were obtained, unless the helix angle exceeded 25°.

Besides the parameters described so far, some additional input has to be provided to the calcula-
tion software. This information is listed in the echoprint of input data in the result files which can
be found in the supplementary. The used FVA-Wb model and the script setting the parameters,
starting the calculations and saving the results have also be added to the supplementary.

6.1.4. Final parameters of planetary gear sets C and D

The results of the calculations are tables listing possible combinations of parameters satisfying
the set conditions. The full tables for C, D and the fixed-ratio stages can be found in the supple-
mentary. From the multitude of results, one was chosen for each planetary gear set. These are not
necessarily the ones with the smallest diameter, but the ones offering good overall properties at
small diameters. The selected gearing data and resulting safety factors are shown in tables 6.7 and
6.8.

All of the geometric parameters of PGS C are common in helicopter drivetrains at the given speed
and torque level. Especially, none of the is at a boundary of the permitted parameter range, which
would indicate that the optimum is outside this area. With a helix angle of 20.5° an overlap ratio of
about 2.0 is achieved. If the resulting axial forces lead to unacceptably high loads on the bearings,
this value has to be reduced. The working pitch diameter of the sun gear (d,,» =—242.441 mm) is
smaller than the diameter of the input bevel gear (~340 mm) (cf. [74, 80]). Therefore, the diameter
is no limiting factor concerning assembly space (see figure 3.6 and section 3.5). The resulting safety
factors are far above the minimum values defined in table 6.6. The reason for this is the threat of
micropitting, which required an increase of the normal module though the other safety factors
were already sufficient.

Turning to table 6.8, we see that the selected normal module for PGS D is smaller than the one for
PGS C whilst the numbers of teeth are higher. As a consequence, the overlap ratio of 2.0 is obtained
with a smaller helix angle of 16.5°. The resulting working pitch diameters are smaller than the ones
of PGS C. The main reason for this is the fact that only a portion of the propulsive power has to
be transmitted via D. The calculated safety factors are closer to the minimum values but are also
more than sufficient.
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6. Design

Parameter Symbol | Phys. dimension Value
number of teeth sun gear 21 1 23
number of teeth planet gears zp 1 26
number of teeth ring gear ) 1 =77
planetary ratio i12 1.0 -3.3478
number of planets q 1 5
normal module my mm 3

profile shift coefficient sun X1 1.0 0.35000
profile shift coefficient planet Xp] 1.0 0.30000
profile shift coefficient ring X2 1.0 0.13368
working pitch diameter sun dw,1 mm 75.373
working pitch diameter planets Ay pl mm 85.205 / 81.863
working pitch diameter ring dw,2 mm —242.441
face width sun / planet / ring by mm 55.8/55.8/55.8
helix angle B ° 20.5
overlap ratio sun-planet €p 1.0 1.999
overlap ratio planet-ring €p 1.0 1.999
Damage type / safety factor | Symbol | Phys. dimension Value
pitting (ISO 6336) sun / planet / ring Sy 1.0 1.82/1.82/2.96
root (ISO 6336) sun / planet / ring Sk 1.0 9.61 /6.66 / 7.45
scuffing (DIN 3990, integral temperature) Sint s 1.0 2.50/3.18
scuffing (DIN 3990, contact temperature) Sp 1.0 2.43/5.29
root (VDI 2737, ring gear only) SEvDI 2737 1.0 8.23

root (FVA 389, ring gear only) SEFVA 389 1.0 7.12

root (FVA 45, ring gear only) SEFVA 45 1.0 8.12

threat of micropitting (FVA 54)

A > Aqrit = no expectation of micropitting damage !

Table 6.7.: Chosen parameters and resulting safety factors for planetary gear set C
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6.1. Compound-Split modules

Parameter Symbol | Phys. dimension Value
number of teeth sun gear z) 1 51
number of teeth planet gears zp 1 29
number of teeth ring gear z 1 -110
planetary ratio i12 1.0 -2.1569
number of planets q 1 5
normal module my mm 1.5
profile shift coefficient sun X1 1.0 0.35000
profile shift coefficient planet Xp] 1.0 0.30000
profile shift coefficient ring X2 1.0 —-0.39884
working pitch diameter sun dw,1 mm 80.970
working pitch diameter planets dy pl mm 46.042 / 45.474
working pitch diameter ring Aw,2 mm —172.486
face width sun / planet / ring by mm 35.2/35.2/35.2
helix angle B ° 16.5
overlap ratio sun-planet €p 1.0 2.001
overlap ratio planet-ring €p 1.0 2.001
Damage type / safety factor | Symbol | Phys. dimension Value
pitting (ISO 6336) sun / planet / ring Su 1.0 1.47/1.4712.13
root (ISO 6336) sun / planet / ring Sk 1.0 4.11/2.93/3.37
scuffing (DIN 3990, integral temperature) Sint s 1.0 2.53/3.29
scuffing (DIN 3990, contact temperature) Sp 1.0 2.55/4.76
root (VDI 2737, ring gear only) SEVDI 2737 1.0 3.15

root (FVA 389, ring gear only) SEFVA 389 1.0 2.79

root (FVA 45, ring gear only) SEFVA 45 1.0 3.24

threat of micropitting (FVA 54)

A > Aqrit = no expectation of micropitting damage !

Table 6.8.: Chosen parameters and resulting safety factors for planetary gear set D
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6. Design

6.2. Fixed-ratio helical gear stages connecting the variator to the
mechanical path

To define sets of possible numbers of teeth for the gears of the helical gear stages connecting the
mechanical path to the variator machines, an approach similar to the one for the planetary gear
sets was chosen. The number of teeth of the pinion was varied between 17 and 100 and multiplied
with i, resp. iy according to (4.22). If the transmission ratio of the rounded results deviated less
than 1% from the target value, the combination of numbers of teeth was added to the sets of
permissible input for the calculation, denoted Z;¢ and Z},p. These are given by

z1 €{17,...,100}
Znc =1 lz1, 2] 221 =1.06- z1[1 (6.15)
;—f €[-1.06-0.99,—-1.06-1.01]

for the helical gear stage connected to the pump and

z1€1{17,...,100}
Znp =1 21, 22] Z2||—1.83- 2111 (6.16)
% €[-1.83-0.99,-1.83-1.01]

for the one connected to the hydraulic motor. It shall be pointed out, that the index 1 denotes the
pinion, i.e., the smaller of the two gears of the mesh, and not the driving gear.

The sum of profile shift coefficients x; + x» is set to 0.8 (high flank and root strength), which is
split automatically according to [9] by the software. Material, manufacturing and lubricant data
for the two helical gear stages is the same as for the planetary gear stages C and D (cf. tables 6.2,
6.3 and 6.4). The operating conditions have already been discussed in section 6.1 (cf. table 6.5). To
reduce the axial length of the mechanical part of the CS modules and to reach large enough centre
distances so that the hydraulic machines can be placed besides the PGS, the common face width
of the helical gear stages were preset to 20 mm and 30 mm. Whole-number values for the overlap
ratios were strived. As for the planetary gear sets, all possible combinations of parameters were
checked on compliance with the set requirements. If accepted, the minimum normal module, so
that the minimum safety factors were met, was searched. The resulting tables for the fixed-ratio
stages i, and iy can be found in the supplementary. The selected final design parameters as well
as the resulting safety factors are presented in tables 6.9 and 6.10.

The chosen values for i, are quite common, none are at the end of the permissible range. The
small face width combined with a minimum overlap ratio of 1.0 result in comparable high numbers
of teeth and a normal module of 2 mm. The resulting centre distance is big enough to place the
pump besides the ring gear of C. The face width of 24.3 mm and 22.3 mm result from small changes
to achieve a whole-number overlap ratio, a 1x45° chamfer at the tip and a 2 mm wider pinion. Due
to the low b/d ratio, an overlap ratio of only 1.0 could be achieved with a helix angle of 18°. The
safety factors meet the requirements. However, for the threat of micropitting no reasonable rating
is possible, because the strength calculation is based on the mechanical points and high torque at
standstill as well as low torque at high-speed are difficult operation conditions to be examined.

For the fixed-ratio helical gear stage i;, the same general comments apply. Due to the higher
torque at the motor shaft in standstill, the resulting working pitch diameters are larger although
the common face width is increased by 50 % compared to i..
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6.2. Fixed-ratio helical gear stages connecting the variator to the mechanical path

Parameter Symbol | Phys. dimension Value
number of teeth pinion 21 1 76
number of teeth wheel 2 1 81
normal module my mm 2
profile shift coefficient pinion X1 1.0 0.40541
profile shift coefficient wheel X2 1.0 0.39459
working pitch diameter pinion dw,1 mm 161.325
working pitch diameter wheel Aw,2 mm 171.938
face width pinion by mm 24.3
face width wheel by mm 22.3
helix angle B ° 18
overlap ratio €p 1.0 0.998
Damage type / safety factor | Symbol | Phys. dimension Value
pitting (ISO 6336) pinion / wheel Sy 1.0 1.26 / 1.26
root (ISO 6336) pinion / wheel Sk 1.0 1.44 / 1.56
scuffing (DIN 3990, integral temperature) Sints 1.0 3.69
scuffing (DIN 3990, contact temperature) Sp 1.0 15.5

threat of micropitting (FVA 54)

| Near standstill no reasonable rating is possible.

Table 6.9.: Chosen parameters and resulting safety factors for helical gear stage i,

Parameter Symbol | Phys. dimension Value
number of teeth pinion z1 1 44
number of teeth wheel 2 1 81
normal module my mm 3
profile shift coefficient pinion X1 1.0 0.44387
profile shift coefficient wheel X 1.0 0.35613
working pitch diameter pinion Aw,1 mm 140.420
working pitch diameter wheel dw,2 mm 258.500
face width pinion by mm 34.5
face width wheel by mm 32.5
helix angle B ° 18
overlap ratio €p 1.0 1.000
Damage type / safety factor | Symbol | Phys. dimension Value
pitting (ISO 6336) pinion / wheel Sy 1.0 1.12/1.12
root (ISO 6336) pinion / wheel Sk 1.0 1.62/1.47
scuffing (DIN 3990, integral temperature) Sints 1.0 3.63
scuffing (DIN 3990, contact temperature) Sp 1.0 13.59

threat of micropitting (FVA 54)

| Near standstill no reasonable rating is possible.

Table 6.10.: Chosen parameters and resulting safety factors for helical gear stage iy
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6. Design

6.3. Changes to combining bevel gear stage and main planetary gear
stage

The changes made to the baseline drivetrain to obtain a continuously variable transmission system
affect the Combining Bevel Gear Stage (CBGS) and the Main Planetary Gear Stage (MPGS) in three
ways. First, the Compound-Split modules have a minimum transmission ratio of 1.3 at MP I (0,),
which increases the overall ratio. If no changes are applied to the final stages, the range of rotor
speed would be 132 RPM to 198 RPM. Second, the maximum main rotor speed shall be 180 RPM
to 258 RPM. Therefore, even for min(®;,0,) = 1, the transmission ratios of combining bevel and
main planetary gear stage would have to be adapted. The third — but probably most important —
influence is the increased torque when the rotor is operated at speeds below the nominal value.
To address the first two points, the numbers of teeth of the affected gears have to be changed.
The values for the baseline transmission system were taken from [74] and are shown in table 6.11.
To reduce the numbers of indices, none were added to the symbols. If the same symbol is used for
different parameters, it is apparent from the context which one is meant. The overall transmission

parameter Symbol | Phys. dimension | Value
number of teeth bevel pinion z1 1 17
number of teeth bevel gear 2o 1 81
transmission ratio bevel gear stage iCBGS 1.0 4.765
number of teeth sun gear z1 1 62
number of teeth planet gears zp] 1 83
number of teeth ring gear 2o 1 -228
planetary ratio 12, MPGS 1.0 -3.677
transmission ratio i15,MPGS 1.0 4.677
number of planets q 1 5

Table 6.11.: Data of combining bevel gear and main planetary gear stage (cf. [74, p. 7])

ratio of the two stages is i = 22.287. To reach the maximum main rotor speed at k,;, = Oy, this
value has to be reduced to i = i/1.1/1.3 = 15.585. As for the planetary gear sets C and D, a set of
possible combinations of numbers of teeth was defined for the main PGS. Again, there should be
as little changes as possible to achieve the required transmission ratios. This leads to the following
assumptions:

1. The required change of transmission ratio shall be evenly divided among the two stages.
2. The number of teeth of the gear of CBGS is 81 and will be kept unchanged.
3. The number of planets shall stay the same.

4. Since for the numbers of teeth of the baseline main PGS z; +2 zp) = —z, applies, this condition
is required for the new design as well.

5. The number of teeth of the planet gears shall stay the same.
6. The numbers of teeth of the gears of CBGS shall not have a common divisor different to 1.

7. No pair of numbers of teeth of the gears of MPGS shall have a common divisor different to 1.
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6.4. Remarks on the design of the variable-ratio drivetrain

The values of the selected modification of the two stages satisfying these requirements are given
in table 6.12. To take the influence of the increased torques into account is more challenging since

parameter Symbol | Phys. dimension | Value
number of teeth bevel pinion zZ 1 20
number of teeth bevel gear Zy 1 81
transmission ratio bevel gear stage iCBGS 1.0 4.050
number of teeth sun gear Z 1 87
number of teeth planet gears Zp| 1 83
number of teeth ring gear Zy 1 -253
planetary ratio flz,Mst 1.0 -2.908
transmission ratio 115 MPGS 1.0 3.908
number of planets q 1 5

Table 6.12.: Data of modified combining bevel gear and main planetary gear stage

no information on the design load spectrum is publicly available. As a rough estimate,

Q Q

x = const. (6.17)
Vspur gear d2 b

can be assumed. Since for constant maximum power MR speed will be reduced to 70 %, a torque
increase by 42.9 % is expected. If b/d is kept constant, this yields

d=+v1.429d ~1.126d (6.18)
b=v1.429b~1.126b. (6.19)

For the combining bevel gear stage this factor is probably covered by the increased number of teeth
of the pinion. Since the planet gears are probably the critical parts in the main planetary gear stage,
the normal module and the face width of sun, planet and ring gears will be increase by a factor of
1.126.

6.4. Remarks on the design of the variable-ratio drivetrain

In this chapter some design data of the Compound-Split modules as well as of the remaining
drivetrain was derived. This information is needed to be able to estimate the dimensions of the
modifications compared to the UH-60’s baseline transmission system. It will also be used in the
dynamic simulation of the propulsion system, where transmission ratios and estimated moments
of inertia (based on gear geometry data) will have a mayor influence on the results. It shall be stres-
sed, that the found solution is only valid for the given assumptions and restrictions and therefore
appropriate for a demonstrator rather than a serially produced helicopter.

The design parameters selected for the mechanical path of the CS modules are limited to the gears.
Shafts and bearings were not considered in detail, because there are lots of unknown parameters
and especially the given assembly space is not known in detail. The lubrication for the CS modules
poses a challenging task, since the cooling of the high speed parts will be a core function of such
a system. Due to the special operation conditions of the fixed-ratio helical gear stages i, and iy,
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6. Design

they are probably at risk of micropitting. To face this threat a comprehensive examination of the
gear stages; including operating conditions, materials, surface treatments and lubrication, has to
be done. However, based on the gearing data, it is assumed, that engineering will find satisfying
solutions to these problems.

