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INTRODUCTION

This fina! report covers the work performed in a Control System Definition Study
under Contract F33657-73-C-0618, Amendment PO0001. This control system
definition study was performed from July, 1973 through March, 1976. Two other
controls component development programs were also performed under this contract
amendment and were previously reported. These two programs were the Evaluation
of a Fluidic Temperature Sensor/Air £jactor Assembly, reported in AFAPL
Technical Report TR-74-58, November, 1974, and o Fuel Pump and Metering
Assembly Development, reported in AFAPL Technical Report TR-75-85, July,

{975.

2e conticls developiteni prugrums were part of an overaii pian ot ad-
vanced controls development for the DDA Joint Technology Demonstrator (JTD)
orogrem. The DDA Joint Technology Demonstrator program will provide test
verified scalable technology for transonic/supersonic tactical fighter and inter-

ceptor aircraft variable cycle propulsion systems for |OC in the 1980%s.

The potential benefits of the variable-geometry engine, such as increased
transient stability margin, faster thrust response, propulsion system flow matching,
and inproved installed thrust and fuel consumption performance, are directly
related to the ability to effectively control the various geometry elements.
Multiple controf mudes are required to achieve optimum engine performance for
each phase in a multimission aircraft. Effective control of an engine with a

large number of variable-geometry functions requires an integrated control system
to ensure proper scheduling and fuil-safe interlocking features. The number of
control parameters fo be sensed, tho multiple control modes to be established,

the large number of control functions to be accomplished, ond the requirements

to effectively interface with the aircraft control system all point to o complex
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engine control system, For the variabie-geometry engine design to be cost
effective, practical multiple contiol requirements must de established carly in
the engine design study program through <lose coordination between the engine/
component designer and control design engincer.
The objective of this control system definition study was to define a control system
for the JTD engine compatible with the environmental and operationai require-
ments of projected applications in transonic/sunersonic aircraft. Specific
objectives of this contral system definition effort were:
o To identify specific control functional requiremenis and
+ -3u- control problems reloted to the variable-geometry engire
o To determine the best control mode for each variable which
must be regulated on the engineg
o To defermine design definitian of the contro| system using
the maximum degree of functional iategration
° To develop o dynamic digital computer simulation of the
engine propulsion system and contsal system
c To conduct simulation studies of potential control systems Yor
trade-off evaluations to identify the most suitable system |
P ic identity Hi—gh poyoff sdvancesd technalagy contrel devalop-
" ent progras related to the Technology Demonitrator conteo!
sysiem | T
o  To define rhe control system}md test nlan for the Technology
Demonstrator engine for verifying the feasibility and capabitity

of controlling advanced variable-geometry engirss

This report presents o description of the work performed during this study ond

describes the selected control mode und conhol system implementation concepts.

1-2



2.0

SUMMARY

The flight envelope, environmental requirements, and functional require~
merts for a JTD control system are established for a hypothetical transonic,
supersonic aircraft which would uiilize & JTD derivative engine envisioned
for the 1980's. A control system goal of “optimal" steady state performonce
(minimum sfc and maximum thrust) with rapid transient performance "over
the entire flight envelope" is established as the foundatian for the contrel

mode study.

A flexible digital computer simulation of the JTD turbofan engine with o
control system is developed. A computerizas opiimization and constraint
procedure is added o the simulation to compute optimal engine operoting
conditions and variable geometry positions to achieve minimum sfc and

maximum thiist.

Speed and turbine temperature fuel governors along with a compressor exit Mach
Number( & P/P) surge control loop in the fuel control are evuluated. Two
types of variable geometry contiols are examined in detail. The first

positions the geometry to "scheduled” ogtimal geametry settings. In this mode,
the errors in the geometry control over the flight envelope generate stubility
problems in the fuel conitrol ang wake it difficult to achieve steady state
maximum thrust, The second type uses the geomeiry to conirol engine
parameters to “scheduled ” optimal porameter relationship to successfully

attain minimum sfc and maximum thrust. Several combinotions of geometry
positions and engine purameters are studied to develop v control mode thot
meets the requirements over the Flight envelope with good transient response

during a wide range of accelerutions and decelerotions.
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The requirements for o backup conirol fo meel various goals are investigated.
A backup control mode is developed and the kansition between the primary

control ond backup control Is demonstroted with the simulation.

A conceptual design of the conirol system is formulated and component
development woik required to implement the selectsd control made for the
JTD iz idaniifind. A component and cuntrol system test plon is presented

for the JTD contioi system.

