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Integration of electric machines with the shafts of gas turbine engines isimpliedin various
electrified aircraft propulsion concepts. This includes implementation of the Turbine
Electrified Energy Management (TEEM) concept, a motivator for the Versatile Electrically
Augmented Turbine Engine (VEATE) gearbox. The VEATE gearbox is a mechanical power
transmission concept that seeks to interface electric machines with a gas turbine engine in a
synergistic manner. It enables a hybrid electro-mechanical approach for managing power in
a gas turbine engine. It is hypothesized that the mechanical design of the VEATE gearbox
could be leveraged to enhance the wersatility of the presentelectrical hardware. The VEATE
gearbox concept is first introduced and applied to an electrified two-spool advanced geared
turbofan meant for powering a single-aisle commercial aircraft. Amodeling approach for the
gearbox is presented and studies are conducted to investigate the potential application to
TEEM and power extraction. There is evidence thatthe VEATE gearbox could help to reduce
the size of the TEEM power system, provide flexibility in power extraction implementation,
and exhibit fail-safe design attributes.

Nomenclature

English Variables

f = gearboxforce, Ibs

J = moment of inertia, slug-ft

M = gearboxmass, lbn

m = mass ofasingle planet gear, slug
N = rotationalspeed, rpm

n = numberofplanetsin aplanetary gearbox
PR = pressureratio

R = clutch effective radius, ft

SM = stallmargin, %

r = gearradius, ft

W. = corrected flow, Ibm/s

Greek Variables

At = simulation time step, s

n = component efficiency

o = kinetic coefficient of friction
Us = static coefficient of friction

T = torque, ft-Ibs

1) = rotationalspeed, rad/s
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Subscripts
CA

CB
CcC
cg
eml
em2
em2g
em3
em3g
hps
Ips

p

pc
pr
red
redl
red2
reds
r

rg

S

sp

the variable corresponds to clutch A

the variable corresponds to clutch B

the variable corresponds to clutch C

the variable corresponds to the gear on the carrier that interfaces with electric machine 2

the variable corresponds to electric machine 1

the variable corresponds to electric machine 2 or its interface with the carrier/LPS

the variable corresponds to the gear that interfaces electric machine 2 with that carrier with clutch B
the variable corresponds to electric machine 3or its interface with the ring gear

the variable corresponds to the gear that interfaces electric machine 3 with the ring gear with clutch C
the variable corresponds to the high pressure spool or its interface with the speed reduction gear
the variable corresponds to the low pressure spool

the variable corresponds to the gearboxplanets

the variable corresponds to the interface of the planets and carrier

the variable corresponds to the gear interface ofthe planets and ring gear

the variable corresponds to the gear reduction shaft or its interface with the sungear

the variable corresponds to the gear on thereduction shaft that interfaces with the HPS

the variable corresponds to the gear on the reduction shaft that interfaces with thesun gear

the variable corresponds to the gear connected to the sun gear that interfaces with the reductionshaft
the variable corresponds to the ring gear

the variable corresponds to the gear on thering gear that interfaces with thegear connected to EM3
the variable corresponds to the sungear

the variable corresponds to the sungearand planets

Acronyms and Abbreviations

AC
AGB
AGTF30
APU

DC

EAP

EM

EM1
EM2
EM3
EOM

GB

HPC
HPS
LPC

LPS

PEX

SLS

SP
STARC-ABL
T-MATS
TEEM
VEATE

Alternating Current

Auxiliary Gearbox

Advanced Geared Turbofan 30,000Ibs —engine modelusedin the simulation studies
Auxiliary Power Unit

Direct Current

Electrified Aircraft Propulsion

Electric Machine

Electric Machine 1—connected most directly to thesun gear

Electric Machine 2— connected most directly to the carrier

Electric Machine 3—connected most directly to thering gear
Equations of Motion

Gearbox

High Pressure Compressor

High Pressure Spool

Low Pressure Compressor

Low Pressure Spool

Power Extraction

Sea Level Static

Single Planetary —refers to a VEATE gearboxvariant with a single planetary gearboxin the design
Single-aisle Turboelectric AiRCraft with Aft Boundary Layer propulsor
Toolboxfor Modeling and Analysis of Thermodynamic Systems
Turbine Electrified Energy Management

Versatile Electrically Augmented Turbine Engine (VEATE)

I. Introduction

Electrified aircraft propulsion (EAP) systems are being investigated to address the challenge of reducing fuel bum,
emissions, and noise [1]. This applies to all classes of commercial air vehicles ranging fromair taxis for urban air
mobility [2] to single-aisle and larger transports. NASA has proposed several EAP concepts including the Single-aiske

Turboelectric

AiRCraft with Aft Boundary Layer propulsor (STARC-ABL) [3] and N3-X [4]. Many of these concepts



include electrified turbomachinery in which electric machines (EMs) are mechanically coupled with thespools of gas
turbine engines for power extraction (PEX) and or power injection. While some concepts only consider power
extraction or injection on a single spool of a multi-spool gas turbine engine, studies have been conducted showing
optimal power splits that utilize EMs on both spools of a two-spool engine [5]. The term ‘power split” refers to the
fractional split in the engine power extraction between the High Pressure Spool (HPS) and Low Pressure Spool (LPS).
Furthermore, there are applications for EMs on both spools of a gas turbine engine that include engine starting and
power/energy managementcontrol strategies suchas Turbine Electrified Energy Management (TEEM) [6]. Therefore,
it is expected that advanced aero-propulsion concepts will include electric machines integrated with multiple spooks
of aturbofan orturboshaft engine.

There is also atrend for more electrified engines that can include the addition or increase in power level of electric
machines and energy storage devices that are integrated with the engines. The electric machines can be used for a
variety of purposes such as for turbine electrified energy management (TEEM) [6,7,8]. TEEM seeks to leverage
electric components, mainly electric machines and energy storage elements, to improve the operability of the
turbomachinery. Consequently, the improved control over engine operability enables new capabilities for the
propulsion systemand the aircraft it propels. Operability benefits can be leveraged in the engine design process to
improve systemsafety, weight, and or performance. Ref. [9] outlines some of the operability considerations that
impact turbomachinery design. In particular, Ref. [9] points out that the engine design process is “a complex
compromise between efficiency targets, number of stages, surge margin requirements across the intended flight
envelope, and various mechanical considerations, such as stress limits, vibration, etc.”. It goes onto explain that it is
important forthe compressors to have sufficientworking surgemargin that will ensure stable operation of the engine
throughout the flight envelope forall likely transient conditions. Required surge margin is determined empirically and
Ref. [9] attributes it to 3 main factors that contribute roughly equally. One ofthose factors is a shift in the operating
line during transients. Often times, the maximum efficiency ofthe compressor is achieved closerto the stall line and
the shift in the operating line to appease operability constraints may cost several percentage points in compressor
efficiency. The operability constraint will force a compressor to operateat a less efficient operating point on the map
and/or be designed less aggressively to achieve a lower maximum efficiency. Either way, compressor efficiency is
sacrificed, and thatultimately leads to sacrifices in overall performance metrics such as fuelburn. It has been shown
through simulations in Ref. [6,7,8], that substantial transient operability benefits can be obtained with relatively
modest electric machine power levels and energy storage capacity. This could alleviate the need for design constraints,
and thus enable more efficient turbomachinery. TEEM may provide various other benefits, butfor the purpose of this
study the focus will remain on the transientoperability application of TEEM.