The needed data of the two hydraulic machines has already been defined in chapter 4. As mentio-
ned there, these machines are COTS products for mobile applications. The properties of tailored
solutions for the use in rotorcraft transmission systems may strongly differ from the values in chap-
ter 4. However, a working hydraulic transmission needs far more than pump and motor. First of
all, they have to be connected by hydraulic lines consisting of pipes and hoses. To obtain a CVT,
some control mechanism has to be implemented to change the displacements. During operation,
the hydraulic fluid warms up and is contaminated by debris and the products of ageing and other
chemical processes. To ensure safe and efficient operation of the transmission system, oil coolers
and filters are needed. As described in section 5.1, volumetric losses occur at the hydraulic ma-
chines by the very principle of power transformation. To compensate for these losses and supply
hydraulic fluid, feed pumps, which do not stand still in any operation condition, are needed. Furt-
hermore, some kind of reservoir or tank for a minimum of hydraulic fluid has to be included. To
counter a malfunction of any device in the hydraulic circuit, valves have to be installed. For exam-
ple, the system pressure has to be limited and in case of a clogged filter, a by-pass has to be opened.
Similar to the lubrication system of the UH-60, a by-pass of the oil cooler could be designed to ease
run-up and increase system efficiency (cf. [120, p. D-11]). Perhaps, an oil heating system is required
to enable operations in extreme climate. Additional measuring devices for pressure, temperature,
oil flow, etc. — especially if connected to the cockpit or a Health and Usage Monitoring System
(HUMS) system — may further increase safety.

Due to a lack of measured data, the reliability of the hydraulic system cannot be rated quantita-
tively at present. However, certification requirements and demands of operators (especially in the
military sector) put emphasis on the safety of the system. It is possible that redundant hydraulic
systems are required for both CS modules, i.e, two pumps and two motors on each side of the drive-
train. If (4.19) applies for the final variator machines, redundant systems may decrease variator
weight.

To sum up, it can be said that the design, manufacturing and testing of the proposed type of
continuously variable transmission system is a challenging and fascinating task. Unfortunately, it
is far beyond the scope of this study and the related project VARI-SPEED and therefore remains as
a subject for follow-up projects.
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7. Modelling

To show the feasibility of a transmission system containing two Compound-Split modules for the
use in rotorcraft, a dynamic simulation was carried out. The model was built up in Simulink [103],
making extensive use of the Simscape Multibody toolbox. In this chapter, the models of the main
components of the propulsion system of the UH-60 are described. For the main rotor and the two
turboshaft engines it is relied on models found in the literature. The drivetrain model consists of a
multi-body system combined with basic modelling of the hydraulic system.

7.1. T700 turboshaft engine

The model of the two General Electric T700 turboshaft engines is based on the simplified open-
loop dynamic model developed by Duyar et al. [40]. It has been obtained by linking linear state
space models which were derived from detailed nonlinear engine simulations [40, p. 62]. The five
operating points used are shown in table 7.1. The first two lines show the power turbine speed
relative to nominal speed % Np and the fuel flow Wr. These two values form the control vector u of
the T700 model, i.e.,

__(%Np
g.—( We ) (7.1)

The output vector y, defined by

yi= , (7.2)

consists of the relative gas generator speed, the engine shaft torque multiplied by the transmission
ratio of the main gear box (i.e., the torque acting on the MR shaft), the interturbine gas temperature
and the static pressure at station 3. The values of these parameters at the five operating points are
summarized in lines three to six in table 7.1. For illustration, the corresponding values affecting the
dynamic model of the drivetrain —i.e., engine shaft speed, torque and power — are presented below.
To be able to use the numerical values given in the paper, the original operating points and units
are used in the Simulink model and only the resulting torque, which acts on the power turbine
shaft, is converted to Nm.

For each operating point j € {1,2,3,4,5}, a set of matrices Dj, Ej, Fj, Gj and Z; determining the

linear model
x(k+1)=D;x(k) + Eju(k) + F; (7.3)
X(k) = ﬁﬁ(k) +ﬁ (7.4)
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7. Modelling

Operating point | 1 | 2 3 4 5
rel. power turbine speed % Np % 100 100 100 100 100
fuel flow Wr Ib/s | 0.0884 | 0.1170 | 0.1456 | 0.1742 | 0.2028
rel. gas generator speed %NG % 87.5 91.4 94.5 96.7 98.5

engine shaft torque (at MR) Qs | ft—1b | 9369.0 | 15309.0 | 21443.0 | 27303.0 | 32619.0
interturbine gas temperature | Ty5 | degR | 1472.0 | 1578.0 | 1675.0 | 1778.0 | 1896.0

static pressure at station 3 Pgs psi 132.0 161.7 188.9 212.3 231.5
engine shaft speed NTSE Nm 20900 | 20900 20900 20900 20900
engine shaft torque Qrse | Nm 156.8 256.2 358.9 457.0 545.9
engine power Prsg kw 343.0 560.4 785.0 999.5 1194.1

Power turbine design speed = 20900 RPM / Gas generator design speed = 44700 RPM

Table 7.1.: Operating points of turboshaft engine model (cf. [40, p. 64])

is given in [40]. Here x denotes the engine model state vector. To cover the whole operating range
of the T700 engine, an interpolation between the point models based on the gas generator speed is
possible (cf. [40, p. 66]). However, it turned out to be favourable to prescribe the operation points in
the model based on preliminary results. The sampling time of the models is 0.1 s [40, p. 65]), i.e., 0.1
seconds pass between the states k and k + 1. To obtain a more dynamic model for the simulation of
the transmission system, a linear interpolation in the time step can be performed. The state vector
at t+ At, with At <0.1, is then given by

£(t+At)=£(t)+% D;x(t)+ Eju(t)+ Fj— x(D)|. (7.5)
Since the power turbine shaft is considered as a part of the transmission system and therefore is
affected by changes of power demand of the rotors, the sampling time can be reduced by using
(7.5) to be able to model highly dynamic processes. However, due to the low level of detail of the
turboshaft engines’ speed controllers, the sampling time was kept unchanged for this study to
reduce simulation effort.

7.2. Main rotor

The main rotor is modelled with classical Blade Element Momentum Theory (BEMT). As the name
suggests, BEMT is a combination of blade element and momentum theory. The latter is used to
determine the induced velocity at the discrete elements of the blades. With knowledge of the inflow,
the forces acting on the blade elements can be determined by using lookup tables available in the
literature.

7.2.1. Blade model

The main rotor of the UH-60 comprises four identical blades. The planform with the sections of
the two used airfoils SC1095 and SC1094 R8 is shown in figure 7.1.

From 0.0 to 0.1925 R, the blade was assumed non-aerodynamic, i.e., no lift and drag forces were
calculated. Outboard from this point, the section with airfoil SC1095 starts. Between 0.4658 R and

80



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

7.2. Main rotor

0.4969 R there is a linear transition to SC1094 R8. Its section ranges from 0.4969 R to 0.8230 R. After
another transition, SC1095 is used from 0.8540 R to the blade tip. [28]

e S DOS 5 = SC10594 RA & — SCI095 ==
0.05 Transition — }-‘— Transilion-—:l'. I\:
0.00 - Eil':; '
-0.05
—o.10 L L I ’ I i L i L L i L 5 i 4 [ 5
0.0 .1 0.2 0.3 0.4 0.5 0.6 (1 0.8 0.8 1.0
'R

/R

Figure 7.1.: Main rotor blade of UH-60 (taken from [28, p. 6])

The four blades of the UH-60’s main rotor are modelled by sixteen elements per blade. Informa-
tion on blade geometry and mass distribution was taken from [28, 32, 35, 133, 134]. The properties
of the blade sections are summarized in table 7.2. The length of one section was set to 5% of the
main rotor radius R, except for the first one, which covers the remaining distance at the inner end
of the airfoil sections. The generic radial position from the hinge 7 is defined as the ratio of the
radial position minus the hinge offset e to the main rotor radius. It is equivalent to the parameter r
used in [70]. The blade chord was assumed to be constant, the trim tab at 0.7316...0.8629 R and the
form of the tip section, which is swept by 20° (cf. [28, p. 6]), were not considered in the simulation.

rad. pos. ofcenter | _  ,_, | length | area | mass | twist o
Fi=1=F airfoil
# r R Ly Ay | mp | Ow
m 1.0 m m? kg | deg -
1 1.810 0.175 0.470 | 0.248 | 4.826 | 11.5 SC1095
2 2.249 0.228 0.409 | 0.215 | 4.176 | 10.5 SC1095
3 2.658 0.278 0.409 | 0.215 | 4.215 | 9.5 SC1095
4 3.067 0.328 0.409 | 0.215 | 4.228 | 8.5 SC1095
5 3.476 0.378 0.409 | 0.215 | 4.228 | 7.5 SC1095
6 3.885 0.428 0.409 | 0.215 | 4.301 | 6.5 SC1095
7 4.293 0.478 0.409 | 0.215 | 4.293 [ 5.5 | SC1094 R8
8 4.702 0.528 0.409 | 0.215 | 4.285 | 4.5 | SC1094 R8
9 5.111 0.578 0.409 | 0.215 | 4.501 [ 3.5 | SC1094 R8
10 5.520 0.628 0.409 | 0.215 | 4.977 | 2.5 | SC1094 R8
11 5.929 0.678 0.409 | 0.215 | 5.377 | 1.5 | SC1094 R8
12 6.338 0.728 0.409 | 0.215 | 5.348 | 0.5 | SC1094 R8
13 6.747 0.778 0.409 | 0.215 | 5.754 | -0.5 | SC1094 R8
14 7.156 0.828 0.409 | 0.215 | 6.916 | -1.5 SC1095
15 7.565 0.878 0.409 | 0.215 | 6.975 | -2.5 SC1095
16 7.974 0.928 0.409 | 0.215 | 3.496 | -3.5 SC1095

MR radius R=8.178 meter / chord ¢=0.527 meter

Table 7.2.: Data of UH-60’s main rotor blades (based on [32, 35])
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7. Modelling
7.2.2. Lift and drag forces

The lift and drag coefficients C; and Cp of the SC1095 and SC1094 R8 airfoils were simulated as
functions of Angle of attack (AoA) a and the Mach number Ma:

Cr = f(a, Ma) (7.6)
Cp = f(a, Ma). (7.7)

The dependences were taken from [101, Appendix B], transferred to lookup tables and interpolated
linearly. The resulting lift and drag forces F; and Fp of a blade element can are determined by

FL=C, % V2, Ay (7.8)
Fp=Cp % Vis Abl, (7.9)

where p,ir and Vs denote the air density and the airfoil section speed in flow axis. The former was
assumed to be 1.0kg/m3. The flow conditions at a blade element are sketched in figure 7.2. The
notation has been taken from [70, p. 65]. It can be seen, that V45 consists of the tangential speed in

Figure 7.2.: Lift and drag forces at a blade section (cf. [70, p. 65])
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7.2. Main rotor

wind axes Vr and the perpendicular speed in wind axes Vp. The radial component of the flow Vz
will be neglected in this study. The velocities are determined by (cf. [70, p. 65]1)

Vi . .

OR =&+ 7 cos(PB) + usin(¥P) (7.10)
Ve _ LI

OR = A cos(f) + R + pusin B cos ¥ (7.11)

Vas=1/Vi+ V3. (7.12)

Here f3 denotes the flapping angle and S is its time derivative. The relative hinge offset ¢ is the ratio
of hinge offset to main rotor radius and the advance ratio u is defined as forward speed V divided
by the blade tip speed Q R. The blade azimuthal angle V¥ is zero when the blade is pointing to the
rear of the helicopter and increases with the rotation of the main rotor. The tangential velocity
can be calculated with knowledge of the main rotor geometry, its angular velocity Q, the blade
azimuthal angle and the forward speed of the helicopter. All these parameters are known resp. can
be determined in every time step of the simulation. For the calculation of the airfoil perpendicular
speed in wind axes Vp the induced inflow parameter A has to be known. It will be obtained by using
a linear inflow model developed by Glauert? [48, 70]. The details are described in the following
section.

7.2.3. Induced inflow model

The information on Glauert’s model was taken from [48, 70]. To obtain the inflow parameter A, the
system of equations (7.13) has to be solved:

Ai = Aio (14 (& + 7 cos(B)) Ky cos(P))

cT
Aio =
2\/p2 +(Aio + p tan(amr))
A= ptan(amg) + 1; (7.13)
157 X
Ky = g tal’l(z)

7
= t —.
X arcan(/l)

i
Here, c7 denotes the thrust coefficient defined by main rotor thrust T' and rotor disc area Ayg as

T
cr: (7.14)

" pairAMr(QR)?
The parameter ayg is the tilt angle of main rotor relative to waterline. Since (7.13) is a non-linear
system of equations, it has to be solved iteratively. Because of the huge computing cost and re-
sulting simulation times, it was not possible to solve the systems for all 64 blade elements in each
time step. Therefore, the system was solved for sets of values of the parameters 7 cos(f), cr, u,
YV and ayg with Matlab’s nonlinear solver 1squnonlin [67] once. During the simulation, A was
obtained by linearly interpolating these results.

1n formula (3.8) of [70], the factor 1/Q is missing at r ﬁ
2Hermann Glauert (1892-1934), British aerodynamicist
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7. Modelling

In figure 7.3 the resulting induced velocity parameters on the rotor disc are depicted for differ-
ent advance ratios at reference rotor speed. As parameters ¢y = 0.0082 and aygr = 3° — which
corresponds to a tilt of the fuselage to waterline level awy, of 0° — were set. Subfigure (a) represents
hover flight. For hover condition (¢ = 0.0), the value of the induced velocity parameter is 0.0641 all
over the rotor disc. This corresponds to

A=4/—, (7.15)

which is yielded by basic momentum theory. When the forward speed increases, the distribution
of the inflow parameter across the rotor disc changes. The values of A are higher at the rear section
of the rotor (]| < 90°). The higher the forward speed resp. u gets, the lower are the values of 1.
This is consistent with the expectation that the induced Power P;, defined by

P;:=TV; (7.16)

decreases with forward speed (cf., for example, [27, p. 103 sqq.] and [128, p. 328 sqq.]).
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Figure 7.3.: Induced velocity parameter A at different advance ratios p
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7. Modelling

7.3. Tail rotor

Although it would have been possible to set up a tail rotor model in the same way as it has been
done for the main rotor, the simulation was done with a simpler model. The reason for this was the
reduced simulation time. Furthermore, the involvement of a fixed-speed tail rotor in the simulation
model would not have yielded any additional insight into the operation of a helicopter with a
variable-ratio transmission connecting engines and main rotor.

The simplified tail rotor model consists of a force acting on the fuselage in direction of the TR
axis at the position of the TR hub. This TR thrust Tty is controlled by a PID controller so that the
yaw angle of the fuselage is kept at 0°. Using momentum theory for hover conditions, the power
demand of the TR Pry, is calculated by

1 T3
Prr= | [ s —, (7.17)
FM Y 2 pair ATr

where At is the disc area of the tail rotor and the value of the Figure of Merit (FM) was set 0.7 acc.
to [128, p. 122].