'ﬁ
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3.0

JCOINT TECHNCOLOGY DEMONSTRATOR (JTD) ENGINE DESCRIPTION

The JTD being developed by DUA under contract (USAF F83657-76-C-0021 and
Navy N00Q19-76-C-094) is conceived as a turbofan powerplant to demonstrate
the integration of advanced component technology as it becomes available from
individual component R&D efforts. The primary objective of the technology develop-
ment is to demonstrate the performance, structural, and operating characteristics
leading to an engine that is significontly advanced in terms of stage loading, material

application, and compenent variability for transonic/supersonic applications.

The APS| design cost study clearly identified significant reductions in acquisition

and life cycle costs of JTD derivative engines incorporating high performance variable
flow capacity comporents currently in development. These benefits were described

in report AFAPL-75-90 "Turbine Engine Technology Demonstrator Component
Development Program - Project 668A - Effects of JTD Advanced Technology on

Life Cycle Cosrs™.

A brief description of each of the JTD components technology is presented in the

following sections.

Fan

The fan is o high tip speed, two stage system being developed under APSI contract.
The full fixed geometry tan perfoimance has been demonstrated in a previous
development program, The present effort of redesign and testing has significantly

upgraded performance over the originol design. Inlet distortion testing is scheduled,

Compressor

eme— r——

The compressar has inler guide vanes and six-stages of compression and incofpovates
varicble vanes in oll stages. A primary design requitement of the compressor wos to
provide vatiable flow capacity ol near constant speed and pressure fatio. Two sepatote

tests of this conpressor Fave been conducted end a third is planned for lote 1977
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during which inlet distortion testing will be accomplished,

The compressor assembly incorporates odvanced titanium materiols and design
features resulting in a lightweight structure meeting the design requirements imposed

by the varying temperoture and stress conditions,

Combustor

The combustor developmenrt objective was 1o design and demonstrate high performance
over a wide range of fuel/air rotics necessary for incorporation in o variable flow
engine., A turn down ratio over wice current technology combustors was requirad,
Other objectives included low pressure drop and o very low T max/T average outlet
profile. The diffuser/combustor system is a triple passage diffusion system which includes
inner and outer boundary layer bleed slots to produce a diffusion system insensitive to
compressor discharge profile variation. The high-temperature combustor liner utilizes

U Combinagiiun of convection and fiim cooiing. This design provides the capability

to operate at extremely high temperatures with minimum cooling airflow, thus permitting
a larger percentage of total airflow to be used to tailor the temperature pattern. A

staged fuel concept allows efficient operation over an expanded turndown ratio range .

Rig testing of the combustor has resulted in the demonstration of these design objec-

tives,

H.P. Turbine

e

The high-pressure turbina is a high work, variable tHow cepacity moximum temparature

single stage assembly. The turbine nozzle is designed to be mechanicolly voriable

to accept a wide range of flows from the compressor and operate ot maximum tempera-
tures. Rig and cascade testing has been performed which demonstrated near goal
perfarmance . Testing in the gos generator has further demonstrated the ability of the
mochanicolly variable vanes to be moved satisfactorily while eperating at high

temperature . Predicted performance wes alio demonstrated,

3-2




L,P. Turbine

The low -pressure turbine is an air-cooled, variable flow capacity, single-stage
assembly. A unique design fealure is the integration of the vane cooling and the
variable flow capacity achieved cerodynamically by use of a jet flap vane.
Modulated compressor discharge air is routed through the vane for cooling ond dis-
charged from the jet flap slot approximately at right angle to the gas stream flow .
The amount of cooling air flowing into the gas stream varies the effective flow
area (capacity) of the turbine. Rig testing of this component has demonstrated
performance levels near the original design objectives in both efficiencies and flow

variation,

Exhoust Nozzles

designs provide for both nozzle areas to be varied on the test stand over the full
range for demonstration of the total potential of oll the variable components. Addi-
tional testing of the JTD will thus demonstrate the full potential of the odvonced

variable flow camponents,

Figure 3-1 shows the external view of the J(D engine with these variable component

features,

3-3
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4.0

CONTROL SYSTEM REQUIREMENTS

This control system definition study addresses the control of the JTD engine as
described in Section 3.0. It further considers the operational and environmental
requirements for a projected transonic/supersonic application of a JTD derivative
engine in which an cugmentor and possibly o varicble gsometry fan would be
added. The potential aircraft applications considered include missions of:

) Interdiction

o Combat air patrol

o Low altitude intercept
) Deck launch intercept
o Subsonic surface surveillance

A composite flight envelope to include the mission capabilities was formulated s
o basis for establishing the contiol system requirements. This control system design

flight envelope is shown in Figure 4-1.