There are numerous possibilities for how the integration of the EMs with turbomachinery could be achieved. The
Versatile Electrically Augmented Turbine Engine (VEATE) gearboxis a potential approach. The VEATE gearboxis
a mechanical transmission that consists primarily of gears, shafts, and clutches. The design consists of at least one
gearboxthat operates in amanner similar to a planetary gearbox That is, it has 3 coupled rotating components similar
to the sun gear, carrier, and ring gear of a planetary gearbox. Variations of a basic planetary gearbox, such as the
Offset Compound Gearboxand Dual Star Idler Gearbox designs described in Ref. [10], may also be usedin place of
a conventional planetary gearbox. In this study, a conventional planetary gearboxdesign is assumed. The different
components of the planetary system could be connected to an engine spool, an electric machine, a component of
another planetary gearbox, or a component that interfaces with one ofthese parts. Clutches may exist to modify the
configuration of the mechanical transmission to
influence the path of power flow and to isolte
faults when they occur. Sun Gear

A particular version ofthe VEATEgearboxis
investigated in this paper. This version has a
single planetary gearboxin its design and will be
referred to as the Single Planetary (SP) variant.
Figure 1 illustrates the basic planetary gearbox
anatomy. Planetary gearboxes are used in a
variety of applications, including automotive
power transmissions, conveyers, robots, pencil
sharpeners, etc. They have applications in many
industries including aerospace. Planetary gears Planets
have a much higher contact ratio than spur gears,
which provides significantly more torgue
capacity, among other benefits. Typically, they Figure 1. Simple planetary gearbox schematic
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are used to change the speed between two rotating components such that one is at high speed and low torque while
the otheris at low speed and high torque, thus allowing each component to operate within their desired speed range.
It is common for one ofthe three main components (sungear, ring gear, and carrier) to be held stationary while the
other two components function as inputand output. The dimensions of the gearboxcomponents determine the speed
and torque ratios at the interfaces. Gear ratios for a single planetary gearboxwith a stationary component, typically
range from 3:1 to 10:1. In the application investigated in this paper, all of the gearbox components will be able to
move. The ability to influence the speed ofthecomponents, in particular the one that is normally stationary, provides
the ability to manipulate the speedratio as well as to manage power in the system.

The purpose ofthis paper s to introduce a simple form of the VEATE gearbox, presenta modelfor capturing its
behavior, and investigate the impact that the gearbox could have on the propulsion system. In particular, the
applications of interest include transient operability control through TEEM, large scale power extraction, and
reversionary control usages relevant to those two applications. While this paper will not be able to address these
potential applications in detail, the studies are sufficient to demonstrate potential for the concept. Also note that the
physical characteristics of the VEATE were not optimized but were selected based on engineering judgement and are
thought to be a decent starting point that is sufficient to fulfill the purposes of this paper. Throughout the simulation
studies, comparison will be referenced to a baseline turbofanengine model. It will also be compared with a modified
version of the engine model configured with whatwill be referred to as a Dedicated EM (DEM) approach. In the DEM
approach, each spool has its own dedicated EM and gearbox The EMs are only able to directly affect the spool to
which they are interfaced.

The remainder of this paper is organized as follows. Section Il provides background about the applications of
TEEM and large-scale power extraction. Section 11l describes the Advanced Geared Turbofan 30,000 Ibs (AGTF30)
engine modelthat is utilized as an application testbed for this study. Section IV provides a more detailed description
of the VEATE gearboxconcept. Section V presents modeling of the VEATE gearbox and its integration with the
AGTF30 engine model. Section VI discusses simulation studies and Section VI1I presents a mass analysis. Finally,
Section VIII provides concluding remarks. AppendixA and AppendixB provide details of the VEATE gearboxmodel
Appendix A includes relevant equations and a detailed description of the solution procedure. Appendix B provides
the parameters utilized by the model.

I1. Background on TEEM and Large-Scale Power Extraction

The two applications of the VEATE gearboxexplored in this paper are with respect to large-scale power extraction
and TEEM. To provide a basis for comparison, these applications are discussed in the context of how they would be
applied with a DEM approach. For large-scale power extraction, various EAP concepts consider large amounts of
power extraction from the LPS compared to the HPS. For example, STARC-ABL [3], pictured in Fig. 2, extracts
nearly 2000 hp from each of its underwingengines to drive an aft boundary layeringesting tail fan. Allthat power is
extracted fromthe LPS while only
350 hp is extracted from the HPS
for other aircraft system power
demands. This split in power
would force the LPS EM to be very
large or it would require
interfacing multiple EMs to the
same shaft. The relatively large
amount of power extractionfroma
single spool may complicate EM
and engine integration.
Furthermore, a LPS EM failure
would result in a loss of all power
from that engine going to the tail Figure 2. A rendering of the STARC-ABL concept. The wing mounted
fan. Concepts like STARC-ABL gearedturbofans supply power to drive the tail fan.
benefit from accelerating the low
momentum boundary layer to reduce profile drag while creating thrust, thus the loss of power to the tail fan causes
even more significant loss of net thrust. For these reasons, flexibility in the power extraction implementation that
allows for more even power splits between the EMs could be advantageous.

TEEM leverages the electrical power system integrated with turbomachinery to improve transient engine
operability. Primarily it seeks to improve compressor operability. During a transient, the fuel flow rate is changedto
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Figure 3. The DEM systemfor applying TEEM. AC and DC stand for alternating currentand direct
currentrespectively

modify the flow conditioninsidethe engine. However, the speeds of the spools donot change instantaneously dueto
their large inertias. This creates a mismatch between the flow condition and rotational blade speed that results in
off-incidence flow and may stallthe compressor if it becomes severe enough. Typically, the HPC tends to move closer
toward stall duringacceleration transients while the LPC tends tomove toward stall during decelerations. Having the
ability to influence theshaftspeeds with electric torque independent of the fuel flow rate allows the EMs to overcome
much of the inertia of the engine spools to operate closer to steady-state design conditions while a transient is
occurring. This keeps the compressor blades fromexperiencing severe off-incidenceangles relative tothe air moving
through the engine. The ability to tightly maintain blade incidence angle improves operability and enables new
possibilities for the engine design.

The systempicturedin Fig. 3 is representative of the DEM approach for TEEM. Each spoolhas a dedicated EM
that is connectedto its respective shaft through its own gearbox (GB). The EMs are managed by their respective power
controllers that are connected to a common power bus. An energy storage system, which may consist of numerous
energy storage device (ESDs), is presenton the DCbus and supplies or absorbs power in responseto the operation of
the EMs. References [7] and [8] demonstrate the application of TEEM with such a system.