7.4. Fuselage

The UH-60’s fuselage is simulated as a rigid body connected to rotors and transmission system
via revolute joints. Information on mass, inertia and Center Of Gravity (COG) is taken from [52].
The aircraft mass m,. is specified as 16400.01bs, which corresponds to 7438.9kg. Lift and drag
forces of the fuselage were calculated according to the formulae published in [70, 134]. In [52] also
a damping model for the fuselage is included. This has been added to the Simulink model. With
introduction of the rotor solidity o

_NCR
AMmR '

o: (7.18)

where N is the number of blades; an important comparative figure can be defined. The blade
loading is given by 2. For hover condition, this yields

cr T AMmr Mac §

= 5 =~ 5 =~ (0.0868. (7.19)
0 PairAMR(QR)(NCcR)  pair(QR)*(NcR)

In forward flight, thrust and blade loading increase due to the drag of the fuselage. The resulting
values are summarized in table 7.3. The parameter %T will be important in the evaluation of the

forward speed | advance ratio u | blade loading %T

Om/s 0.000 0.0868
20m/s 0.091 0.0868
40m/s 0.181 0.0864
60m/s 0.272 0.0854

Table 7.3.: Blade loading for different advance ratios p

simulation results, because all conclusions are restricted to it.
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7.5. Transmission system

The modelled fuselage has four degrees of freedom: three translational and one rotational across
MR axis. Initially, it had been intended to use all six DOFs and the results presented in [82] were
obtained with these constraints. However, it turned out that due to the high cost of computation
and the simple control system included in the model, less DOFs are preferable. In addition, the
limited model is more stable and the results are sufficient for a rating of the proposed transmission
system. However, comprehensive analysis and simulation with more DOFs is inevitable before
a prototype helicopter equipped with a drivetrain containing Compound-Split modules is to fly.
However, this task is beyond the scopes of the project VARI-SPEED and this thesis, and therefore it
is left for future research.

Since the are no DOFs, roll and pitch attitude of the fuselage depending on the advance ratio u are
taken from [133, p. 258 sq.]. The data was calculated resp. measured for a weight coefficient cyy,

w

= (7.20)
pairAMR Q R)z

Cw .

0f 0.0065. This corresponds to a gross mass of 6787.3 kg. The roll attitude is set 0° for all advance ra-
tios, whilst the values of the pitch attitude can be found in table 7.4. Although the gross weights for

forward speed | advance ratio p | pitch attitude aw, | roll attitude

Om/s 0.000 —4° 0°
20m/s 0.091 -2° 0°
40m/s 0.181 0° 0°
60m/s 0.272 2° 0°

Table 7.4.: Attitude of fuselage (cf. [133])

which roll and pitch attitude were determined slightly differs from the mass set in the Simulink mo-
del, it is assessed sufficiently accurate for the purpose of this study. Furthermore, the chosen values
were used for all main rotor speeds. Since the study is not focussed on the attitude of the fuselage
and the influence on the transmission system is expected to be negligible, these assumptions seem
to be justified.

7.5. Transmission system

7.5.1. Variator and hydraulic system

The hydraulic system of the proposed drivetrain consists of the two axial piston hydraulic machines,
hydraulic fluid, connecting lines, possibly required hydraulic accumulators and different kinds of
valves. Not all of these are included in the simulation model.

In Simulink, motors and pumps are represented by Variable-Displacement Motor blocks, which
are provided in the Simulink library. This type of block includes information on maximum stroke
and displacement as well as contains a tabulated efficiency model. All this information has been
obtained in chapters 4 and 5. As discussed in section 5.1, Schldsser’s model reaches its limits for low
rotational speeds or loads. Therefore, a minimum efficiency of 5 % was set for both hydraulic ma-
chines to avoid non-physical results. It is assumed, that this minimum efficiency can be achieved
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7. Modelling

by real-life axial piston hydraulic motors in nearly all operating conditions. However, the actual ef-
ficiencies of the variator need to be determined by testing. The parameters regarding motor-pump
transition have been set to very low values. However, in the following simulation runs, no transition
of operation mode occurs and therefore, these parameters have no influence on the results. The
actual stroke is controlled by a PID controller, cf. section 7.6. The properties of the hydraulic fluid
hydraulic fluid were set acc. to section 5.1.

Since much of the design data of the hydraulic system is not yet specified, it was kept very simple
in the Simulink model. The whole system is represented by a Hydraulic Pipeline block taken from
the Simulink library. Some parameters were chosen based on the information given in [126], others
had to be estimated. Since the hydraulic pipeline model has flexible diameters, it works as a kind
of accumulator. There are no additional hydraulic accumulators in the system. Furthermore, all
valves were neglected. The reasons for this are twofold: firstly, the poor data situation and the re-
sulting unreliable results and, secondly, the high computational costs of simulating valve actuation,
which are not justified because the focus of the study is not on this topic.

As all other parts of the Simulink model used in this study, the hydraulic system can be easily
adapted to a more sophisticated variator system when detailed information is available. Especially
some safety issues, which will be discussed in part IV in detail, will require comprehensive analysis
of the elaborated variator system.

7.5.2. Multi-body system

The simulation model of the transmission system was built up in Simulink’s Simscape Multi-
body [103]. The gear data was taken from chapter 6. Information on shaft inertia was derived? from
[44, 74, 80]. The inertia of the power turbine shaft of the T700 engine, which is considered as part of
the transmission system (cf. [40, p. 63]), was found in [127]. Bearings were added to the multi-body
system only as revolute joints to enable the rotation of the parts of the transmission system, but no
masses or inertias were taken into account. The inertia of the main rotor is summarized in table 7.2.
Since a tail rotor drive has not been designed in chapter 6, it was simply simulated by two torques
acting at the position of the TR power take-off (cf. figure 3.7) which take off half the TR power (7.17)
each.

As illustration of the multi-body system, the display of the model in Simulink’s Mechanics Explorer
is depicted in figure 7.4. It is easy to distinguish four crucial parts of the model: main rotor, tail
rotor (hub), fuselage and drivetrain. Each of the four blades of the main rotor consist of 16 rigidly
connected sections (cf. table 7.2) and a massless bar connecting the hinges (not displayed) to the
blades. In the model, only flapping and lead/lag hinges are taken into account. The modelling of
flap and lead/lag damping is based on published data [35, 133].

As discussed earlier, the tail rotor is not simulated in detail but only by its hub, which can be
found in the upper left corner of figure 7.4. For future simulations, the main rotor model can be
copied to this hub and by adapting the parameters and the inflow model, a fully working tail rotor
model can be obtained.

The fuselage is not represented by a realistic body in Mechanics Explorer but by a simple ball at
the center of gravity (centre bottom of figure 7.4). This ball carries all of the mass properties of the
fuselage, which is assumed to be rigid. The drivetrain is located in the centre of figure 7.4 just below

3This work was carried out by Valentin Zadrazil as part of a project thesis.
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7.5. Transmission system

the rotor. Since all gears are rigid bodies with just one rotational degree of freedom and no tooth
stiffness is considered, the transmission system in total has two kinematic degrees of freedom. In
the yellow box the Compound-Split module is pointed out.

Figure 7.4.: Display of multi-body system in Simulink Mechanics Explorer

In figure 7.5 this detail is magnified to show the composition of this crucial part of the drivetrain.
The long shaft which is partly covered by gears represents the input shaft and the power turbine
shaft. Due to the complex design of the latter, its geometry has been simplified, but still the in-
ertial properties represent the physical system. At the end of this shaft is the input bevel pinion,
which mates with the input bevel gear. As discussed in previous chapters, this stage has the same
properties as in the baseline UH-60. However, the gears are depicted as truncated cones instead
of gears, because the import of CAD models would not have added additional information and
thus would not have justified the effort. The shaft connecting the CS module and the input bevel
gear is not depicted. Its inertia is included in the gears. The accessories and the tail rotor take-off,
which are located on this shaft are neglected as well as is the free-wheeling unit. The CS module
has already been sketched in figure 3.5. The Simulink model is based on this principal structure
and the parameters derived in chapter 6. Due to the lack of data and the low expected influence
on the simulation results, bearings and shafts of the CS module are neglected. The variator and
hydraulic lines are also not displayed, because they are simulated by forces acting on the respective
gears. The output shaft of the CS module is connected to the connecting bevel pinion from where
the propulsive power is transmitted to the main rotor via a planetary gear stage.
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7. Modelling

Figure 7.5.: Detail view of Compound-Split in Simulink Mechanics Explorer

7.6. Controls

To keep the system in the desired operation condition —i.e., forward, lateral and climb speed; yaw
angle and main rotor speed —, five different types of PID controllers are included in the Simulink
model. One adapts the collective angle 9y depending on the climb rate whilst two vary the cyclic
pitch angles 9, and 9; in order to obtain the required forward and lateral speeds. There are two
blocks each of the fourth and fifth type of PID controllers, one in the power path of each turboshaft
engine. The fourth type adjusts the fuel flow Wr of both turboshaft engines to keep the power
turbine speed constant. The fifth type changes the stroke of both hydraulic machines at a given
ratio to pertain a hydraulic system pressure of 450 bar. When the angular velocity of the main rotor
is to be changed, the target value of the ratio is adjusted.

7.7. Simulation runs

With the model described in the previous sections, several simulation runs were carried out. The
used parameters are summarized in table 7.5. The values pose initial resp. target values, the simu-
lation results might differ and some runs terminated before reaching the required simulation time
(cf. chapter 8).

The first four runs represent forward flight at 0, 20, 40 and 60 m/s with the transmission system
operating at mechanical point I. The duration is 60 s. It was expected — and affirmed by the results
— that this is enough time for the simulation to reach a sufficiently stable state after the abatement
of transient processes. The same was carried out for MP II. It has to be pointed out, that for these
eight simulation runs, the pump resp. motor shafts had been locked and the hydraulic system was
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7.7. Simulation runs

neglected. The reason is, that near mechanical points no proper results for the hydraulic path can
be expected and therefore, the higher computation costs are not justified.

After the mechanical points, twelve operating points with flow of hydraulic fluid in the variator
were searched. The target angular velocities of the main rotor were 27, 23.7 and 20.8 rad/s which
represent the reference speed, the angular velocity with (theoretically) maximum variator power
and the transmission ratio, so that 23.7 rad/s is the geometric mean of the other two.

Of special interest are acceleration and deceleration of the main rotor and parts of the drivetrain.
Operations of this kind were examined in the last six simulation runs. Since transient processes
occur not only at the beginning of the simulations but also throughout the variation of MR speed
and after the target values are reached, the simulation time was increased to 80s. It has to be
pointed out, that only main rotor angular velocities in the range of 20.8 rad/s to 27 rad/s were con-
sidered. Again, the lack of a valid efficiency model was the reason for this decision. Speed variation
was only simulated for combinations of forward speeds and between MR speeds for which the
simulation numbers 9 to 20 have lasted the full 60 s.

The choice of the numeric solver was left to the software, i.e., in the solver options type and solver
were set Variable-step and auto (Automatic solver selection). For the models without hydraulic
system, Simulink chose ode45 (Dormand-Prince) whilst for the ones with a detailed variator model
ode23t (mod. stiffiTrapezoidal) was used.

Of course, several initial conditions and starting values of different parameters had to be cho-
sen in the model. They were set based on experience and estimations but also taken from the
literature, e.g., from [133], and improved several times after preliminary simulation results were
available. For reasons of space, they are not discussed in this context in detail, but can be found in
the Simulink model resp. in the Simulink.SimulationInput objects (see section A.3).
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7. Modelling
# | forward speed | advance ratio u | duration | MR angular velocity Qumgr comment
1 0Om/s 0.000 60s 29.7rad/s MP I
2 20m/s 0.091 60s 29.7rad/s MP1
3 40m/s 0.181 60s 29.7rad/s MPI
4 60m/s 0.272 60s 29.7rad/s MP1
5 Om/s 0.000 60s 18.9rad/s MPII
6 20m/s 0.091 60s 18.9rad/s MPII
7 40m/s 0.181 60s 18.9rad/s MPII
8 60m/s 0.272 60s 18.9rad/s MPII
9 0Om/s 0.000 60s 27.0rad/s reference speed
10 20m/s 0.091 60s 27.0rad/s reference speed
11 40m/s 0.181 60s 27.0rad/s reference speed
= 12 60m/s 0.272 60s 27.0rad/s reference speed
Qo
3 13 Om/s 0.000 60s 23.7rad/s max. variator power
g X 14 20m/s 0.091 60s 23.7rad/s max. variator power
53 15 40m/s 0.181 60s 23.7rad/s max. variator power
o g 16 60m/s 0.272 60s 23.7rad/s max. variator power
2
D5 17 0m/s 0.000 60s 20.8rad/s Qmg = 2T
é % 18 20m/s 0.091 60s 20.8rad/s QMR = %’7;
= g 19 40m/s 0.181 60s 20.8rad/s QMR = %
BE 20 60m/s 0.272 60s 20.8rad/s Quig = 25
S ; 21 Om/s 0.000 80s 27.0rad/s — 20.8rad/s | change of MR speed
g 2 22 0Om/s 0.000 80s 20.8rad/s — 27.0rad/s | change of MR speed
S % 23 20m/s 0.091 80s 27.0rad/s — 20.8rad/s | change of MR speed
% s 24 20m/s 0.091 80s 20.8rad/s — 27.0rad/s | change of MR speed
3 :g 25 40m/s 0.181 80s 27.0rad/s — 23.7rad/s | change of MR speed
g é"} 26 40m/s 0.181 80s 23.7rad/s — 27.0rad/s | change of MR speed
S
3 g Table 7.5.: Main parameters of the different simulation runs
=1
2
O '%
QO =
%2
=k
o £
[
o=
o ©
£ 5
Qo
88
Q.
58
o O
faf=
~
=
)
L 2
b~
of
5
= 92
ms:



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

8. Results

In this chapter, the results of the 26 simulation runs are summarized and discussed. The first
section is dedicated to the validation of the simulation model. To this end, some core results of
the flight simulation at the reference speed of 27.0rad/s will be compared to data available in
the literature, more precisely in [40] and [133]. The subsequent sections contain results of all
simulation runs which will be described and used to evaluate, if the proposed transmission system
is feasible for the use in rotorcraft of CS-29 class.