The control system environmental requirements were estoblished from considerations

of o typical transonic/supersonic mission profile as shown in Figure 4-2.

The increased number of variable geometry compunents points toward an advanced
control system which must be capable of handling multiple inputs ond outputs,
multiple wntrol modas, and effective interfacing with other systems. The additional
complexity of the engine, the increased functions of the control systems, and low
cos! goals present new challenges, unique problems, and exponded requirements

for the control system.

The definitiun of the JTD control system must address the requirements of the

octuation systems, the requirement for total system integration, the hostile en-
vironment, and the reliobility, mcintainability, and cost of the system. These
factors are discussed in some detail 1o indicate the problems they present in de-

fining the control system.
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Unique Functional Requirements

The system must control five variable geometry components (six independent
control functions) in addition to the gas generator fuel flow. Although the overall
functional requirements are similar to other aireroft engines, the actuation syrtems
for the variabie geometry rotating components present new challenges. The
varioble geometry compo-ents that provide the most unique control system problems
are the compressor (having two variable functions), the HP turbine, ond the LP
tu.bine. These requirements include the wide range of geometry movement, the
increased component performonce sensitivity to geometry movement, the higher
force levels needed to control the component, and the hostile temperature en-

vironment where the octuators are located.

Compressor
- s o abiima = caaill otk [ R I 1 Y 4
The MO sompressor has one stuge of varighbie inlet guide vanes and iia siaye Of

vorichle stator vanes 1o be controlled. The besic purpose of the compressor
gecmetry 13 12 provide optimum engine performance and surge free operation over
the complete ilight envelope, The mwesant ompre sor design indicates that two
independent control funclions gie necessary to control B compsessor. The vanes
are scheduled to vary as o function of cosrected high-pressute rotor speed to provide

maximum efficiency and surge margin. |n addition, thesa scheduies are shifted ond

Yhe design of an actuativa system to peovide the two independent compressor funchions
is 0 unique problem. It is (npractical and undesicable 0 vary cach stage independently
with individual actuators, The piacticol approack is 1o provide Wwo celuatons, one

for each of the two independent functions, This approach requires o mechanizotion

concept that utilizes o unique combination of linkages and coms,

|
altered to provide variable compressor flow capocity at o speed, as illustiated by |
the cpen, nominal, and closed vane scheiles shown on Figure 4-3. 1
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Figure 4-3  Present HP Compressor Stotor Schedule

FighPremure Turbing
The HP turbine has one stage of mechanically variable stotor vanes to be controllud.
The HP varicble vane tuebine wncept requires o Tully modulating, precise position-
ing, and fast respaading actuation system thot can operate in g hot ambieni
temperGlufe environment.
Figure 4-4 indicates thut the 23% variation ia tuekine flow Capacity is aceomplishod

~ith 0 3.5 degree angulur movement of the vanes. This eesults in o sensitivity of
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4.18 percent flow change per angulor degree movement. This sensitivity indicates
the need to select a control mode that closes the ioop on an engine parameter
rather than actuator position only. A highly precise actuation system with a minimum

amount of hysteresis or backlash is required to maintain accurate position control.

3} Vane cpen
7
2 -
8‘
L}
e 5.5 degree
:-g 0 tolal movement
s 2k
g 7 Vane closed |
E1E
4 L § 1
100 12

HP turbine tlow capacily—%

Figure 4-4 HP Turbine Flow Capacity

Low~Pressure Yurbine

The LP turbine is an air-cooled variable flow capacity single=stage turbine. The
LP turbine uerodynamically varies the turbine area with a jet tlap design. This is
vccomplished by controlling the amount of air forced into the jet flup stator vanes
which exhausts perpendicularly into the gos stream, thus serodynamically varying
the flow area. Because of this uaique tutbine design, the air being supplied to
the turbing aot only varies the ureo but ol serves as the cooling flow required by
the tuibine. Consequently, the coaaol moude selcctod for the LP turbine must
provide two functions (1) varioble areo contmi and (2) adequate cooling throughout
the entire flight awelope.




Interfoce Considerations

Although it is not intended to demonst-ate actual integration of aircroft inlet and
flight control functions into the engine control during the JTD program, the inter-
faces between aircraft engine control, and diagnostic equipment must be considered
during the control system conceptual design. The system must accommodate the
following interfaces:

0 Aircraft Inlet Control - provide proper uirflow meiching capabilicy

between the inlet and engine to avoid high levels of turbulcnce
ond distortion due to augmentor light-offs or blow-outs, inlet
unstart, buzz, or supercritical operation and reduce spillage drag.

o Aircraft Flight Control - provide pmper thrust monagement to

accommodate outomatic controls including aititude and altitude
hold. engine trim, and autopilot iandings.