Figure 4illustrates the basic conceptof howthe EMs are used to improve operability during transients. The control
approachdescribed in Ref. [7] utilizes the HPS EM to apply power to the HPS during accelerations in order to improve
the transientoperability issues. It was foundthat theuse ofthe LPS EM to assist was noteffective. The needto inject
power with the HPS EM tends to drive the energy storage system requirements. During decelerations, the LPS EM
can be usedto extract power fromthe LPS and orthe HPS EM can app ly power to the HPS to improve operability. A
good strategy is to extract power with the LPS EM and apply that power with the HPS EM [8]. This will prevent any
issues with managing excess power while simultaneously addressing the
operability issues. In addition, this enables the LPS EM to be reduced in Acceleration Deceleration

size. A closed loop control strategy is implemented with relevant d etails N t N T
provided in Ref.[7] and [8]. The HPS EM controller attempts to maintain
the steady-state HPS speed vs. fuel flow relationship throughout
acceleration transients. During deceleration transients, the LPS EM
controller attempts to maintain the steady-state LPS speed vs. fuel flow N N T
relationship and the HPS EM is commanded to apply power to the HPS
equivalent to the amount of power commanded to be extracted from the z” |
LPS. \
Figure 5shows results for the DEM implementation of TEEM for a sea

level static (SLS) burst and chop transient in which the throttle is quickly
moved fromidle to maximum powerand thenquickly movedbacktoidle.

Figure 4. Basic uses of EMs during
transients toimplement TEEM
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Figure 5. Example results for the DEM approach as applied to TEEM. (a) Shows the EM power inputs and
(b) shows the HPC and LPC stall margins compared with a baseline simulation inwhich TEEM is not
applied. The power extraction with LPS EM circledin (a) is for re-charging the ESDs.

Fig. 5a shows the power inputs on the engine spools and Fig. 5b shows the impact on the HPC SM and LPC SM
compared to the baseline response without TEEM. The improvement in HPC and LPC operability is evident by the
elevated minimum stallmargin during the transients.

There are a few short comings associated with the DEM implementation of TEEM. One is that, for applications
like the AGTF30, the LPS is not effective at aiding the HPS during accelerations and therefore it is underutilized. If
other EMs were able to aid the HPS EM, HPC operability could be further improved to promote safety or it could
enable the HPS EM to be smaller and lighter. Also, in the event of an HPS EM failure, there would be no effective
way to maintain the operability benefits promised by TEEM during acceleration transients. This can be important
because, in theory, operability margin would be removed fromthe engine toachieve better efficiency and or a lighter
weight engine. Without the ability to use the electrical power systemto protectagainst stall, the engine would either
be forced to operate with uncomfortably degraded operability or it would be forced to accept a more sluggish thrust
response. Both options are undesirable, especially if a better option existed. Note that TEEM may be implemented
togetherwith large scale power extraction.

111. The AGTF30 Model

The AGTF30 is a dynamic model of a -
conceptual advanced geared turbofan engine [11]. e >,
Theengine is capable of producing ~30,000 Ib¢ of

thrust at SLS conditions. It features a compact

core and variable area fan nozzle (VAFN). The

AGTF30 engine is modeled with the Toolboxfor

Modeling and Analysis of Thermodynamic

Systems (T-MATS) [12], which leverages
MATLAB/Simulink™. It was created to match

the performance of the NASA N+3 reference

engine that was originally modeled in Numerical

Propulsion SystemSimulation (NPSS) code [13]. ) **
The engine model incorporates shaft dynamics Figure 6. AGTF30 cross-section schematic

and is accompanied by a realistically performing

controller with limit logic [14] that exhibits representative dynamic behavior. Figure 6 is a schematic of the engine
cross-section that was produced with NPSS WATE++ code [15]. The baseline AGTF30 is a two-spool gas turbine
engine with a geared fan. There are no electric machines, no energy storage devices, and no mechanical coupling
between the LPSand HPS. A total of 350 hp is extracted from the HPS through an auxiliary gearbox(AGB) for the
purpose of powering aircraft systems. For the purpose of this paper, the engine model has been modified to include




the VEATE gearboxmodel described in Section V, which also enables supplemental torques to be applied to the
engine spools using multiple EMs.

V. Description of the VEATE Gearbox Concept

The VEATE gearboxis an electro-mechanical systemfor managing power in a gas turbine engine. It uses EMs to
apply and or extract power as well as transfer power mechanically by leveraging the components of the gearbox
system, including the engine spools. Clutches may be used to modify the path of power transfer or to isolate failures
such as an EM with a locked rotor.

A VEATE gearboxconcept seeks to interface one or more Clutch B
electric machines with the spool(s) of a gas turbine engine
throughagearbox The overall systemmay consist of one or Clutch C
more gearboxes that each operate like a planetary gearbox HPS
where torque applied to the sun gear, the ring gear, or the l

LPS

carrier, impacts thespeed ofall 3components. Alternatives to
mechanical gearing may be possible, but for demonstration
purposes traditional mechanical planetary gearboxes are
assumed throughout therestof this descriptionand the studies
that follow. The components of the planetary gears may be
connected to a spool of the gas turbine engine, an electric
machine, a component of another planetary gearbox, or a
component that interfaces with any of these parts. The
connections may bedirector they may occur througha clutch. L
The type of gearing and clutches are notprescribed. There can
obviously be many variants ofa VEATE gearbox

The focus of this study is on the simplest form of the
VEATE gearbox, which is the SP variant. Figure 7 shows a
basic representation of the SP gearbox. It is comprised of a
single planetary gearboxwhose main components are thesun
gear (green), planets (blue), ring gear (red), and carrier (light
gray). In this configuration, the carrier is directly connected to the LPS and the sun gear is rigidly connected to the
HPS througha speed reductiongear (yellow). The EMs and their shafts are colored dark gray. They are identified as
EM1, EM2, and EM3. The clutches are identified as Clutch A, Clutch B, and Clutch C. They can be independently
used toconnect/disconnect EM 1, EM2, and EM3to the restofthe system. These clutches are envisionedto be engaged
under normal operation and only disengaged in the event of EM failures. EM2, Clutch B, and its interface gear are
outlined with dashed lines in Fig 7 because these conponents
will be present in some of the applications, but not in others. Clutch B

The primary role of EM1 and EM2 is to influence the
speeds of theengine spools, thus impacting the operability and
performance of the engine. EM1 will primarily be used to
impact the HPS, while EM2 is used to primarily impact the
LPS. EM3 creates a mechanical coupling effect between the
spools. EM3can beused toprovide leverage between the HPS
and LPS. It has the capability to influence boththe transfer of
power between them, as well as their speed ratio, while
simultaneously adding orextracting power to/fromthe overall
system. The SP gearboxhas 8 possible configurations, which
result from all of the possible combinations of clutch
engagements. However, for the applications of this study, the
clutches should always be engaged during normal operation.
The rigid mechanical power flow paths are highlighted by
different colors in Fig. 8 with all clutches engaged. The term
‘rigid mechanical power flow path’ refers to a mechanical path Clutch A
throughwhich power can be transferred effectively dueto the
rigid coupling of the components. For example, EM1, the
speed reduction shaft, and the HPS make a rigid power flow

Clutch A

Figure 7. Schematic of the VEATE gearbox SP
variant

Figure 8. Rigidpower flow paths for the SP
gearbox with all clutches engaged



path because power can be effectively transferred between them without outside influence. In contrast, EM2 is not
connected to the HPS through a rigid power flow path because without the effort of EM3, the ring gear lacks the
rigidity necessary to transfer power between these components.