8.1. Validation of model at reference rotor speed

8.1.1. Main rotor speed and power coefficient

The calculated actual angular velocities of the main rotor at different forward speeds are depicted
in figure 8.1. The target value for all four simulations is the reference speed of 27.0rad/s. After
the abatement of transient processes — which are mainly caused by the pressure build-up in the
hydraulic system — the angular velocities of the main rotor are quite constant for all forward speeds.
The results relative to the target value are presented in figure 8.2. It can be seen, that the maximum
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Figure 8.1.: Angular velocity of main rotor
absolute rel. deviation is less than 1.0 %. Based on the findings at [40, p. 68], this outcome is

satisfactory. The deviation from the reference value of about 0.5 % is mainly caused by losses in the
variator system.
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Figure 8.2.: Angular velocity of main rotor rel. to target value

The next parameter to be validated is the power coefficient cp, defined by

Pyr

= (8.1)
pairAMR (9] R)3

Cp:
Reference data is provided at [133, p. 253] for ¢y = 0.0065 (6787.3kg) and ¢y = 0.0074 (7727.1kg).
The weight coefficient used in the simulation is 0.0071, so it is expected that the results lie in-
between the reference data. Figure 8.3 summarizes the information. For forward speeds of 20 and
40 m/s, the calculated values of cp lie at the lower boundary of the reference data or slightly below.
Hence, the power demand is under-estimated whilst for 60 m/s it is slightly over-predicted. For
the hover case no flight test data is available, but if the given data is extrapolated to y = 0.0, the
simulation result fits well into.

8.1.2. Control angles

Figure 8.4 shows the calculated time series of the collective pitch angles. The resulting values for
60 m/s exhibit minor fluctuations, which are presumably caused by the operation of the speed
controllers. The collective angles for hover and fast forward flight are about 7.3°, whilst for low and
moderate forward speeds they are approximately 5.2°. In figure 8.5 the results are compared to
[133, p. 255]. The collective pitch angles are under-predicted for the whole range of advance ratios.
A possible reason could be the influence of blade tip losses and radial flow, which were neglected
in the used rotor model.

The resulting lateral cyclic angels are shown in figure 8.6. All four courses show decreasing transient

behaviour which lasts till the end of the simulation time. According to figure 8.7, the values show
good compliance with reference data for 20 m/s only. In general, the values in figure 8.7 are lower
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Figure 8.3.: Main rotor power coefficient compared to reference data
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than the measured results but show a similar course with a minimum between p =0.1 and u =0.2.
The deviation might be explained by the fact, that the roll motion is locked and as a consequence,
no lateral tilt of the MR axis is possible. However, even CAMRAD II yielded significant deviations
to the measured results and also under-predicts the actual values [133, p. 255].

The longitudinal cyclic angles (figures 8.8 and 8.9) show good agreement with the reference data.
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Figure 8.6.: Lateral cyclic angle

Again, the calculated 9,5 for 20 m/s matches the results of the flight test data best. At higher
forward speeds, the absolute value of the control angle is under-predicted. If the reference data is
extrapolated linearly to p = 0.0, the value obtained by the Simulink model seems reasonable. As
for the lateral control angle, the deviations may be caused by the locking of the pitch DOF of the
fuselage. An improved Simulink model, either by adapting the pitch attitude or allowing 6-DOF
movement of the fuselage might yield better results.
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8.1.3. Reaction moments

A particularity of the used Simulink model is the fact, that pitch and roll attitudes of the fuselage are
prescribed. As mentioned earlier, this may lead to deviations from measured results. In particular,
non-physical reaction moments occur at the fuselage. To be able to assess the error caused by this
constraint, the resulting moments for pitch and roll motion rel. to maximum main rotor torque
(74 kNm) are depicted in figures 8.10 and 8.11. The normalization was chosen to get a feeling, how
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Figure 8.9.: Mean longitudinal cyclic angle compared to reference data

large the moments are and how they will affect the model. The courses of moments show very
limited fluctuation ranges for all forward speeds. The mean absolute and relative values of the
reaction moments after the abatement of transient processes are summarized in table 8.1. For
all studied flight conditions except hover, the mean pitch moments exceed the values of the roll
moments. This can be explained by the fact, that the pitch attitude together with the tilt of the tip
path plane control the forward speed of the rotorcraft. Therefore, high forces and moments are
involved which lead to high reaction torques if the prescribed pitch attitude differs from the actual
equilibrium of the fuselage. For hover, this effect is not as distinct. As a consequence, in real-life
flight, larger pitch angles (absolute values) and roll angles different to zero will set. Although the
reaction moments have high absolute values, they are not expected to have a significant influence
on the transmission system — an assumption that is supported by the good agreement of cp. For
the aim of this study, the accuracy is considered sufficient.

forward speed | advance ratio u pitch axis roll axis
absolute | rel. to QMR max | absolute | rel. to QMR max
Om/s 0.000 6.458 KNm 8.72% 11.659 kNm 15.74 %
20m/s 0.091 13.804 kNm 18.64 % 4.012kNm 5.42 %
40m/s 0.181 14.573kNm 19.67 % 3.518kNm 4.75%
60m/s 0.272 13.998 kNm 18.90 % 3.193kNm 4.31%

Table 8.1.: Mean reaction moments at fuselage
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Figure 8.11.: Reaction torque in roll axis rel. to Qmr max

8.1.4. Flapping and lead/lag motion

In figure 8.12 the flapping motion is depicted over a period of 3 s. The courses show the expected
behaviour with a period of about 0.232s. The amplitudes of hover and fast forward flight are
higher than the ones for low and moderate speeds. In figure 8.13 the coning angles are plotted
and compared to reference data found at [133, p. 256]. For all flight conditions, the coning angles
are over-predicted by the Simulink results. However, it has to be kept in mind that the reference
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data was measured for a smaller gross weight of the rotorcraft. The higher lift forces required to
counteract the weight may lead to an increase of the coning angles. Furthermore, the influence
of flapping hinge stiffness was neglected in the Simulink model. In the following figure 8.14 the
maximum flapping angles, i.e., the maximum absolute deviation from the mean value, are depicted.
The reference data was obtained from [133, p. 256] by combining the information on longitudinal
and lateral flapping angles. These values show good agreement with the measurements. The course
with a minimum around p = 0.11 is close to the one of the flight test data. The higher amplitudes
for hover and 60 m/s correspond to the reference data.
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Figure 8.12.: Flapping angle

After analyzing the flapping angles, the same was done for the lead/lag motion of the rotor blades.
The four courses of lag angles for 0, 20, 40 and 60 m/s are shown in figure 8.15. For all forward
speeds they show oscillation with the expected period of 0.232s. The course for hover condition
is not as harmonic as for the others, which can be explained with the low advance ratio which
leads to changing excitation of the lead/lag motion. For all studied flight conditions except hover,
the mean values (figure 8.16) show reasonable agreement with the data presented in [133]. The
absolute deviations are smaller than for the flapping angles. For hover condition, the mean lag
angle is far smaller, than an extrapolation of the flight test data would indicate. However, for the
lead/lag motion the excitation caused by forward speed is the major influence. Therefore, the
actual values for advance ratios of u = 0.0 to u = 0.07 may show a different course than indicated
by extrapolation of the given values. For the oscillation of the lag angle, no information is given in
the source of reference data. It can be assumed that the lead/lag motion will not adversely affect
the results obtained for the transmission system.

The model of the main rotor used in this study is not focussed on its vibratory behaviour. A
study of these phenomena would require a much more sophisticated model. It has to include
at least flexible blades with structural damping and a proper model of air damping. However,
the vibratory behaviour of a helicopter rotor operated at different angular velocities has to be
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addressed by further studies. From today’s view, operation at different main rotor speeds will
require a completely new design of the whole rotor system. Possible design methods for different
types of rotorcraft have already been developed and tested; see, for example, [58, 59].
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Figure 8.16.: Mean lead/lag angle compared to reference data

8.1.5. Turboshaft engines

In addition to the results discussed so far, figure 8.17 contains the results of the turboshaft engine
parameters for the four validation runs. In subfigure (a) the power turbine speed relative to the
target value of 20900 RPM is shown. The speed is maintained satisfactory during the whole simula-
tion time. In subfigure (b) the shaft power of one engine is plotted. As expected, the power is high
for hover and decreases for slow forward flight. At higher speeds, the power demand of the rotor
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8.1. Validation of model at reference rotor speed

increases and therefore the shaft power provided by the engines is also higher. The next subfigure
shows the fuel flow Wr. Since the fuel consumption for a forward speed of 60 m/s is higher than for
hover, it can be concluded that the T700 engine is operated at higher fuel efficiency in hover condi-
tion. In principle, the remaining parameters — gas generator speed, interturbine gas temperature
and static pressure at station 3 (subfigures (d), (e) and (f)) — show the same characteristics as the
engine power.
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Figure 8.17.: Operation parameters of turboshaft engines at 27 rad/s
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8.2. Results for different flight conditions

8.1.6. Summary of model validation

Although there are some deviations from measured data, the mean values of all parameters show
sufficient agreement with the reference data. Especially the calculated power coefficient cp delivers
good predictions compared to the values found in the literature. Even though there is considerable
uncertainty caused by the fact, that for a rotorcraft intended to be operated at different main rotor
speeds a completely new rotor system needs to be developed, the validation gives reason to believe
that the simulation results will sufficiently accurately predict the operation parameters. This is
especially true for the transmission system, because of the good agreement of the prediction of the
transferred power.

8.2. Results for different flight conditions

In this section results of the different simulation runs described in table 7.5 are discussed. For
the operation at mechanical points, it is focussed on the maintaining of the flight states whilst for
operation at main rotor speeds between MP I and MP II and especially for changes of MR speed
additional parameters — such as flow of hydraulic fluid and pressure — are of special interest. A
flight state is defined by five parameters:

* Forward speed

¢ Lateral speed

Climb rate

Yaw angle
e Main rotor speed.

In addition, the deviation of the actual MR speed from the target value is also plotted for all simula-
tion runs.

8.2.1. Mechanical point |

In figure 8.18 the flight conditions for the simulation runs at MP I are depicted. Subfigure (a) shows
the forward speeds. The target values are 0, 20, 40 and 60 m/s. For all four simulation runs the
speed is maintained sufficiently. Around a simulation time of 10s, there is a drop in hover and
slow forward flight. At first glance, the lateral speed plotted in subfigure (b) seems to exhibit strong
fluctuations. In fact, the absolute lateral speeds are always below 1.0 m/s, which is noticeable and
possibly unpleasant for occupants, but does not adversely influence the simulation results. The
same applies for the climb rate, whose absolute values are even lower. The parameter plotted in
subfigure (d) is the yaw angle. The thrust of the tail rotor is controlled in order to keep this angle
at 0.0 rad. This works satisfactorily, although some oscillation is present during the whole time of
simulation. The lower two subfigures show the course of MR speed as absolute value and relative to
the initial target value of 110 % of the nominal speed, i.e., 29.7 rad/s. At all studied advance ratios,
the calculated angular velocities are below the target value. Since the transmission ratio of the
drivetrain is fixed for simulations at MP I, this can only be caused by deviations made in the design
process of the transmission system; e.g., through the choice of discrete numbers of teeth.
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8. Results

The related engine performance is summarized in figure A.5 in appendix A.2. The values oscillate
more than for the reference case studied in the previous section, but the general behaviour is as it
would be expected.
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Figure 8.18.: Speeds and yaw angle at MP I
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8. Results

8.2.2. Mechanical point Il

The flight states for operation at Mechanical Point II are shown in figure 8.19. The arrangement of
subfigures is the same as for MP I. The target values also stay the same, except for the main rotor’s
angular velocity which is now 18.9rad/s.

One important result is immediately apparent in subfigure (a), namely the fact that the simula-
tion runs with target values of 40 and 60 m/s terminated prematurely. Both of them did not even
last five seconds, whereby the simulation of the moderate speed lasted a little bit longer. This is in
good agreement with the results presented at [111, p. 50]. The reason for this will become clear by
the discussion of power demands in section 8.3. The lateral speed is oscillating around the target
value of 0.0 m/s. Maxima and minima exceed the values calculated for operation in MP I and for a
forward speed of 20m/s, an increasing amplitude is apparent. For the studied simulation time, the
influence can be neglected, but for longer-lasting simulations it might be a problem. The ascent
rate is maintained very well — except for the cases that ended prematurely — and the amplitudes do
not increase for any forward speed. The yaw angles shown in subfigure (d) have higher amplitudes
than in MP I, but still are within the acceptable range. For moderate and high forward speeds, the
turboshaft engines are not able to provide the demanded power for main and tail rotor. As a con-
sequence, the yaw angles decrease until the simulations finally terminated. The angular velocity
of the main rotor is maintained satisfactory for hover and slow forward flight, for 40 and 60 m/s
the lack of propulsive power leads to a significant decrease of MR speed in the first seconds of the
simulations. As can be seen in subfigure (f), the MR angular velocities stay above the target value
for the simulations which lasted the full 60s. Again, the reason is the choice of number of teeth,
which does not perfectly match the calculated transmission ratios.

Engine performance data can be found in figure A.6 in appendix A.2. In subfigure (a) the strongly
increasing fuel consumption of the turboshaft engines in the prematurely terminated flight condi-
tions can be seen. However, the engines are not able to provide the power demanded by the rotors,
which leads to numerical issues in the simulation and finally to a termination of the affected simu-
lation runs.
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Figure 8.19.: Speeds and yaw angle at MP II
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8. Results

8.2.3. Operation with hydraulic power transmission

During operation in mechanical points one shaft of the variator was blocked and the hydraulic sys-
tem omitted. In this section, flight conditions with a working variator, i.e., with hydraulic flow, are
studied. Altogether, twelve different flight states are studied. The details can be found in table 7.5.
As for the mechanical points, the maintenance of the target flight conditions is discussed, see
figure 8.20. The forward speeds are close to the target values for the whole simulation time, ex-
cept for the three cases which terminated prematurely. These are 23.7 rad/s at 60 m/s respectively
20.8rad/s at 40 and 60 m/s. Again, it can be stated that these conditions are close to the expected
boundaries of the flight envelope (cf. [111, p. 50]). The lateral speeds (subfigure (b)) are in an ac-
ceptable range around 0.0 m/s, but for slow forward flight at low MR speed an increasing amplitude
occurs as it does at MP II. The courses of ascent rate and yaw angle are satisfactory. As could be
expected, the early terminated cases exhibit fast descents and decreasing yaw angles. Subfigure (e)
summarizes the angular velocities of the MR. For flight conditions with sufficient engine power —
i.e., no drop in MR speed - the angular velocity is maintained well by the speed controller. The tar-
get values are met closely for 23.7 and 27 rad/s. For the low target value of 20.8 rad/s, a significant
deviation of about 5 % occurs. It is caused by the poor efficiency of the hydraulic variator in this
operation condition. However, this does not pose a problem at all, because for a real-life helicopter
the MR speed will be adapted by a controller whilst in the Simulink model simply the variator ratio
was set.

Information on the operation parameters of the turboshaft engines can be found in figure A.7 in
appendix A.2. The characteristics are similar to the ones for the operation in the two mechanical
points. The courses for operation at low main rotor speed and slow forward flight (20.8 rad/s at
20 m/s) show significant oscillation. However, this is assessed as an artefact caused by the simple
design of the speed controller. Similar to the flight conditions at moderate and fast forward flight,
three simulations did not last the full 60 s as well. As could be expected, these are cases at compar-
atively high forward flight speed and low MR angular velocity.

The simulation results of the variator system are summarized in figures 8.21, 8.22 and 8.23. The
first important parameter is the system pressure. The target value is 450 bar with a maximum value
of 500 bar (cf. chapter 4). After (non-physical) transient processes in the beginning of the simula-
tion, the system pressure is maintained satisfactory by the pressure controller. For a MR angular
velocity of 20.8rad/s at 20 m/s beat-like phenomena, which show increasing amplitudes, occur
approximately every 12 s. At the moment, no explanation can be given for this phenomenon, but
it is expected, that the damping characteristics of a real hydraulic fluid will make them disappear.
Whether this assumption is true has to be shown by a more detailed simulation of the variator
system and test runs. The maximum value of system pressure is exceeded only in cases in which
the power demand of the rotor exceeds the engine limits, i.e., the ones that did not run the full
simulation time. Although these flight conditions have to be considered as beyond the limits of
the permissible flight envelope, it has to be noted, that during operation of the rotorcraft shocks,
which lead to pressure peaks in the variator, can occur. Pressure relief valves have to be installed to
avoid damages to the hydraulic system.

In figure 8.22 the flow of hydraulic fluid in the variator is depicted. Since the system pressure is
quite the same for all flight conditions, a higher flow means higher power transfer in the variator.
As could be expected, the highest powers have to be transmitted in hover conditions, when the
power demand of the main rotor is comparatively high. At low and moderate forward speeds, the
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Figure 8.20.: Speeds and yaw angle with hydraulic power transmission
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8. Results

transmitted hydraulic power is lower. The values of the only fast forward flight which lasted 60 s lie
in-between.

As discussed earlier, the poor efficiency of a hydraulic transmission system is its major drawback.
In figure 8.23 the resulting efficiencies of the variator system, based on the mechanical shaft po-
wers at pump and motor shaft, are depicted. At the reference MR speed of 27 rad/s, the resulting
efficiencies are about 48 % to 49 %. Since engine and main rotor speed are the same for all of these
flight states, also the speeds of the variator shafts are (nearly) equal. With the system pressure of
450 bar and the negligible influence of the displacement (cf. (5.1)), the resulting efficiencies are
nearly the same for all forward speeds. At a main rotor speed of 23.7rad/s, when the power flow
in the variator relative to engine power is at a maximum, the efficiency of the hydraulic system is
higher, approximately 57 % to 58 %. For the third main rotor speed (20.8rad/s), i.e., the operation
condition with the slowest rotational speed of the hydraulic motor shaft, the efficiency drops sig-
nificantly to values between 6 % to 7 %. As stated earlier, at low speeds of the hydraulic machines,
it is inadmissible to use Schldsser’s model. Actually, the hydraulic motor is operated close to the
set efficiency minimum of 5% (cf. section 7.5.1) in these cases. Again, only full-scale tests of the
variator system will provide a final answer to the issue of the hydraulic efficiency at different oper-
ation conditions. In conclusion, the Simulink model yielded no better information on hydraulic
efficiency to the findings of chapter 5 because the same loss model was used. However, it enabled
to rate the efficiency for a given flight condition, which broadens the previous findings.
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Figure 8.21.: Pressure in hydraulic system
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Figure 8.22.: Flow of hydraulic fluid
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Figure 8.23.: Variator efficiency

8.2.4. Change of main rotor speed

In the previous three sections flight conditions with constant main rotor speed were studied. Al-
though it is of course possible to predefine a target value before take-off and operate the rotorcraft
at this MR angular velocity for the whole duration of the mission, the possibility to adapt it during
flight offers overwhelming advantages. To show that the derived transmission system is able to
achieve this goal, six simulation runs with varying MR speeds were performed (cf. table 7.5). The
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8. Results

results are presented in the same way as in section 8.2.3, i.e., with one figure summarizing the flight
sates and three pictures dealing with the variator performance.

Figure 8.24 provides six subfigures containing the time series of velocities, yaw angle and MR
speed. For the first ten seconds, the simulation yields the same courses as in figure 8.20, because
the same parameters and boundary conditions were used. This time is needed for transient pro-
cesses to abate and to allow the start of the change of the MR angular velocity at a steady flight
condition. Afterwards, the angular velocity of the main rotor is changed to the target value during
a period of 50 s and the last 20 s are used to obtain a steady operational state again.

The forward speed is not apparently affected by the adaptation of the MR speed to a new target
value and also the lateral speed does not exceed the values that occurred for operations at constant
MR speed. For some flight conditions, especially hover at low MR speed and slow forward flight at
reference MR speed, oscillations of the climb rate (subfigure (c)) occur at the beginning and the end
of the speed transition phase. However, the calculated values do not exceed the permissible range
and abate after some ten seconds. Therefore, these phenomena are not assessed as critical for the
operation of the rotorcraft. The same applies for the oscillations of the yaw angle (subfigure (d)).

The most interesting outcome of the six simulation runs, the time-courses of angular velocities,
is depicted in subfigures (e) and (f). The curvature of the courses is caused by the method of speed
change, which is done by adapting the transmission ratio in the variator linearly. For simulations
starting at the reference speed of 40 s, the time-courses are nearly identical during the first 40 s of
speed change (50 s of simulation time). Afterwards, the target value of 23.7 rad/s is maintained very
well whilst MR speeds further decreases to the target value of 20.8 rad/s. In the last few seconds,
the speed change rate is very high. This is due to the fast decrease of variator efficiency in these
operation condition. As mentioned earlier, the latter is not reached exactly due to the influence
of the variator’s efficiency. However, the set angular velocity is maintained well enough for the
purpose of this study. Of course, it is much easier to reduce main rotor speed during flight than to
increase it. To prove that the designed transmission system is capable of both operations — within
the limits of the turboshaft engines — the acceleration of the MR to the reference value was shown
for three different staring points. Reversed to the results for deceleration, there is a strong increase
of MR speed in the first few seconds of transition from 20.8 rad/s. For the higher starting angular
velocity of 23.7 rad/s this characteristic is not that distinct. After the target value is reached, the
speed of the main rotor is kept within a small range around it.

The related engine parameters can be found in figure A.8 in appendix A.2.

Figures 8.25, 8.26 and 8.27 summarize the parameters of the variator path during the change of
main rotor angular velocity. In the first figure, the system pressure is depicted. There are small
oscillations around the target value of 450 bar. As could be expected, peaks occur at the start of
acceleration and at the end of deceleration of the main rotor. The maximum system pressure is
exceeded in the latter cases. The related flows of hydraulic fluid are shown in figure 8.26. Again,
oscillations occur at the beginning and the end of the MR speed change process, but in general,
the time-courses do not exhibit inadmissible behaviour. Consequently, it is assessed that the —
very simple — control system of the variator is working satisfactory. The last figure of this section
shows the course of variator efficiency during shift operation. As discussed earlier, the efficiency
determined by the used model is very poor for low MR speeds and reaches only 50 % to 60 % for
medium and reference angular velocity. During transition from 23.7rad/s to 27.0rad/s and the
other way around, the variator efficiency changes slowly and at the end of the simulation time, the
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Figure 8.24.: Speeds and yaw angle during change of main rotor speed
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8. Results

values have switched places. If the starting or end value of the MR sped is 20.8 rad/s, the behaviour
is different and shows a very steep ascent/descent of efficiency at low MR speeds. This is caused
by the used efficiency model (cf. section A.1) but is considered as a non-physical phenomenon
which has to be addressed in future test campaigns. At medium main rotor speeds, the calculated
efficiency also lies in the range of 50 % to 60 %.

600

n
=

=
=

w
=

b
=

—&— 27 rad's at 0 m's

— - 206 radis al O mis
—&— 27 rad's at 20 mis
o 206 radis af 20 mis
| |2 27 radis at 40 mis
2.7 radis at 40 mi's

0 '

Pressure in hydraulic system [/ bar
=

o 10 20 a0 40 50 B0 70 B0
Simulation time [/ s
Figure 8.25.: Pressure in hydraulic system
1610
I —£— 37 radis at 0 mis
14 F Fb— o 208 rad's at 0 mis
I, Lt Q" " —&— 27 radis at 20 m's
o= { ket [ gt | = 20,8 radis at 20 mis
g 12r T WS S 27 radis at 40 mis
i W f_'_g/ £ 237 radis at 40 mis
‘= i i N
= 1F | - it i b
i ; II | _____.ﬁ ey lIlII Ilrh"I ll,f.ﬁ ﬂ(\_\
- [ 1. o e ik )
5 L T W k\ P~ llli Ao
s gl i b | L ]
4 ._II .,-EI'T_%‘_ E__"'\-..\_\_\ |I: 4
= D6 oA --w.\\&\
E / | i \ P |
T o i -
. {.-“.»_:L*f = . B
E D4y |II ;
2 l
D.2%
0 | | | | | | | i
0 10 20 30 40 50 B0 70 B0

Simulation time [/ s

Figure 8.26.: Flow of hydraulic fluid
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Figure 8.27.: Variator efficiency

8.3. Power demand

One of the major motivations to study variable main rotor speeds of helicopters is the expected
reduction of power demand and consequently of fuel consumption. The mean power demands of
the UH-60’s main rotor for different flight states at different — but constant — RPM are depicted in
figure 8.28. The coloured geometrical figures indicate the power demand. The connecting dotted
lines are just to make it easier to find the related points (i.e., the ones with the same MR RPM) but
have no physical meaning. It can be seen, that for all flight states a reduction of MR angular velocity
would lead to a reduced power demand of the main rotor. In hover, the minimum demand is not
at the minimum MR speed but at 20.8 rad/s. At all other advance ratios, the minimum angular
velocity of the main rotor coincides with the minimum power demand. These results correspond
to the findings in [46]. The power demands relative to the demand at reference speed are summa-
rized in figure 8.29. It can be seen, that for hover and low to moderate speeds the main rotor power
can be reduced by up to 13 %. At a flight speed of 60 m/s all simulations with MR speeds below the
reference speed failed to finish. Therefore, no reduction of the power demand can be expected at
this advance ratio.

Of course, the power demand of the rotorcraft is not determined by the main rotor alone. A re-
duction of MR speed may lead to increased torque, which requires an increase of tail rotor thrust
and thus of tail rotor power. By comparing the engine powers for different flight states, the power
demand of both rotors and the losses in the variators can be taken into account. In figures 8.30
and 8.31, the absolute and relative power demands are presented. As for the main rotor, a re-
duction of the angular velocity compared to the reference case of 27.0rad/s is advantageous, but
now ’'the lower, the better’ applies. This means, that the lowest available MR speed yielded the
lowest power demand of the helicopter. The results presented in figure 8.31 can be compared to
[46, Figures 8 & 9]. According to this source, for the simulated values of %T (cf. table 7.3), the opti-
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Figure 8.29.: Main rotor power demand rel. to reference speed

mum main rotor speed is between 85 % (hover) and about 100 % (u = 0.272). Therefore, in hover
condition the optimum speed (70 % of reference speed) seems to be too low whilst for the other
flight conditions, the simulation results show good agreement with the literature. The possible
reductions of power demand in the studied range of parameters are quantified as 0 % to 3 % in [46,
Figures 8]. As can be seen in figure 8.31, the study on hand over-predicts the advantages of lower
MR speeds considerably compared to the chosen reference data. However, [73, Figure 8] supports
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8.3. Power demand

the simulation results for a gross mass of 16000 b at sea level. Again, only extensive flight tests can
answer the question for the exact reduction of power demand conclusively.
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8. Results

8.4. Main rotor torque

Another important aspect of a variable main rotor speed is the change of torque due to speed
variation and resulting changes in power demand. In figures 8.32 and 8.33 the absolute values
respectively the values relative to the torque at reference speed are depicted. The results in the first
illustration show, that the main rotor torque at reference speed is always at the lower boundary
of possible results. In figure 8.33, this becomes even clearer. In hover, only the operation in MP I
yielded a lower torque than operation at the reference value. The lower MR speeds lead to signi-
ficant increases in main rotor torque, the maximum increase of about 22 % occurs at 18.9rad/s
(MP II). At slow forward flight, the torque at high MR speed increases relative to the value at refe-
rence speed. A possible reason is the influence of incident flow on the advancing and retreating
blades. The main rotor torques for low angular velocities rel. to the reference case stay quite the
same as in hover whilst a moderate reduction of MR speed would yield a significant reduction of
power demand at a negligible increase of MR torque. At a forward flight speed of 40 m/s the trends
prevail and MR (target) angular velocity of 23.7 rad/s would lead to a reduction of both, power and
torque — an absolutely preferable situation. At fast forward flight, no angular velocity below the
reference speed yielded simulation results and the increased MR speed would cause a significant
increase in both, power demand and shaft torque. Therefore, the reference speed is the right choice
for this flight condition, which is not surprising, since it is presumably close to the design point of
the UH-60.
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Figure 8.32.: Main rotor torque
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Figure 8.33.: Main rotor torque rel. to reference speed

8.5. Tail rotor power

As already mentioned in the discussion of the overall power demand of the rotorcraft, the power
consumption of the tail rotor is not independent of the operation condition of the main rotor.
Therefore, the impacts of different MR angular velocities on the tail rotor are discussed hereafter
with the aid of figures 8.34 and 8.35. As in the sections before, the former depicts the absolute power
demand whilst the latter shows the value relative to the one of the operation at MR reference speed.
Since TR speed is assumed to be constant, figure 8.35 is also corresponding to the relative torques
at the tail rotor shaft. As could be expected, the principal courses of TR power in figure 8.34 show
similar characteristics as the MR torques depicted in figure 8.32. However, since the tail rotor thrust
Trr is directly proportional to main rotor torque but tail rotor power and thrust are interconnected
via (7.17), the relative position of the data points to each other is skewed in figure 8.34.
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Figure 8.35.: Tail rotor power demand rel. to reference speed

8.6. Variator power

The main advantage of a Compound-Split transmission compared to the Input- respectively Output-
Split is the smaller percentage of propulsive power which has to be transmitted via the variator
path. This has already been discussed in section 2.2 and the results for the Compound-Split can be
found in equation (2.27) and figure 2.8. However, these findings are based on loss-free operation of
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8.6. Variator power

all parts of the transmission system, which chapter 5 showed to be a very unrealistic assumption.
The actual powers at pump and motor shaft, as determined by the Simulink model, are depicted
as a function of the main rotor (target) angular velocity in figure 8.36. The coloured lines are just to
make it easier to find the related points and have no additional meaning. As defined by the setup
of the simulation models, the mechanical power taken off resp. supplied by pump and motor at
mechanical points (Qugr = 18.9, 29.0rad/s) is zero. Between the MPs, the power transmitted hy-
draulically increases and has its maximum — as expected — at 23.7 rad/s. However, it is obvious that
the sum of motor and pump power is not zero for operation of the CS module with hydraulic power
transmission. Compared to the ideal, loss-free case the values are shifted downwards. This means
that more power is taken off by the pump than re-supplied by the motor — a direct consequence
of the hydraulic efficiency. For the same reason, the ratio of pump to motor power is closer to 1.0
at 27.0rad/s, where the variator efficiency is high, than at 20.8 rad/s, where the efficiency is very
poor.