V. The VEATE Gearbox Model

The dynamic VEATE gearboxmodel
captures the motion of the gearbox

components (gears, carrier, and shafts), 1— P
the electric machines, and the engine HPS 2 — Frogi
spools. The model description presented s
here is specific to the SP variant. i 4_;?
Nomenclature for the various model reds
parameters is introduced first. The radii I=F;

of the gears are generally expressed with 6-r;

the variable, r, and an identifiable : 7=y
subscript. These variables are defined in - T E= 8—rr
Fig. 9. Including the 3EMs and 2 engine 9—ru
spools, the SP gearboxmodel consists of 10—7

11 components (only includes 1 of the L 1 _r‘w"
planets) with distinct operating speeds. 2 emig
Each of the components have a morment

of inertia denoted by, J, and an Clutch A

efficiency, #, that attempts to account for Figure 9. Definition of radii variables

losses. These parameters are appended
with the identifiable subscripts listed in Table 1. The  Table 1. VEATE gearbox model component subscript
planet gears have two unique parameters: the number of  identifiers

planet gears, np, and the mass of each planet gear, m;. Component Subscript Identifier
While no specific type of clutch is assumed in the High pressure spool hps
VEATE gearbox, clutches are modeled here as friction Low pressure spool (same as | Ips
clutches for simple demonstration. Each clutch has an the carrier)

associated effective radius R, normal force X, kinetic Speed reductionshaft red
coefficient of friction ux, and static coefficient of friction Sungear S

us. Each variable is appended by a subscript of CA, CB, Planets p

or CC, to clarify which clutch it corresponds to. Torques EM1 +shaft emi
are denoted with z. Input torques fromthe HPS, LPS, and EM? + shaft em2
EMs utilize subscripts listed in Table 1. Torques created

by the clutches use the clutch subscripts (CA, CB, and Emg ;esar:aft Emgg
CC). The speed of each component in rpmis denoted with EM3 gear em3g

N followed by the respective component subscript
identifier. When the speed is expressed in units of rad/s,
w is used. The angular acceleration is expressed with @. Forces at the gear interfaces use the variable f. Figure 10
shows the location ofthe seven gear forces and defines the variables for each. Positive forces are defined to go into
the page. Notethatforces are only marked at unique interfaces. The forces associated with the planets (fsp, for, and fyc)
can be multiplied by a factor ofn, to get the overall force betweenthe planets and the relevantcomponent.

There are seven “base” equations of motion (EOMs) thatgovern the dynamics of the 11 gearboxcomponents. The
seven equations ensure the motion predicted by the model does not violate the constraints placed upon it through the
physical coupling ofthe gearboxcomponents. Specifically, thevelocity of the gears at the gear interfaces must match.
Furthermore, the angular acceleration of the carrier components must satisfy expressions derived from a torque
balance on the carrier, and a force balance on the planets. The first six of the seven equations require the velocity of
the gearboxcomponents at their interfaces to match. The last equation reconciles expressions for the LPS/carrier
dynamics (more on this later). The seven equations are provided below.

Thps@hps = ~Tred1Wred (l)



TreazWred = ~TredsWs @)
Ty@ s — Ty Wy = Tyl 3)
W5+ 1,0, =10, )
Teg Wips = ~Temzg d)emZg ©)
TrgWr = —Tomzg Wems (6)
Wips = Wy U

BExpressions for the angular accelerations come from the dynamic equations of each component and are derived
froma force and torque balance analysis. With clutches engaged, multiple components canbe coupled. In sucha case,
dynamic equation(s) are derived from a force and torque balance analysis of the collection of coupled components.
Note that directly coupled parts
refers to multiple components that

spin at the same speed due to their Clutch B

direct connection through a clutch. o

The equation(s) that describe the Clutch C \'iif:

new coupled component replaces HPS - LPS

the equations that defined the ::j 1-f;
dynamics of the uncoupled ! 2 s
components. The complete set of 6 ~Jred
equations are provided in Appendix 3 —.f:rp
A. Some additional explanation is 7 4 for
warranted for Eg.7. The left hand 51,
side of Eq. 7is the result of a torque _.__S .. E_chﬂ
analysis for the LPS (also the Jivas) e
carrier in this configuration), and =LA 7 —fems
theright hand sideis the result ofa

force analysis for the planets. To be —

explicit, Eq. 17 and Eg. 18 in

AppendixA form therightand left
hand sides of Eq. 7, respectively. Clutch A
The unknowns are the seven gear Figure 10. Definition of gear force variables

forces. Eq. (1) - (7) form a set of
seven linear equations that can besolved using linear algebra techniques.

In addition to the seven EOMs listed above, there could be up to three more EOMs, one for each clutch. These
EOM s are used during clutch engagementand they seekto match the speeds of the rotating parts on each side of the
clutch once theclutchengagement is complete and the rotating parts are “locked”. In this context, the term“locked”
refers to a condition where the clutch has achieved the same speed in both components to which it connects, and the
two components rotate together as a single component. Without such equations, the rotating parts on each side of a
clutch will have difficulty matching speeds precisely at the end of a discrete time-step, particularly if the time-step
and orthe clutch torque applied during the “lock-up period”is relatively large. Dependingon how the clutch lock-up
is handled in the model, failure to address thisissue could preventthe clutch fromachieving the same speed on both
sides ofthe clutch. This could causethe clutchmodel to have issues achieving the desired “locked” condition. This is
because the speed of the two components may continually overshooteach other. Another possibility is thatthe model
could settle on a “lock-up condition” where there is a significant speed difference between the two components that
should be rotating at the same speed. The additional equations address this issueand are only added to the systemof
equations during the “lock-up” phase in which a clutch has been commanded to engage and a speed crossing is
predicted. Here, a speed crossing refers to the speed of one rotating component crossing over the speed of the
component on the other side of the clutch. A first order forward difference approximation is used to predict if there
will be aspeed crossing during the next time step of the simulation. Ifa speed crossingis predicted, thenthe additional
equation for the relevant clutch is added to the system of equations and the corresponding clutch torque becones a



new unknown. Essentially this means solving forthe clutch torque that will result in a speed match at the end of the
simulation time step. Eq. 8 is a generic version of the new system equation where subscript “a” and “b” refer
generically to the components on eachside of the clutch.

1
W= Wp = N [wp(FAL) — wq (t-A)] ®)

Forexample, considerifclutch A were commanded to engage anda speed crossingwas predicted. In this case Eq. (8)
would become:

o 1
Ws = Wem1 = B[weml(t'At) - ws(t'At)]

Once the linear systemis solvedand all the forces and torques are known, those values can be substituted into the
expressions for the time rate of change of rotational speeds. These values are integrated to get the component speeds,
which are also usedin the next time step ofthe model.

Some iteration is used within the VEATE gearbox model to ensure that the correct “clutch lock configuration”
achieves convergence. Multiple clutches could be simultaneously in a state of engaging. In this case, one or more
clutches are in the process of locking up, butare slipping. The commanded clutch configuration could ako change
during the lock-up period of a clutch. In addition, static friction forces can be exceeded causing unplanned slippage
of the clutches. All of these conditions can alter the dynamics of the gearbox and they can impact the clutch lock
configuration. The clutch lock configuration can alter the calculation of the clutchtorques andthe formulation of the
EOMs. Hence the need for iteration to ensure the clutch lock configuration converges. The iterative procedure is
outlined in AppendixA.