In figure 8.37 pump and motor power are compared to the respective input power in the flight
case. It can be seen, that despite of different operation conditions and variator efficiencies, the
resulting ratios lie close together for all main rotor speeds. In general, a maximum of about 12 %
of the input power is taken off by the pumps whilst the motors re-supply maximum about 8 %.
For comparison, calculation under assumption of perfect efficiency using equation (2.31) yields a
maximum value of 11.25 % for both hydraulic machines.
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Figure 8.37.: Power flow in variator rel. to engine power

8.7. Summary of simulation results and discussion

The simulation of different flight states in combination with various angular velocities of the main
rotor respectively a changing MR speed yielded several interesting results. First of all, the validation
of the model at the reference MR speed of 27.0rad/s showed, that it is suitable to represent the
physical phenomena of interest for this study. An important finding is the fact, that the calculation
model is able to maintain a given flight state at several MR angular velocities satisfactory. Also,
combinations of parameters which lie outside the permissible flight envelope were identified in
good agreement with the literature. In the previous sections the core results of the simulation runs
of different Simulink models have been presented and discussed. All time-courses of parameters
show a reasonably low level of oscillation and the resulting values correspond to the expectations.
Regarding the main objective of MR speed variation, the reduction of power consumption, the
literature is divided on the question of the possible savings. The results obtained in this study lie
in-between. The simulation runs also showed the proper function of a lossy hydraulic variator
system under the set boundary conditions. In summary, the simulations with changing main rotor
speed were successful because the results show that it is possible to vary the speed within a wide
range. However, there is still a lot of simulation and validation work to be done to find a helicopter
design ready for series production.
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9. Certification according to CS-29

The objective of this chapter is to discuss how the implementation of the proposed transmission
system will affect the certification according to the Certification Specification (CS) CS-29 [42] issued
by the European Aviation Safety Agency (EASA). The certification process is a complex procedure
to show compliance with the regulations of the aviation authorities. It involves the definition of
measures to prove the suitability of the rotorcraft and its sub-components. These can include
several tests or computer simulations. Some common measures are summarized as Acceptable
Means of Compliance (AMC) in CS-29 [42, Book 2]. In the previous chapters only the basic layout
of a helicopter drivetrain containing Compound-Split modules has been developed. A lot of design
data has not yet been defined. Furthermore, the concept has not been discussed with an aviation
authority in detail. Therefore, the remarks in this chapter can only be a short overview of possible
issues and measures and certainly pose no final assessment of all aspects of certification.

9.1. Certification requirements

9.1.1. Applicability

In CS 29.1, the scope of CS-29 is defined as large rotorcraft, for which two categories, designated A
and B, are introduced. The UH-60 falls under category A, because its maximum weight is greater
than 9072 kg (20000 1bs) and it can carry more than ten passengers.

9.1.2. Weight limits

The implementation of a transmission system with Compound-Split modules for the UH-60 will
affect the total mass and especially the mass distribution of a rotorcraft. Maximum and minimum
weight must be established accordingly and the limitations for the centre of gravity have to be
adapted (cf. CS 29.21 to CS 29.29).

9.1.3. Main rotor speed range

Of course, one of the main issues arising is the definition of a range of main rotor speeds. An
important regulation thereto is paragraph CS 29.33, which deals with main rotor speed and pitch
limits. Item CS 29.33 (a) requires the establishment of a range of main rotor speeds that:

(1) "With power on, provides adequate margin to accommodate the variations in rotor speed
occurring in any appropriate manoeuvre, and is consistent with the kind of governor or
synchroniser used; and

(2) With power off, allows each appropriate autorotative manoeuvre to be performed throughout
the ranges of airspeed and weight for which certification is requested." [42, p. 1-B-2]
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9. Certification according to CS-29

It is an evident requirement, that the demands on a rotorcraft with fixed MR speed also apply
for one with variable MR speed at every permissible speed. Beyond that, the significantly higher
acceleration/deceleration of the rotor during RPM changes may lead to broader margins at the
maximum and minimum permissible MR speeds.

The two requirements affect the whole propulsion and control system of the rotorcraft. The oper-
ation is affected by the interdependencies between engines, Full Authority Digital Engine Control
(FADECQ), transmission system (especially the variators), the devices controlling the transmission
ratio and the flight control input in any permissible manoeuvre. At the moment, too many issues
concerning these systems and the interaction between them are unsolved and so it can only be
stated, that they have to be addressed during the design process.

Compliance with demand (2) strongly depends on the properties of the main rotor, especially
its inertia. It has to be assured, that even at the lowest rotor speed occurring in normal operation
—i.e., 180 RPM or 70 % of baseline speed in the proposed system — the kinetic energy stored in the
rotating MR is high enough to allow the pilot an adequate reaction in case of loss of propulsive
power.!

Sub-paragraphs CS 29.33 (b), (c) and (d) deal with the establishment of main rotor pitch limits
(high and low), which are intended to ensure that the defined minimum main rotor speed does not
significantly fall below the defined minimum speed in any flight condition. The requirements on a
low speed warning for he MR are described in sub-paragraph CS 29.33(e). For a rotorcraft with a
variable-ratio transmission system, it is probably desirable to implement a warning not only if MR
speed falls below the minimum permissible speed, but also, if the current target speed of the MR —
regardless of whether specified by the pilot or a special device — cannot be maintained.

9.1.4. One Engine Inoperative (OEI) resp. one engine disconnected by loss of
variator

As has already been discussed in section 3.3, the addition of Compound-Split modules to the
transmission system of a two (or more) engine helicopter has an influence on the reliability of the
propulsion system. In the system derived in this study (see figure 3.7), the failure of one CS module
(without blocking) disrupts the power flow from one input bevel gear stage to the combining bevel
gear stage. However, the affected engine is still connected to the MR via the tail rotor drive. It can
be assumed, that the power transmitting capacity of the TR drive is limited and so the power supply
to the MR is reduced, but probably higher than in case of an effective engine failure, a so-called
One Engine Inoperative (OEI) condition. This additional operation mode may be addressed during
the certification process. For example, the five OEI conditions defined in CS-29 [42, pp. 1-G-3 sq.];

* 2%-minute OEIL

¢ 30-minute OEI

e Continuous power OEI
» Rated 30-second OEI

¢ Rated 2-minute OEI;

1 At this point the author wants to express special thanks to Dr. Richard Markiewicz (Defence Science and Technology
Laboratory (DSTL)) for bringing up the issue in a discussion at the 44th European Rotorcraft Forum.
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9.1. Certification requirements

could be expanded by operations in which power is transferred via the TR drive. Of course, the
related permissible power ratings of both engines have to be defined accordingly.

A failure of one engine resp. the significant reduction of available propulsive power by malfunction
of a CS module is especially unfavourable during take-off. Paragraph CS 29.53 demands the deter-
mination and scheduling of the take-off performance so that a safe return to and stop at the take-off
site is possible or the manoeuvre can be continued. CS 29.59 demands that the take-off capability
of the rotorcraft after the Take-Off Decision Point (TDP) in case of an engine failure is shown by a
flight test. In addition to these requirements, CS 29.67 defines demands on the climbing speed in
OEI operation.

The requirements for landing of the helicopter are similar to the ones for take-off. In case of fail-
ure of the critical engine - i.e., the one whose failure would most adversely affect the performance
or handling abilities of the rotorcraft — the helicopter can be either landed safely or the landing
manoeuvre can be aborted and height gained.

It has to be stressed that definitions of the MR speed have to be made for the take-off/landing
procedures and all other flight conditions for which certification is requested. A broad range of
permissible speeds and especially the possible change during a manoeuvre will strongly increase
the certification efforts and costs — especially when flight tests are explicitly required. In addition,
height-velocity envelopes would have to be established for different MR speeds which would com-
plicate the handling of these important documents for the flight crews. Therefore, it might be
reasonable to limit MR RPM in take-off and landing manoeuvres to a nominal speed.

9.1.5. Flight and handling characteristics

The demands on the flight characteristic of a rotorcraft to be certified according to CS-29 can be
found in paragraphs CS 29.141 to CS 29.181 (cf. [42, p. 1-B-8 sqq.]).

The very principle of helicopter propulsion and control involves a strong influence of the main
rotor speed on controllability and manoeuvrability. Of course, CS-29 demands permissible flight
characteristics in all operating conditions for which certification is requested. Again, the wide
range of main rotor speeds and the possibility of changes during manoeuvre extend the multitude
of operating conditions enormously. If OEI modes are extended as suggested, this number further
increases.

Vibrations of the rotorcraft are excited by varying loads, some of which are caused by the varying
angular velocity of the main rotor and drivetrain components. To avoid impermissible stresses of
structural components, the vibrations of a helicopter equipped with a transmission containing CS
modules have to be studied and tested comprehensively. In case of ground operation, a fixed RPM
could be prescribed to avoid ground resonances.

Due to the low Technology Readiness Level (TRL) of rotorcraft transmission systems with Compound-
Split modules, no final evaluation of the influence on the flight characteristics can be made. There-
fore, most questions concerning the certification of this topic have to be left open for future rese-
arch.
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9. Certification according to CS-29

9.1.6. Strength requirements
General

Needless to say, all parts of a rotorcraft have to fulfil certain strength requirements. To prove com-
pliance with the certification specification, limit loads covering all permissible flight conditions
have to be defined. In particular, the main rotor RPM range (power on / power off) has to be es-
tablished (cf. CS 29.309 (b) & CS 29.1509). Since the operating speed of the two turboshaft engines
is the same for the proposed drivetrain as for the baseline transmission system, the engine torque
specifications (cf. CS 29.361) will probably stay the same. If the installed engine power shall be
used at all main rotor speeds achievable with the proposed transmission system, the acting torques
and forces will increase compared to the baseline rotorcraft in parts of the drivetrain. In addition,
the vibrational level may increase in some operation conditions (and decrease in others). As a con-
sequence, the limit loads can be expected to be higher than for the baseline UH-60. In addition, it
may pose a challenge to analyse all possible combinations of flight manoeuvres and MR speed. As
a proof of structure (cf. CS 29.307) several tests have to be performed. Regarding structural analysis,
CS 29.307 reads

"Structural analysis (static or fatigue) may be used only if the structure conforms to
those for which experience has shown this method to be reliable." [42, p. 1-C-1]

Since for a CS module in a helicopter drivetrain no operational data is available, extensive load
testing is a must.

Fatigue

According to CS 29.571 (a),

"A fatigue tolerance evaluation of each Principal Structural Element (PSE) must be
performed, and appropriate inspections and retirement time or approved equivalent
means must be established to avoid Catastrophic Failure during the operational life of
the rotorcraft."” [42, p. 1-C-11]

Principal Structural Elements (PSEs) are defined as "structural elements that contribute signifi-
cantly to the carrying of flight or ground loads and the fatigue failure of which could result in
catastrophic failure of the rotorcraft" [122, Page C-101]. Most parts of the transmission system
have to be considered as PSEs. As a consequence, in-flight measurements of the fatigue loads of
these parts have to be executed to be able to derive appropriate load spectra as a basis for a fatigue
assessment of each PSE. Furthermore, "[t]he effect of damage on stiffness, dynamic behaviour,
loads and functional performance must be considered" [42, p. 1-C-12].

Because of the lack of test and service experience with Compound-Split transmissions comprising
hydraulic variators in rotorcraft, the fatigue analysis of the proposed transmission system will be
a very time and resource consuming process. For safety reasons, the aviation authority may re-
quire short inspection intervals or some kind of HUMS for some components of the drivetrain
(cf. CS 29.1465). Important aspects of HUMS for hydraulic pumps in helicopters have been sum-
marized and discussed in [86].
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9.1. Certification requirements

9.1.7. General aspects of design and construction
Paragraph CS 29.601 requires that

(a) "The rotorcraft may have no design features or details that experience has shown
to be hazardous or unreliable.

(b) The suitability of each questionable design detail and part must be established
by tests." [42, p. 1-D-1]

Since the properties of hydraulic fluids strongly depend on the temperature (cf. CS 29.603 (c)) and
the very principle of power conversion in axial piston motors with variable displacement includes
leakage, the hydraulic variator may be rated as a questionable design detail and therefore has to be
tested extensively.

The important term of Critical Parts is defined in paragraph CS 29.602:

"A critical part is a part, the failure of which could have a catastrophic effect upon the
rotorcraft, and for which critical characteristics have been identified which must be
controlled to ensure the required level of integrity." [42, p. 1-D-1]

The proposed design of the transmission system adds several critical parts to the baseline design.
These have to be included into the critical parts list and procedures assuring compliance with the
certification requirements have to be established.

Further demands of SUBPART D - DESIGN AND CONSTRUCTION affect the used materials and
the manufacturing processes. A challenging design task will be to ensure the accessibility of parts
requiring recurring inspection. Due to the layout of the nested epicyclic gear sets of a Compound-
Split module, inspection may require special equipment, such as endoscopes. To ensure safe oper-
ation, special factors may be established for some parts of the transmission system (cf. CS 29.619).

Fire is a great danger for a rotorcraft and its occupants. Therefore, special means for fire pro-
tection are required by CS-29. The choice of a hydraulic fluid poses a conflict of objectives, since
it has to fulfil demands on power transmitting capability, ageing resistance, fire protection and
environmental sustainability. From the safety aspect, a flame-retardant oil seems preferable. Para-
graph CS 29.863 lists several demands on the fire protection of flammable fluids which have to be
kept in mind when designing the hydraulic system of the Compound-Split.

9.1.8. Rotor drive system

In Subpart E of CS-29 [42], one chapter is dedicated to the rotor drive system. The most important
points concerning the certification of a transmission system with CS modules are discussed in the
following section.

Design of the rotor drive system

By definition,

"[t]he rotor drive system includes any part necessary to transmit power from the en-
gines to the rotor hubs. This includes gearboxes, shafting, universal joints, couplings,
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9. Certification according to CS-29

rotor brake assemblies, clutches, supporting bearings for shafting, any attendant acces-
sory pads or drives, lubricating systems for drive system gearboxes, oil coolers and any
cooling fans that are a part of, attached to, or mounted on the rotor drive system." [42,
p- 1-E-2]

Therefore, the whole transmission system developed in the previous chapters of this thesis is part
of the rotor drive system. Acc. to CS 29.917 (c), a Design Assessment for the rotor drive system is
mandatory. It must include a detailed failure analysis to identify failures that rule out a safe flight
or landing. In chapter 10, a basic failure analysis of the proposed transmission system is presented.
It includes a risk assessment of each possible failure, potential countermeasures and re-evaluation
of the risks based on the anticipated effectiveness of the countermeasures.

Some requirements on the arrangement are listed in paragraph CS 29.917 (c). Item (1) demands
that in case of an engine failure all rotors necessary for safe flight and control are driven by the re-
maining ones. For the UH-60 this means that both, main and tail rotor, must be able to be driven by
one engine. As already discussed in section 9.1.4, a failure of one variator has similar consequences
as the failure of one engine. Main and tail rotor are driven as long as one CS module works properly
and the transmission is not obstructed from rotating, e.g., by a blocked variator machine. In addi-
tion, the rotor drive system must contain a device to automatically disengage a failed engine from
the rotors. This is usually done by free-wheeling units. Perhaps a disconnection of a failed variator
is also desirable, but because of the reverse power flow in autorotation, free-wheeling units may not
be used. To avoid catastrophic consequences of a blocked variator, defined breaking points may
be provided to allow unimpeded rotation of the mechanical path of the Compound-Split modules.

Rotor drive system and control mechanism tests

To ensure the proper function of the transmissions system, mandatory tests are established in
CS 29.923 [42, p. 1-E-3]. The tests have to be carried out on the rotorcraft and include

e Take-off run * Tests of rotor control positions

¢ Maximum continuous run

Clutch and brake engagements

¢ Endurance tests at 60 %, 80 % and 90 % of

MCP ¢ OEI power runs

* Engine malfunctioning run * Special tests

e Overspeed run e Tests of operating lubricants.

Some of the tests include OEI operations. When testing a variable-ratio transmission system,
the remarks made in section 9.1.4 apply. Engine malfunction tests are intended to ensure that no
dangerous dynamic behaviour occurs in the drivetrain if one or more engines do not work pro-
perly. Due to the systems added to the baseline transmission system, these tests gain even more
importance since the operation in a range of MR speed strongly affects the dynamic behaviour of
the rotor drive system.

Special tests are defined by:
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9.1. Certification requirements

"Each rotor drive system designed to operate at two or more gear ratios must be sub-
jected to special testing for durations necessary to substantiate the safety of the rotor
drive system." [42, p. 1-E-5]

In cooperation with the aviation authorities, the manufacturer seeking certification of a variable-
ratio drivetrain will have to define at which main rotor speeds resp. speed changing rates tests are
demanded. Since every test run has to last at least 200 h, a strong increase in time and cost effort
can be anticipated in any case.

The arrangement of the two nested epicyclic gear sets and the relatively high rotational speeds
of their gears pose a great challenge concerning lubrication and cooling. Therefore, a focus has
to be laid on the qualification of the lubrication/cooling system during the certification process.
The mandatory tests are defined in item CS 29.923 (p). Because of the changed power flow and
resulting losses at different transmission ratios, the lubrication tests will also require more effort
than in case of certification of a fixed-ration transmission system.

Additional tests

Additional tests include runs with engine overtorque and verifications of any torque limiting de-
vices. Of particular importance is the proof of safe operation in case of a failure of the lubrication
system. For Category A rotorcraft, a 30 minute endurance after the loss of any pressurized lu-
brication system is required. Also, runs at overspeed and transient speeds are required. Since
the hydraulic machines forming the variator are lubricated and cooled by the hydraulic fluid, the
supply of it has to be considered as well.

9.1.9. Hydraulic systems

The requirements on hydraulic systems in rotorcraft are established in paragraph CS 29.1435. Of
course, every component has to be designed so that the operational loads may not cause any
inadmissible or permanent deformation. To prove the capability of transmitting the hydraulic
power, tests with a system pressure of 1.5 times the nominal pressure have to be performed. Since
both pump and motor will be operated at different rotational speeds, the tests have to be performed
for a multitude of speeds, especially at or near standstill. It is also important to show that a change
of rotational speed at the maximum permissible rate has no negative influence on operation safety
of the variator and the transmission system. Furthermore, means for pressure indication and
limitation have to be installed. Finally, it is recalled that hydraulic systems using flammable fluids
must be designed acc. to the requirements discussed in section 9.1.7.

9.1.10. Powerplant limitations

To ensure that the powerplant loads do not exceed the limits for which the engines are type certified,
additional limits have to be established. These must include maximum values of

¢ rotational speed
e turbine inlet and outlet gas temperature
* engine torque and power

* engine and transmission oil temperatures
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9. Certification according to CS-29

and corresponding time limits. For the rotational speed, also minimum values have to be defined.
Of course, the maximum allowable temperature of the hydraulic fluid has to be added to this list
when a hydraulic variator is used. In addition, a maximum ambient atmospheric temperature
below which the cooling systems are sufficient has to be specified. These requirements apply in
particular to the OEI cases.

9.1.11. Emergency landing

The redesign of the UH-60’s drivetrain will lead to additional mass above the cockpit and the
passenger compartment. In case of an emergency landing, this poses a risk to the helicopter’s occu-
pants and crew. For approval of the rotorcraft design, the demands of paragraphs CS 29.561 sqq. [42,
pp- 1-C-9 sqq.] have to be fulfilled. Maybe the structure has to be strengthened to obtain these
goals.

The high-pressure hydraulic system and the potential flammable fluid in the transmission system
pose another threat. In the transmission design proposed in this thesis, no storage of hydraulic
energy is used and therefore the high pressure is restricted to the short connection between pump
and motor plus hydraulic elements, such as accumulators, which are needed for a proper operation
of the variator. However, actions have to be taken to minimize the risk and giving "each occupant
every reasonable chance of escaping serious injury in a crash landing" [42, p. 1-C-9]. This could
include automatically and/or pilot-controlled pressure release devices. The topic of fire protection
has already been discussed in section 9.1.7. In addition to the remarks there, it shall be pointed
out that a crash or hard landing may also affect the fire protection measures and that the mixture
of fuel, lubrication and hydraulic oil as a consequence of breakage of the fluid lines may lower the
flash point of the oils and increase the fire hazard.

9.1.12. Additional considerations

The topics discussed so far have to be addressed in the flight manual to ensure the correct handling
of the rotorcraft by the flight and ground crews. Additional markings and placards (cf. CS 29.1541)
may be used to avoid operational errors.

During operation it is important that the pilot has a complete overview of the operating conditi-
ons of the most important components of the helicopter. Therefore, additional powerplant instru-
ments will have to be installed. Details of the requirements on powerplant instruments are sum-
marized in CS 29.1305 and CS 29.1337. Special requirements apply for lines carrying flammable
fluids under pressure, as it is the case in the variator’s hydraulic system. Another important aspect
is the indication of the oil quantity, both for fluids lubricating/cooling the drivetrain and such
transmitting power.

To identify damage or wear of ferromagnetic parts of the transmission system at an early stage,
the drivetrain has to be equipped with chip detectors. It may turn out to be a tricky task to make
sure that particles are transported to the chip detectors by the lubrication fluid rather than being
enclosed in the planetary gear sets of the Compound-Split.

9.2. Acceptable Means of Compliance

In Book 2 of CS-29 Acceptable Means of Compliance are established for some paragraphs. The
most important ones affecting the transmission system will be discussed in this section.
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9.3. Concluding remarks on certification

9.2.1. Loss of lubrication tests

Paragraph AMC 29.917 provides additional information to supplement Advisory Circular (AC)
29-2C [122] published by the Federal Aviation Administration (FAA). Therefore, it should be used
in conjunction with this document. Although the paragraph explicitly addresses lubrication sys-
tems, the hydraulic system of the variators will be discussed with respect to it, because the failure
modes are similar. Also, some effects of failure; e.g., increasing friction and temperature follo-
wing inadequate lubrication; are comparable. However, since the main function of the hydraulic
fluid is not lubrication and cooling, but the transmission of power and these two aspects cannot
be considered independently. Therefore, it seems reasonable to separate the analysis and test of
the lubrication system from the one of the hydraulic system even if one affects the safety of the
rotorcraft significantly stronger. Again, this leads to increased effort for the certification of the
rotorcraft.

For all lubrication systems of the rotor drive system a safety assessment should be carried out.
Usually this is done by a Failure Mode and Effect Analysis (FMEA). On a very basic level, this will be
done in the following chapter 10. One of the outcomes of the safety assessment is the establishment
of a most severe failure, i.e., the one "that results in the shortest duration of time in which the gear-
box should be able to operate following the indication to the flight crew of a normal-use lubrication
system failure." [42, pp. 2-56 sqq.]. This failure mode is the one to be represented in the loss of
lubrication test(s) (cf. CS 29.927(c)). The compliance with the requirements on safe power trans-
mission after loss of lubrication may rely on an auxiliary lubrication system. The baseline UH-60
does not have an auxiliary lubrication system, but the special demands of the nested epicyclic gear
sets in the Compound-Split modules may require the installation of one. In this case, it should be
sufficiently independent from the normal-use lubrication system. An auxiliary lubrication system
may counteract the threat of seizure of the pistons in the hydraulic machines in case of loss of
supply with hydraulic fluid but may not recover the power transmitting capacity. This can only be
achieved by using redundant systems — an idea worth following up on.

A detailed description of the procedure of the loss of lubrication test(s) is given in AMC 29.927 [42,
pp- 2-58 sqq.]. This also includes the possible establishment of a maximum period of operation
following loss of lubrication of more than 30 minutes.

9.2.2. Vibration health monitoring system

It can be expected, that the advantages of Health and Usage Monitoring Systems including Vi-
bration Health Monitoring (VHM) will lead to a widespread use in helicopters in the future and
will become mandatory for category A rotorcraft one day. The additional risks of a variable-ratio
transmission system as proposed in this study may demand the use of VHM anyway. The AMCs
concerning such systems are defined in AMC 29.1465 [42, pp. 2-76 sqq.]. The list of assemblies,
components and VHM indicators given in Table 1 [42, p. 2-79] may be extended with hydraulic
machines and their shafts, bearings, swashplates and pistons.

9.3. Concluding remarks on certification

Due to the low Technology Readiness Level of the presented transmission system, no comprehen-
sive discussion of its certification could be done in this chapter — and doing so would have been
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9. Certification according to CS-29

far beyond the scope of this thesis. However, some aspects could be pointed out. Perhaps, the
most important finding is that the time and cost efforts for certification will significantly increase
because compliance has to be proven for a wide range of main rotor speeds. Since the MR speed
affects vibration and controllability, the outcome of some tests or simulations may require a re-
design of the drive system — including engines, transmission and rotors. Another issue is raised
by the additional mass above the cockpit and the passenger compartment and the high-pressure
hydraulic system. At some points, the certification specifications may be extended to cover special
issues raised by the new drivetrain.
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10. Design/Safety Assessment

A basic design/safety assessment of a Compound-Split module in rotorcraft is carried out in this
chapter. The results are based on the ones presented at the 43" European Rotorcraft Forum
(ERF) [84]. However, they were adapted to take the transmission layout, which was not yet known
then, into account. This results in different ratings of failure modes.

10.1. Functional FMEA

As method for the assessment of possible failures and countermeasures, a functional FMEA acc. to
SAE ARP4761 [110], a standard published by the Society of Automotive Engineers (SAE), was chosen.
This standard provides methodology for conducting a comprehensive safety analysis for aircraft
and airborne equipment, comprising Failure Hazard Analysis (FHA), Preliminary System Safety
Assessment (PSSA) and System Safety Assessment (SSA). The basic types of FMEA as described
in [110] are functional and piece-part FMEA. Due to the low TRL of the transmission system to
be analysed, only a functional FMEA could be performed. As already stated in section 3.3, the
data situation for hydraulic machines used as part of a transmission system and also for planetary
gear sets in three-shaft operation in rotorcraft is very poor. Therefore, the study is limited to a
qualitative FMEA. However, the required maximum failure rates acc. to AC 29-2C [122] were added
as a guideline.

10.1.1. Definition of functions

First of all, the core functions of the different aggregates have to be identified. The study will
focus on variable displacement axial piston motors/pumps and planetary gear sets. The functions
identified are:

e pump: transforms mechanical power (w, Q) into hydraulic power (g,, Ap)
¢ motor: transforms hydraulic power (q,, Ap) into mechanical power (w, Q)

* planetary gear set: transmits mechanical power and maintains a given ratio between angular
velocities of the shafts.

"Combinations of failures are not usually considered as part of the FMEA" [110, p. 135] and their
analysis would require more information on the design of the drivetrain and the reliability of all
parts. Therefore, this task is left for future studies.

10.1.2. Possible failures, failure effects and severity

As possible failures of a function, no or disturbed output was identified. The failure effects of
each failure mode were evaluated on the aircraft level. According to its effect on the rotorcraft,
every failure mode was assigned to one of these five failure effects. The severity of each failure
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effect was rated according to AC 29-2C [122]. The definitions and permissible allowable qualitative
and quantitative probabilities of failure are summarized in table 10.1. The possible failure effect

DESCRIPTION

SEVERITY OF
FAILURE
EFFECT

ALLOWABLE
QUALITATIVE
PROBABILITY

ALLOWABLE
QUANTITATIVE
PROBABILITY

Minor

"Failura conditions which would not significantly reduce
ratorerafl safety, and which invalve crew actions that are wall
within the crew capabiliies. Minor fallure conditions may
include, for example, a slight reduction in safety margins or
funclional capabiliies, a slight increase in crew workload, such
as routine flight plan changes, or somea inconvaniance ta
occupants.” (AC 29-2C, p. C-4T)

Reasonably
probable

1.0E-3 to 1.0E-5

Major

"Failure conditions which would reduce the capability of the
rotorcraft or the ability of the crew to cope with adverse
opearating conditions to the extent that there would be, far
axample, a significant reduction in safely marging or functional
capabilities, a significant increase in crew work lead or in
conditions impairing crew efficiency, or discomfart fo
occupants, possibly including injuries.” (AC 29-2C, p. C-47)

Major

Remote

1.0E-5 to 1.0E-7

Hazardous

*Failure conditions which would reduce the capability of the
rotorcraft or the ability of the crew to cope with adverse
operating conditions to the extent that there would be --

(it} Physical distrass ar highar workload such that the flight
craw cannol ba ralied upon 1o pﬂl‘fﬂl‘m their tasks accurately or
completely.

(i} Serious or fatal injury to a relatively small number of the
ocoupants.

[iv) Loss of ability to continue safe flight to a suilabla landing
site.”

[AC 29-2C, p. C-47)

(i) A large reduction in safety margins or functional capabilities,

Hazardous

Extremaly
Remote

1.0E-7 to 1.0E-9

"Failure conditions which would prevent a safe landing.”
[(AD 29-20C, p. C-4T)

Table 10.1.: Severity of failure modes acc. to AC 29-2C (cf. [122])

categories have already been used in [84] in a similar form. They are:

1 Limited power transfer
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description: This failure effect is characterized by the fact, that the power transfer in the
variator path is limited. The transmission ratio can either be changed only in a certain region
due to the lack of power or the transferable power is limited. But the rotorcraft can still be
operated because the main power flow is on the mechanical path.

occurrence: This failure effect occurs for the failure modes low output parameter and in the

138



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

10.2. Results of FMEA

failure mode high rotational speed of the function hydraulic motor.
severity: It is defined as a major failure of the system.

No power transfer

description: In this failure effect, there is a cut-off of the power transfer from one turboshaft
engine to the rotor. All parts are free to rotate and power from the second engine is still
transmitted to main and tail rotor.

occurrence: This failure effect occurs in the failure modes no output parameter except for
the failure mode no rotational speed of the function hydraulic motor. Also, for the failure
mode breakage of any shaft of the function planetary gear set, this failure effect occurs.
severity: It is defined as a hazardous failure of the system.

No power transfer and damage on drive train

description: A cut-off of the power transfer from one turboshaft engine to the rotors occurs.
But in this effect, at least one shaft is not free to rotate. As a consequence, additional damage
to the drivetrain and a possible prevention of safe landing occur.

occurrence: This failure effect occurs in the function planetary gear set if the failure modes
driven shafft, driving shaft or gear set gets stucked.

severity: It is defined as a catastrophic failure of the system.