The VEATE gearboxmodel was implemented as a user-defined Simulink block. This block replaced the T-MATS
shaft dynamics blocks for the HPS and LPS within the AGTF30 model. The block accepts various inputs including
the torques imparted onthe HPS and LPS through theengine flow path, and fromtorques applied by each of the EMs.
Inputs also include the speeds of the shafts, EMs, and each component of the gearbox The final inputs to the block
are the clutch commands (engaged or disengaged). The outputs are the rates of change of speed of each of the engine
spools, the mechanical gearbox components, and the electric machines. The block resides within an iterative solver
that seeks tosatisfy steady-state conservation laws for the working fluid within each of theengine components. Thus,
the rates of change in speed are integrated outside oftheiterative solver layer ofthe Simulink model. The component
speeds are fed back tothe model as inputs for the next iteration. The parameters of the model are provided in Appendix
B. Value selection for some of the parameters can have implications on the operation of the VEATE gearbox. For
instance, changing the ratio of sun gearandring gear radii would alter the speed of thering gearand could evenchange
the direction that it spins. Since the point of this study is to investigate the operational feasibility and general utility
of the VEATE gearboxsystem, no attempt to optimize the selection of model parameters or to performa parametric
study was undertaken. The parameters listed in Appendix B are thoughtto be a reasonable starting point for the
objectives ofthis study.

V1. Simulation Studies

The simulation studies are presented in three sub-sections. The study covered in Sub-section A usesthe VEATE
gearbox model to extract and apply power with the EMs with respectto a nominal power extraction schedule.
Observations are made about the impact this action has on the operating point of the compressors and the balance of
power between the engine spools. This study identifies trends that are used to directthe other two studies. Sub-section
B covers a study that applies the VEATE gearboxto the TEEM control problem. In that study there is no nominal
power extraction orinjection beyond that required by the aircraft system (350 hp of power extraction fromthe HPS).
The third study, covered in Sub-section C, investigates large scale power extraction and reversionary control strategies
are illustrated. In each ofthesestudies the results are compared against the DEM approach. The baseline AGTF30 s
used as areference point in some cases as well.

A. Basic Power Injection/Extraction Study

In this study, power is extracted and applied with each of the EMs with respect to a nominal power extraction
schedule. This action is taken to observe theimpact of power extraction on the engine, particularly the LPCand HPC
operability. In this case, EM1 nominally extracts 350 hp to meet the aircraft system power demand. Of particular
interest is the impact of EM3 due to its indirect interfacing with the engine spools as opposed to EM1and EM2. The
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simulation study employed the AGTF30 engine model at sea level static (SLS) conditions. All of the clutches are
engaged forthis study as illustrated in Fig. 8. The simulations were conducted at 80% of maximumthrust. Off-nominal
power of £500 hp was applied with each EM in different simulations, independent of the other EMs. When an EM
was not used, it was allowed to freewheel. A simulation without any off-nominal power injection or extraction was
also performed to establish a baseline. In each simulation, the fuel flow rate was adjusted to maintain the same
corrected fan speedand the VAFN area was allowed to vary fromits schedule to maintain the same fan stall margin
(VAFN area changed less than 0.1% of the maximum nozzle area). This strategy keeps the fan operating point the
same and achieves essentially the same engine thrust forall test points. Thus, the set of power injection results, and
the set of power extraction results can be compared fairly in terms of performance and operability. The simulation
study s rathersimple, but it provides valuable information pertaining to the applications being considered.

It was observed thatwhen power is added/extracted by EM1, that power is added/extracted almost entirely to/from
the HPS. In other words, EM1 acts similar to the HPS EM in the DEM approach and can be considered equivalent
and capable of doing everything that the HPS EM can do in the DEM approach. The same claimabout EM2 can be
made with respectto the LPS EM in the DEM approach. Both of these observations are the result of negligible coupling
between the HPS and LPS without the use of EM3. However, Fig. 11 shows what happens when EM3 is used.
Applying or extracting power with EM3 creates a coupling effect between the LPS and HPS that influences power
transfer between the spools. In this example, ~0.75-0.78 hp is transferred between the spools for every 1 hp that is
applied with EM3. Power injection with EM 3 causes power to be shifted fromthe HPS to the LPS and power extraction
has the opposite effect.

From prior TEEM studies with the AGTF30
[7.8], it is evident that power addition on the HPS
and power extraction onthe LPS are beneficial for 800
the HPC and LPC operability during transients. 600 -
Fig. 11 demonstrates that power extraction with
EM3 accomplishes both objectives. Compared to
power extraction with EM2 (comparable to the
LPS EM in the DEM approach), power extraction
with EM3 influences an evengreater reduction in
power on the LPS and a simultaneous increase in
power on the HPS. Thus it is expected that EM3 -400 |
will be more effective at improving operability 600 -
during deceleration transients than EM2 (or the
LPS EM in the DEM approach). Given its
apparent greater effectiveness, it is hypothesized -1000
that EM 3 could accomplish the same task with less
power. EM2 could be removedentirely or omitted Figure 11. Impact of EM3 power injectionand extraction
from use with TEEM and therefore not be on the power balance on the engine spools
subjected to the off-nominal power requirernents
imposed by TEEM. In eithercase, it is believed that the power systemsize could be reduced. Also, EM3’s ability to
shift powerto the HPS could supplementthe work of EM1 (comparable to the HPS EM in the DEM approach) or be
used in its place during accelerations. This provides another option for handling acceleration transients in the event
that EM1fails. It also provides a potential opportunity to reduce the size of EM 1. Finally, because EM 3 extracts power
in orderto shift powerto the HPS, the power extraction with EM 3 is expected to help offset the power demand from
EM1, and this will reduce the power and energy requirements for the energy storage system.

The results shown in Fig. 12a and 12b provide more evidence to support the observations and claims made
previously. The figure shows the change in position of the operating point on the HPCand LPC maps, respectively.
The pressure ratio (PR) is on the vertical axis while corrected flowis on the horizontalaxis. The blue lines are lines
of constantspeed and the dashed magenta lines are lines of constantefficiency. The cyan lines are called ‘r-lines’ and
are used in the solution ofthe operating point position. In terms of HPC operability, it is advantageous to apply power
with EM1 and extract power with EM 3. Both tend to increase the corrected speed of the HPC while moving the
operating point below the operating line and away fromthe stall line. EM1 is shown to move the operating point
further below the operating line with less increase in corrected speed, while the use of EM 3 tends to move the operating
point more so along the operating line, but noticeably below the operating line. For LPC operability, it is advantageous
to apply powerwith EM1, extract power with EM2, or extract power with EM3. Extracting power with EM3 appears
to be the mosteffective atmovingthe operating pointaway fromthestall line, followed by injecting power with EM1,
and then extracting power with EM2. The applicationto TEEM will be explored furtherin Sub-section B.
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Figure 12. HPC (a) and LPC (b) performance maps showing the general effects of adding and extracting
pover.

Another observation from Fig. 12 is that power injection/extraction with each EM shifts the operating point in
different directions. This is illustrated with the blue, red, and green trend lines on the HPC map in Fig. 13. It is ako
evident by observing the opposing impacts of power extraction and injection of the various EMs in Fig. 12.
Theoretically, the EMs could apply orextract power in a variety of combinations to achieve the same operating line
onthe HPC map. This leads to the hypothesis thatthe VEATE gearboxcould be usedto achievesimilar performance,
operability, and power extraction/injectiongoals in a variety of ways. Thus, it introduces flexibility to power injection
and extraction implementation. Since the use of EM 3 shifts power between the spools, it can be used to make more
power available on one of the spools for
the purpose of exracting it. For
example, extracting power with EM3
shifts power to the HPS, which
improves the HPC operability. This
provides an opportunity to extract more
power from the HPS while still
maintaining adequate  operability
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margins. A hypothetical example is
illustrated in Fig. 13 with the dashed
black line and arrows in which the
original operating line is maintained
while extracting power with EM3 and
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EM1. The application of power ]
extraction will be further explored in
Sub-section C.

Considering failures of the electric
machines, the ability to leverage
multiple EMs in the system in order to
accomplish thesame goal introduces redundancy to the system. For instance, it was hypothesized how EM3 could be
used in place of EM1 to address acceleration transients in the application of TEEM. In an application where TEEM
and large-scale power extraction are applied together, it is likely that both EM2and EM3 will be present due to the
utility that they both have for power extraction. This willbe demonstrated in Sub-section C. In such a case where EM2
and EM3 both exist in the system then EM3 can serve as a backup for EM2 or vice versa to perform TEEM duties.
Considering power extraction, if the VEATE gearboxcan enable a more even power split betweenthe EMs, it would
reduce the severity of a worst-case EM failure.

200 205

Figure 13. HPC map with indicated trend directions
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B. TEEM Study

In this study, high level control strategies are developed and tested for implementing TEEM during transients
based on observations obtained in Sub-section A. Please note that the control approach is not seeking an optineal
solution. Rather, itis intendedto identify and or confirmpotential benefits. Based on the observation in Sub-section
A,EM3 is used in place of EM2. The overall controlapproachis very similarto that applied forthe DEM approach,
with the exception of using EM3in place ofthe LPSEM. EM1 (similar to the HPS EM in the DEM approach) utilizes
a HPS speed (Nnps) controller, and it can also utilizea LPC PR (PR) controller in failure scenarios. The set-points are
functions ofthe commanded fuel flow rate. EM3 can be controlled based on HPC PR or LPC PR. In either case, the
set-point commands are scheduled based onthe commanded fuel flow rate. The HPC PR controlleris utilized during
accelerations and the LPC PR controller is utilized during deceleration. EM1 is commanded to apply excess power
that is extracted with EM3 during decelerations. For the purpose of demonstration, all the active controllers are
Proportional Integral (PI) controllers with integral wind-up protection. In these simulations, EM3 is capable of
applying or extracting 200 hp. For comparison purposes, the LPS EM in the DEM approach is of the same power
capability. EM1for the VEATE gearboxapproachand the HPS EM for the DEM approach are the same size with a
maximum power capability of400 hp.

A chop andbursttransientthrottle profile is applied. The enginestarts outat full power, then the throttle is moved
rapidly to the idle position overthe course of 1 second starting at 20s. It is later moved rapidly backto the full power
position over the course of 1 second starting at 55 s. Figure 14 shows the power applied by EM1 and EM3 and the
total power required fromthe ESDs. The power inputs are also shown for the DEM approach. Figure 15 compares the
HPC SM and LPC SM ofthe VEATE gearboxapproach with the baseline and DEM approaches. Figure 16 shows the
movement of the operating pointonthe HPC and LPC maps for each of theapproaches. As predicted, there is evidence
to suggest that extracting power fromthe ring gear with EM 3 is more effective at improving LPC operability during
decelerations than directly extracting power fromthe LPS. This is supported by the elevated LPC stall margin during
the decelerationtransient as seenin Fig. 15and the shifting of the operating line onthe LPC map in Fig. 16b. The data
indicates that EM3provided superior operability benefits with less control effort. Figure 14 indicates EM 3 extracted
~175 hp at its peak power while the LPS EM remained saturated at 200 hp fora significantpart of the transient. There
is also evidence thatthe use of EM3 during theacceleration transient b oosted the HPC operability improvement. This
is illustrated by the elevated HPC stall margin in Fig. 15 during the transient and the further flattening of the HPC
operatingline in Fig. 16a. In this example, both approaches were observedto increase the minimum HPC stall margin
by ~4% and the minimum LPC stall margin by ~1.1%. Another noteworthy result is that use of EM3 during
acceleration transients led to an overall lower peak power demand fromthe ESDs and a significantly lower energy
usage. Figure 14 shows that the maximum power was reduced forthe VEATE gearboxapproach (dotted black line)
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Figure 14. Power inputs for nominal application of TEEM
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compared to the DEM approach (dashed red line). The
maximum power and overall energy usage forthe DEM and
VEATE gearboxapproaches were 400 hp and 0.46 kW -hr,
and 330 hp and 0.18 kW -hr, respectively.

In an attempt to quantify the size difference between the
LPS EM with the DEM approach and the EM3 for the
VEATE gearbox approach, the size of EM3 was reduced
until they both achieved similar LPC stall margin responses
during the deceleration transient. It was found that EM3
could be reducedto a power level of about 100 hp, making it
half the size of the LPS EM.

The VEATE gearbox system could be more
advantageous if the application were modified. Forexample,
consider if the power requirements for the acceleration
transientwere higher, thenominal power extraction fromthe
HPS were lower, and/or a dedicated alternator in the engine’s
AGB were responsible for the nominal power extraction
rather EM1orthe HPS EM. This may lead tothe size of these
machines being driven by the TEEM application
requirements, rather than the nominal power extraction
requirement. In this case, the ability to leverage EM3 to aid
EM1 during transients would permit EM 1 to be smaller and
lighter. To illustrate this hypothetical situation, the model
was simulated through an acceleration transient with the
power injection from EM1 and the HPS EM limited to 250
hp. The power inputs and stall margin results are shown in
Fig. 17. It can be observed that the minimum HPC stall
margin is improved by ~1.5%, which indicates a need to
apply more power with EM1 to get the same HPC stall
margin with the DEM approach. Using the HPC SM as the
basis for comparison, it was found that the HPS EM power
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injection duringthe acceleration transientwould needto be increased by ~75 hp to maintain the same minimum HPC

SM that was achieved with the help of EM3.
It was hypothesized that the VEATE gearboxapproach could enhance the operation of the engine in the event of

a failure of EM1. The first concern is a loss of 350 hp of nominal power extraction that helps to power the aircraft
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systems. The second concern is the loss in ability to use EM1 during transients to improve operability. While there
are options for using the remaining EM(s) in the systemto help meet the aircraftsystempower demand, it was assuned
that an auxiliary power unit (APU) is present to meet the power demand. Therefore, the engine operates with no
nominal power extraction. EM3is controlled as it normally would be, but without the help of EM1. To provide a
reference for comparison, the DEM approach considers a failure of its HPS EM. Like the VEATE gearboxapproach,
an APU is assumedto bepresent to meet theaircraft systempower demand. The LPS EM is not effective atimproving
HPC operability and sotheloss of the HPS EM will remove the transient operability benefits promised by TEEM for
acceleration transients. The LPS EM may be utilized during decelerationtransients as it normally would, but without
the help of the HPS EM. Figure 18a and 18b presents the HPC stall margin and LPC stall margin results for both
approaches. Figure 18c shows the movement of the operating pointon the HPC map during the accelerationand Fig.
18d shows the movement of the operating point on the LPC map during the deceleration. Note that the power limit
for EM3 was 100 hp forthese simulations. The improvedstallmargin and suppression ofthe dynamic operating line
away from the stall line during the transient relative to the DEM approach demonstrates that the VEATE gearbox
approachis superior at retaining operability improvements and is able to do sowith less control effort.