Poor efficiency

description: This failure effect decreases the efficiency of the variator path but beyond that
has no influence on the functionality of the Compound-Split.

occurrence: This failure effect occurs for the failure modes high output parameter except in
the failure mode high rotational speed of the function hydraulic motor.

severity: It is defined as a minor failure of the system.

Fixed transmission ratio

description: The Compound-Split loses its ability to change the transmission ratio from the
turboshaft engine to the rotor. Therefore, the system is working like a transmission system
with fixed ratio.

occurrence: This failure effect occurs in the failure mode no rotational speed of the function
hydraulic motor. Also, the failure mode variator shaft gets stucked of the function planetary
gear set leads to this failure effect.

severity: It is defined as a hazardous failure of the system.

10.2. Results of FMEA

The FMEA was performed using the worksheet provided in [110, p. 139] as a baseline. Columns
containing possible countermeasures were added and a re-evaluation under consideration of them
was carried out. The results for the hydraulic machines and for the planetary gear sets are summa-
rized in

Table 10.2.: Design assessment of hydraulic machines (see p. 142)

Table 10.3.: Design assessment of planetary gear sets (see p. 143)

For the pump two basic failure modes were identified. These are inadequate output pressure and
flow. The possible causes and consequences of both basic failures are similar and in many cases
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10. Design/Safety Assessment

they will occur coincident. However, they are not fully equivalent and therefore will be discussed
separately. A comprehensive analysis of the failure modes based on tests and operating experience
will lead to a better understanding of the failure modes and provide an improved base for the
FMEA.

Each failure mode can occur as low and high values or a complete lack of the output quantity.
The effect severities on the rotorcraft level range from hazardous to minor. A loss of pressure
or flow prevents the transmission of power resp. the counteraction of the torques acting on the
Compound-Split module. This leads to a disconnection of the input bevel gear stage and the
combining bevel gear stage in the power path of one turboshaft engine, which is equivalent to an
undefined transmission ratio. As already stated, a portion of power may be transferred via the tail
rotor drive, but basically, the consequences are the same as in OEI case. Therefore, these failure
modes are rated as hazardous. Loss of flow or pressure can be easily detected by pressure or flow
indicators, which are common in rotorcraft, e.g., in the lubrication system. Possible failure causes
are problems with the displacement control - the functional principle and design of which is not
yet determined — or leakage. To limit the effects of the failure, overrunning clutches resp. brakes
can be installed between pump or motor shaft and the housing to block the rotation of one of them
and be able to operate the drivetrain in a mechanical point. If this countermeasure works reliably,
the severity of loss of pressure or flow may be reduced to major.

The failure modes of too high resp. too low output values are similar to and may have the same
causes as a total loss. Their severity strongly depends on the remaining power which can be trans-
mitted from the turboshaft engine to the main rotor by the Compound-Split module. In case that
it is sufficient to continue the flight state in which the failure occurred (or is detected by the crew),
the severity of low values is probably major whilst high values can be rated as minor incidents —
otherwise, the failure may be treated as a loss of the output quantity. The reason for the rating of
the high value cases is the fact that working safety valves may prevent any dangerous increase of
pressure. As compensating actions an adjustment of the drivetrain management or an operation
with a limited range of transmission ratios are possible. For low as well as for high output values,
these measures may reduce the severity of an incident by one category.

The failure analysis of the hydraulic motor follows the same pattern as described for the pump.
The output quantities are angular velocity and torque. The effects of a loss of one of them is an
undefined transmission ratio. The countermeasures are the same as for the pump: overrunning
clutches or brakes. With the possibility of flight with a transmission ratio fixed to one of the mech-
anical points, the severity of such an incident may be major instead of hazardous. However, a
reliable system blocking one of the variator shafts is another complex system which would have
to be added to the drivetrain and which also requires tests and certification. Furthermore, it will
increase the drivetrain mass and lead to increased costs for inspection and maintenance. There-
fore, a consequent minimization of the probability of failure may be the better way to fulfil the
certification requirements.

The failure modes representing too low resp. too high angular velocities/torques are all rated as
minor resp. major failures. To counter the effects of low/high output, the drivetrain management
could be adapted — automatically or by the pilot. As for the other cases, overrunning clutches may
limit the transmission range. With this measure, the severity ratings may be reduced. However,
because of additional technical and safety issues as well as because of additional mass and costs,
highly reliable variator systems in Compound-Split modules seem far preferable.
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10.3. Concluding remarks of the Design/Safety Assessment

The third function to be analysed is the planetary gear set. Its input and output are not as straight
forward as for the hydraulic machines. In principle, its functionality is to fulfil the Willis equa-
tion (2.1) and to bear and transmit the resulting torques. The least severe failure poses the blocking
of one of the two variator — i.e., pump or motor — shafts. In that case, the rotorcraft can be still
operated at a fixed transmission ratio in a mechanical point or in an OEI mode. However, since
the blocking of a variator shaft is not comparable to the intended operation in a MP and the shaft
may break or start rotating again, the incident is to be considered as hazardous. If the stucked
shaft is blocked with an additional device, such as an overrunning clutch or a brake, the severity
rating may be reduced. The breakage of any shaft without blocking the transmission system entails
another hazardous failure mode. To counteract the resulting undefined transmission ratio and
restore power transfer from the affected engine, the clutch/brake system can be used.

In difference to the two functions of the hydraulic variator, the PGS involves catastrophic failure
modes preventing a safe landing of the rotorcraft. Those occur if the rotation of the rotors is
hindered or blocked by a failed part of the mechanical path of the Compound-Split module. Of
course, this is the case when input or output shaft cannot rotate freely or the relative motion of the
gears in the PGS is hindered, e.g., by a broken off tooth. The only way to limit the consequences of
such an incident would be a device to disconnect the blocked part from the rotors. For example,
clutch systems or defined breaking points could be designed. However, the machine elements
involved in a PGS in three-shaft operation have been used in rotorcraft for decades and pose proven
solutions. The most challenging part will probably be the lubrication system and the operation of
the transmission system after a failure of it.

10.3. Concluding remarks of the Design/Safety Assessment

Due to the low Technology Readiness Level, the FMEA used for a design and safety assessment has
to stay rudimentary. Nevertheless, the most important risks caused by a Compound-Split module
with hydraulic variator could be identified and rated. They have been systematically recorded and
assigned to one of five failure effects on rotorcraft level. As could be expected, malfunctions of the
transmission system pose significant danger to the rotorcraft. Consequently, nine out of seventeen
failure modes were rated as hazardous or even catastrophic. To mitigate the effects of failure,
countermeasures were proposed. They involve additional complex devices and raise further issues
concerning the certification. If, however, a clutch or brake is installed to relieve the hydraulic path
during operation in a mechanical point anyway, it may be used to counteract failures and increase
safety.
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11. Summary

In this concluding chapter, the findings of the study are summarized and compared to the aims
defined in section 1.4. It is discussed, to what extend the research questions could be answered and
what had to be left for follow-up studies. At the end, conclusions are drawn from the research work
presented in this thesis. The core findings and their meaning for the development of a variable-
ratio transmission system for rotorcraft will be pointed out. Finally, open questions, especially the
ones which arose during the work on the research project VARI-SPEED, are summarized and an
outlook for future research is given.

11.1. Results, discussion and conclusion

In the introduction of this thesis four main objectives of the research were stated. Each of them
was addressed in a dedicated part of the thesis.

The first aim was to give a comprehensive summary of the fundamentals of epicyclic gearing,
to state the basic equations and derive the mathematical relations which will be needed to find
a suitable drivetrain concept in the subsequent chapters. Because of the sheer amount of avail-
able literature and the multitude of research fields — ranging from efficiency, manufacturing and
damage analysis to acoustics — a choice of the topics to be discussed had to be made. The selected
information and equations dealing with epicyclic gearing and power-split transmissions pose a
viable basis for the further study and therefore, the aim of part is considered achieved.

Another main question of the study in hand was the one for a principal drivetrain architecture
for a rotorcraft of CS-29 class, more precisely for the UH-60 Black Hawk. To reduce the literally
infinite number of possible solutions and to avoid raising issues, which would lead beyond the
scope of the study, some constraints had to be made. Because they are directly influencing the
outcome of the whole study and also determine research questions for future studies, they are
summarized again in the following.

1. The rotational speed of the tail rotor shall be kept constant at the value of the reference
helicopter.

2. The two free-wheeling units shall be operated at the same speed and torque levels as in the
baseline UH-60.

3. The accessories shall be driven at constant speed.

These constraints lead to two possible architectures, one containing one Compound-Split module
and the other with two of them, one in the power path of each turboshaft engine. The decision
between these two solutions was made based on an assessment of their respective reliability. Since
the architecture with two CS modules is expected to provide a higher safety level, it was decided
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11. Summary

to concentrate on it in the study in hand. Subsequently, the arrangement of the CS modules
was chosen based on the expected mass of the planetary gear sets and the maximum relative
speed of planet gears. With the decision for arrangement D and axial piston motors with variable
displacement as variator machines, it was possible to derive the key parameters of the transmission
system and study the expected overall drivetrain efficiency.

In the design part a promising drivetrain architecture could be derived and it could be shown,
that its efficiency is, although lower than the one of the baseline helicopter, sufficient for the use
in a rotorcraft with variable main rotor speed. It has to be stressed, that the found solution is not
the only possible and that the complete new-design of a helicopter with variable rotor speed will
probably yield a totally different arrangement. However, to show the feasibility of Compound-Split
modules in rotorcraft drivetrains, the derived architecture is sufficient. A key aspect of transmission
systems in rotorcraft is their mass. Although a basic design of the drivetrain has been developed
in this study and an estimation of the variator mass has been derived, no viable assessment of the
expected mass was made. The reason is again the low Technology Readiness Level. Too much para-
meters are unknown at the moment. However, based on the derived dimensions of the mechanical
path and the variators, the transmission system may reduce the payload, but will be definitely light
enough for flight. If it is economically justifiable, cannot be rated at the moment.

To prove that the proposed drivetrain is able to transmit the propulsive power and vary rotor
speed in flight conditions, a dynamic simulation was carried out. First of all, a calculation model
had to be built up in Simulink, using rotor and engine models found in the literature. The model
was validated with flight test data and showed good agreement for constant main rotor speed. It
was therefore concluded, that the simulation for different and varying rotor speeds pose a good
approximation of the physical system. The results showed that the proposed transmission system
is able to maintain a target MR speed for several flight conditions. The limits of operation, i.e.,
flight states which could not be maintained and lead to premature termination of the simulation,
showed good agreement to the predictions of other studies, which identified stall at parts of the MR
blades as the limiting factor. Therefore, it could be concluded that the reason for these phenomena
is the main rotor system and not the powertrain. However, a series helicopter with variable main
rotor speed will require a totally newly developed rotor system anyway.

The last aim of the thesis in hand was to discuss the implications of the proposed powertrain
on the certification of a rotorcraft which is equipped with it. By the very nature of this question,
no concluding answers could be expected, because the certification process would be completely
new to aviation authorities and helicopter manufacturers. Furthermore, new requirements and
specifications would have to be issued and appropriate means of compliance would have to be
defined. However, some fundamental aspects could be pointed out, especially the fact that due to
the increased demand for testing, the costs of the certification process of rotorcraft with variable
main rotor speed will be significantly higher than for conventional helicopters. In addition, the
conducted safety assessment of the Compound-Split module showed, that a failure of this system
poses a great threat to the rotorcraft and its occupants. Some measures to limit the consequences
of a failure could be found. However, the consequent minimization of failure rates of all compo-
nents of the CS module seems to be the more promising approach - both from a technical as well
as from an economic point of view.
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11.2. Future research and engineering

To sum up, all four research questions could be answered satisfactorily. All results are sufficiently
reliable to conclude that a drivetrain including two Compound-Split modules is in principle able
to enable the variation of main rotor speed of the UH-60 during flight. Based on these findings,
further research on Compound-Split transmissions for rotorcraft is justified. However, during the
work a lot of questions arose. They will be discussed briefly in the following section.

11.2. Future research and engineering

The development of a ready-for-production rotorcraft transmission system is far beyond the scope
of a PhD thesis. Therefore, a lot of research and engineering work still needs to be done. How-
ever, with the information gained in this study, the design process of a variable-ratio transmission
system comprising Compound-Split modules with hydraulic variators could start. Clearly, the de-
velopment will be an iterative process and findings from simulations and tests will require changes
to the initial draft. Some main aspects, which have to be defined are discussed hereinafter.

» The required spread has to be established. Of course, this depends not only on the type of
rotorcraft and its mission profile, but also on the rotors. Different designs of them may lead
to different speed ranges.

¢ The main rotor design — including number of blades, blade length and chord, airfoils, twist
and mass distribution — is crucial for the performance of the rotorcraft.

e If a MR/TR configuration is chosen, the operation of the fail rotor has to be specified. As
discussed in section 3.2, constant and variable speed is possible. Of course, this decision has
a direct impact on the transmission design.

* Besides the rotors, the engines have the most influence on the design of the drivetrain. For
this study constant engine speed has been assumed, but a variation may offer additional
benefits regarding fuel consumption, cf.[70].

¢ The analysis of the variator system in the thesis in hand is based on data of hydraulic motors
designed for the use in mobile machines, such as trucks or excavators. A tailored develop-
ment for the use in rotorcraft may have different properties, which will have an influence on
the drivetrain design.

All of these issues affect the development of the transmission system. In addition, a completely
new-design offers much more freedom for the drivetrain architecture, unlike the "minimally inva-
sive" approach which was chosen in this study to limit the possible solutions.

These considerations show, that in principle, the next step of development will be the design
of a (scaled) prototype to prove the feasibility of the technology in flight tests. From there, it is still
along way to the certification, series production and operation of a helicopter of CS-29 class with
variable rotor speed.
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A. Appendix

A.1. Characteristics of hydraulic machines

This section provides additional information on the hydraulic machines chosen to be used in the
variators of the proposed transmission system.
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Figure A.1.: Volumetric efficiency of hydraulic machines of the A6VE Series 71 type in pump and motor

operation
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A. Appendix

A.2. Additional results of turboshaft engines

This section provides additional information on the parameters of the T700 engines which were
obtained by the dynamic simulations of the UH-60’s powertrain.
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A.3. Supplementary

A.3. Supplementary

The research work summarized in this thesis required a lot of information and software input
which could not be described in detail in the text for reasons of space. To be able to provide
these data and to enable an extension of the results, all files used for the study were brought
together in a supplementary folder. It is available at the Institute of Engineering Design and Product
Development, TU Wien or can be requested from the author!.

The supplementary material is structured into two parts, one containing the material related
to the design part and the other dedicated to the dynamic simulation. In the design folder, the
FVA-Workbench model, the related scripts and results files can be found. With these files and
the software used for the study in hand, all results of chapter 6 can be duplicated. The Simulink
models, Matlab calculation of the inflow and input file for multiple simulations are included in the
second part of the supplementary. Again, with these files the simulation results of chapter 8 can be
reproduced and further flight cases can be studied by adapting the input files.

le-mail: ppaschinger@gmx.at
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