C. Power Extraction Study

In this study, the power extractionis split between EM1, EM2, and EM3with all of the clutches engaged. Several
simulations were conducted with different power splits between the 3 EMs. For each power split, the engine power
was increased until an operability limit was encountered or the operating point on a component map hit the edge of
the defined performance range. The operability limits considered include stallmargin limits, maximum inter-turbine
temperature, maximum HPC discharge pressure, maximum LPS speed, and maximum HPS speed. Figure 19a - 191
shows the fraction of the thrust retained at different power splits compared to the maximum thrust target. A color
gradient is used to representthe thrust fraction. A value of Lindicates thatthe maximum thrusttarget is achieved. To
accommodate the power extraction, the maximum thrust target of the engine was reduced ~17% to ~26,500 Ibs.
Otherwise the power extraction would be limited by engine operating limits such as turbine inlet temperature. The
solid black line in the plots indicates the power splits at which maximum thrust is achieved for a given amount of
power extraction. The dashed black line indicates a chosen maximum power extraction goal of 3400 hp (in addition
to the 350 hp demand of theaircraft systems). For the purpose of this discussion, the optimal power split occurs at the
intersection of the power extraction goal and the maximum thrust line. In other words, the optimal power split will
result in the maximum thrust for the given power exaction goal. Each plot (a) — (I) representsand increasing amount
of power extraction with EM3starting at a power fraction (PEx frac) of 0 (or 0%) and working its way to 1 (or 100%).
The horizontal axis is the totalamount of power extraction, andthevertical axis is the fractional power split between
EM1 and EM2 (i.e. the power extraction with EM 1 divided by the remainder of power thatis not extracted with EM3).
Each location in the plots represents a unique power split between EM 1, EM2, and EM3. Fromthe figures, it is evident
that extracting more power with EM 3 favors more power extraction fromEM1 and less from EM2. This can be seen
by the shifting of the thrust metrics up on the plots as more power is extracted with EM3. Thus, onecan see thatthe
impact of extracting power with EM3 is to shift the optimal power split, creatinga continuumof power split options
that achieve similar thrust and power extraction metrics. This effect is explained by the results observed in study
presented in Sub-section A. The use of EM3 is influencing power transfer fromthe LPS to the HPS, which makes
more power available for power extraction on the HPS and less available on the LPS. Thus, it is possible to extract
the same amountoftotal power, remove essentially the same amount of power fromeach spool, and achieve essentially
the same engine performance, buthave different power splits with the electric machines.

As suggested previously, a potential benefit is flexibility in the power systemdesign which may occur independent
of the turbomachinery design. In this instance, the maximum power extraction demand without the VEATE gearbox
systemwould call for ~15% ofthe power neededto drive the hypothetical electrically driven propulsors to be extracted
fromthe HPS and the remaining ~85% to come fromthe LPS. This is based on Fig. 19a, using the intersection of the
power extraction goaland maximum thrustline as guidance for the selection. This would indicate the needto integrate
avery large EM oranumber of EMs with the LPS, which could introduce integration challenges. The VEATE gearbox
approach provides flexibility in the choice of power splits, thus allowing the EMs to be sized such that it facilitates
easier integration. Forexample, in this application EM1/EM2/EM 3 power splits of 32%/48%/20% (based on Fig. 1%)
or 55%/0%/45% (based on Fig. 19j) could be advantageous. Both cases have more even power splits, which will alo
reduce the worst-case loss of power extraction capability in the event of EM failures. The latter option can achieve
similar performance and operability without an EM coupled directly to the LPS. This architecture also matches the
architecture proposed previously for the TEEM application.

With a power split of 32%/48%/20%, the overall power extraction capability for a failure of each EM is presented
in Fig. 20. Figure 20 also presents the similar information for the DEM approach for failure situations of each of its
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Figure 19. Thrustvariation with power extractionand power splits

EMs. It is evident that a worst-case failure of the VEATE gearboxapproach retains much more capability than the
DEM approach. In fact, the DEM approach would be unable to meet the idle power extraction goal under full power
conditions whereas the VEATE gearboxapproach would be able to retain over half of the power extraction request
for the propulsion system.
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VII. Mass Analysis

A mass approximation ofthe VEATE gearboxsys

temwas made usinga regression analysis for aerospace power

transmissiongear boxes. The models used to approximate the mass are given by Eq. (9) and (10).

M =

M=

In these equations, M is themass of the gearboxor gearboxsub-component (including support systems for lubrication,
etc.)in Ibm and zis the maximum torque in units of ft-Ibr observed in thatgearboxor gearboxsub-component. Eq. (9)

was usedto approximate the mass of the

0.1767°824 ©)

0.1097 0824 (10)

planetary gearbox with multiple power
flow paths and Eq. (10) was used to
approximate the mass of the
components with a single power flow
path (e.g. the gearing between the HPS
and HPS sungear, andthe gearing of the
EMs for the DEM approach). The
equations were derived from data used
in the derivation of a commonly used
correlation that relates gearbox mass to
torque, and speedratio [16]. The data set
consists of single main rotor helicopter
gearboxes and engine gearboxes. Data
for tandem rotor and tilt rotor data was
added. In particular, these gearboxes
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were used to create Eq. (9) because
these gearboxes have multiple outputs
and resemble the planetary gearboxes of
the VEATE gearbox better than the
single rotor gearboxes. They are ako

heavierand thus provide a more conservative mass estimate. Eq. (10) utilized the data forthe single rotor helicopter
gearboxes, andenginegearboxes. The new equations relate the gearboxmass only to the torque. Figure 21 shows the
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data and thefit. The root mean square values of the regressions were above 0.965and the standard errors of the mean
were less than 31bw. The errors used in the regressionanalysis utilized the log format of the equations.

logiM) = log(K) + Clog(7) (11)

Note that Kand C are constants. Thus, the errors were based on the values of log(M). The gearbox masses were
approximated based on data fromthe simulations. The gearboxmassesare listed in Table 2.

It may be possible to reduce the size of the power system. For the strict application of the TEEM transient
operability concept, EM3requires less power to improve operability during decelerations than does an EM connected
to the LPS. In addition, the other EMs in the system, can be leveraged during accelerations to assist EM 1, showing
the potential to reduce the size of EM1 and it supporting equipment. However, for the AGTF30 engine application,
EM1 (and the HPS EM for the DEM approach) is sized based on nominal power extraction requirements that happened
to be sufficient for implementing TEEM. Therefore, a benefit in reducing the size of EM1 cannot be demonstrated.
However, it is possible to reduce the size of the power system required for decelerations in this application. It was
observedthata 100hp EM3was capable of providing the same operability in terms of stall margin during decelerations
as a 200hp EM2. Ref. [17], suggests a power density of 9.9 kV-A/kg for both the motor and the inverter/rectifier.
Ignoring details such as cable mass, the study results suggest that the power systemmass could be reduced by more
than 331bn, strictly by using EM3 as opposed to using the LPS EM with a DEM approach. In addition, a reductionin
energy usagewas demonstrated when EM3was used during accelerations, which would contribute tothe reductionin
mass of the energy storage system and an overall reduction in the mass of the power system. One could expect that
less powerandenergy requirements would result in compounded mass reductions elsewhere in the system. However,
that analysis is beyond the scope of this preliminary evaluation.

Based on the approximations of gearbox mass and a conservative estimate of power system mass reduction, the
VEATE gearboxwould more than offset the projected mass of the gearbox for the TEEM only application and, at
minimum, offset the additional mass of the gearboxas compared to the DEM approach.

Table 2. Gearbox mass approximations

TEEM implementation Power Extraction with TEEM
DEM VEATE DEM VEATE
29.6 Ibm 35.0 Ibm 96.7 lbm 126.3 Ibm

VIII. Conclusion

The Versatile Electrically Augmented Turbine Engine (VEATE) gearbox, described herein, provides a hybrid
method for managing power on the spools of a gas turbine engine while interfacing electric machines (EMs) with
turbomachinery. Such a system offers flexibility in how to manage power in an electrified gas turbine engine. A
dynamic modelforthe systemhas been presented and demonstrated to study the potential benefits ofthe system The
physical characteristics of the VEATE gearboxwere not optimized, but benefits were stillable to be presented. Based
ontheresults, there is evidence to suggest that the VEATE gearboxsystemhas the potential to reduce power system
size, particularly for the application of Turbine Electrified Energy Management (TEEM) for transient operability
control. It also introduces flexibility for power extraction implementation, and it improves safety through inherent
fail-safe features that include redundancy. In particular, it enables more even power splits that result in better
worst-case EM failure modes with application to power extraction, and it provides backup options for implementing
TEEM that introduces redundancy. Weight approximations project a modest weight benefit over the DEM approach.
Overall, the VEATE conceptappears to have utility that encourages further investigation.

Appendix A

This appendix includes the dynamic equations that govern the motion for each of the components of the DP
gearbox This includes variants of the equations that result from different clutch configurations. At the end of the
appendix, the iterative process for determining the correct clutch lock configuration is described.

HPS
]hpsd)hps = nhps (Thps + Thpsfhps) (12)
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Speed reductionshaft

Sun gear
Independent:

Clutch A locked:

Planets

Carrier (LPS)

Ring gear

EM1
Independent:

ClutchAlocked:

EM2
Independent:

ClutchB locked:

EM3
Independent:

Clutch C locked:

EM2 Gear
Independent:

ClutchB locked:

]redd)red = nred (rredlﬁlps + rredzfred)

]s(‘:)s = ns(rredsfred - np‘r:?ﬁ?p + TCA)

(]s + ]eml)d)s/eml = ns(rredsfred - nprsfsp) + Nem1Tem1

Jpwp= nprp(];)r _fSp)

mp(rs + rp)d’lps = fsp +fpr - fpc
]lpsd)lps = nlps [Tlps + np (rs + rp )fpc + rcgfemz]

]rd)r =N, (rrgfem3 - nprrfpr)

]emld) em1 = Nem1 (Teml - TCA)

Same asEq.(15)

]emzd)emz = Nemz (Temz - TCB)

(]emz +]em29)wem2/em2g = Nem2Temz + nemZgremZQfemZ

]em3 d)em3 =Nems (Tem3 - TCC)

(]em3 +]em3g)d)em3/em3g = Nem3Tems + nemSgrem3gfem3

]emZg d)emZg = Nemzg (TCB + remngemZ)

SameasEq.(22)
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EM3 Gear
Independent

]em3g d)em3g = nemSg (TCC + rem3gfem3) (26)

ClutchC locked:

SameasEq.(24)

The clutch lock configurationis determined using the iterative process outlined below:

(1)

@)
©)

4

©)

(6)

@)

The clutch lock configurationand clutch torques are initialized. If the clutch is disengaged, the clutch torque
is zero and the lock status is unlocked. Ifthe clutch is engaged butnot locked, thenit is slipping. In this case,
the lock status is unlockedand the clutch torque is evaluated using the following equation whichiis expressed
generically so that it is applicable to each clutch.
2

Tc = §RCXC:ukCSign(Na —N,) (27)
Na and Ny refer to the speeds of the components on each sideofthe clutch. Ifthe clutch is commandedto
engage andtheerror in speed betweenthe 2 rotating parts is below the acceptable threshold value, thenthe
lock status is changed to lockedandthe clutch torqueis initialized at zero. If the clutch was locked during
the previous iterationandit is still commanded to be engaged, thenthe lock status remains lockedandthe
clutch torque is initialized with its prior value.
The linear system of equations is solved with the initial clutch lock configuration and clutch torques. This
solutiononly utilizes Eq. (1) — (7).
The solutionfrom(2) is used to determine if a speed crossing will occur within the time step forany clutch
that is engaged but slipping. If a speed crossing is predicted, then the clutch torque required to achieve the
speedmatch is calculated through another solution of the systemof equations thatincludes the relevant clutch
torquesas unknowns. The calculated clutch torque is modified by what is being called a convergence factor.
This factorhasavalue between0Oand 1. While it is not a physically real quantity, it promotes a smoother and
more predictable transition to alocked clutchstate.
If the clutch is locked thenthe clutch torque is computed using an expression derived from @, = @, where
the subscripts “a”and “b” refer to the rotating part of one each side of the clutch. Substituting the appropriate
expressions from Appendix A and using values of the forces calculated from the previous solution of the
systemofequations enables theexplicit calculation of the desired locked clutch torques.
The clutch torques are compared with the maximum static friction torque limit. If the magnitude of the clutch
torque exceeds this torque then the lock status is set to unlocked and Eq. (27) is used to calculate the torque.
The static friction torque limit is calculated with Eq. (28).

Tc = 3 RcXctsc (28)

The system of equations is solved using the appropriate expressions from Appendix A, which should be
consistentwith the latest clutch lock configuration and use the latest clutchtorque values. This solution only
utilizes Eq. (1) — (7).

Repeat steps 1-6 at least once more untilthe clutch lock configuration fromthe current iteration matches the
clutch lock configuration fromthe previous iteration.

Appendix B

This appendix quantifies each of the parameters used in the VEATE gearboxmodel. Note that the inertia of the
EMs changes based ontheir maximum power.

Table 3. General and miscellaneous parameters

Np 4

m, 2.78 lbm
Maximum number of iterations 50
Convergence parameter 0.8
Simulation time-step 0.015 s
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Table 4. Gear radii

Ihps 15in
Is 2in
I 55in
I 1.751in
Ired1 2.251in
Ired2 15in
I'reds 2.251in
leg 2in
I'rg 2.251n
lem2g 2in
l'em3g 2.251in
Table 5. Component inertias
Jhps 1.86 slug-ft*
Jips (includes thereflected inertia of the fan) 7.34 slug-ft*
Js 0.0041 slug-ft*
Jp 0.00092 slug-ft*
Jr 0.037 slug-ft*
Jred 0.0030 slug-ft*
Jem1 (0.0015 x EM power levelin hp)slug-ft*
Jem2 (0.0015 x EM power levelin hp)slug-ft*
Jems (0.0015 x EM power levelin hp)slug-ft*
\]em29 0.004 Slug-ftz
\]em3g 0.004 SlUg'ftZ
Table 6. Clutches
Rca 1.8 in
Xea 250 Ibs
HkCA 0.5
HsCA 1000
Rcs 1.81in
Xcs 250 Ibs
MKCB 0.5
HUsCB 1000
Ree 3in
Xee 250 Ibs
Hkce 0.5
Uscc 1000
Maximum acceptable speed matching error 5rpm
Table 7. Efficiencies
Thps 1.0
Mips 1.0
#s 0.99
Np 0.99
#e 0.99
Ar 0.99
Hred 0.995
Heml 0.998
Hem2 0.998
Hem3 0.998
Hem2g 0.998
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