0 Engine Condition Monitoring/Diagnostics - provide for continuous

monitoring of engine and control component performance 1o detect
malfunctions or degradation in performance.

) Aircraft Cockpit Displays - provide the pilot with informotion of

the control system in addition to the required aircroft/engine
initrumontation, digital controller tailure level indicator, and
engine condition monitoring Hags.

Bock-Up Control

In the event of o Kailure in the primory controlier, it is Gesirable thot The engine

cantrol outomaticolly or manually revert to 0 secondary o tack-up control. For
economy, it is dasiicble to keep the back-up coatvol as simple us possible. Two
different criteric were considered. The simplest woulg only provide safe aperation
for o fly-home copability with reduced aeeformance with emphasis an low SEC
during cruise. The second would provide For 9% maximum thivst copability in
accordance with Military Specification MIL-£-5007D.
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The back-up system is simplified by reducing the number of controlled geometry
variables to a minimum and fixing the remaining geometry in a fail~safe position.
The electrical/mechanical design of such geometry would automatically provide
fail-safe operation by automatically positioning the geometry in the desirea
position when the primary controiler fails. Potential failures other than the primary
controller must also be considered in accordance with the probability of such a

failuie.

The back-up control mode must provide for a smooth transfer from primary fo
back-up and also hove compatible interface features with the primary control

components.

Environmental Requirements

The transonic/supersonic applications envisioned for the JTD derivative engine
impose severe and hostile requirements on the control system. Specific environ-
mental requirements for control system design criteria have been established for

the thermal, vibration and electromagnetic compatibility levels.

A typicai mission thermal environment profile is shown in Figure 4-5. This shows
the range of expected thermal environment to be -65°F to 470°F for control system

components mounted on the engine fan case or accessory housing.

A thermul environment of 470°F air ambient has a significant impact on the design
of the control system companents. The reliability and maintainability of an
electronics package are adversely affected by the thern.2' environment since
reliability falls as temperature rises. If fuel is used as the only heat sink source
(210°F), it is necessary to minimize the thermal gradients, which may preclude
the use of plug-in-modules and may require piping fuel through the electronics

package.

The thermal environment for uctuator components on the hot section of the engine
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has been estimated to be 1000°F or greater. For example, the HP turbine vane
synchronization ring - actuator components are situated on the turbine case and
surrounded by the secondary fun stream augmentor inner duct wall as shown in
Figure 3-1. This area would be cooled by fan bypass airflow to achieve acceptable
thermal levels for the selected actuafors. Similar femperature levels are assumed

for the LP turbine jet flap bleed and exhausi nozzle actuator components.

Vibration
The control components will be engine mounted and, therefore, subjected to a
continuous engine vibration. The vibration environment shown in Figure 4-6 is
based upon extrapolated engine data which will be updated as JTD testing

progresses.

Electromagnetic Compatibility (EMC)

The increased use of electronics and electromagnetic systems has resulted in a
radio frequency polluted envitonment. The control system wiil be designed to
meet the EMC requirements for RF susceptibility specified in MIL-STD-46l and
tested to MIL-STD-462. Unfortunately, meeting these specifications does not
always ensure reliable RF susceptibility-free operation. Some airborne systems
in the real world experience RF levels of I00V/M or greater. Aboard military
ships, it is not uncommon for equipment to be subjected to RF levels in excess of
{85 V/M. MIL-Handbook 235 will be used for a definition of frequencies and
levels in the real world. During the design of the control system, cables,

cor: ~ctors, shields, filters, and grounds must be used effectively to minimize

the EMC problems.




uolssiy [po1dA| b Bulng ssusuodwon) jOIUOD) 10} JUSWUOIIAUT jowIdy] G-t By

SRLNUIW -~ W[ UOISSHy @jowxasddyy
09!l cvl 0zl col 08 o__o mv WN o
S b 1.1 3 4 } 4 —— +
. < ;=
‘i\.'\.l‘lp‘n“il‘.{l{l’!.‘);id‘J m:!i’l{. . I'nol!.l.\
y . 1o
s e
-, >
| _ \ + ool m.
\ @
! —- ) |
lllll | _ Wv :
] a
_ r 002 3
T2
; g - ”
| 4 |
_ 5 ;
4:QL% ©4 69~ ! cos . ,
sBupy L.
ainypiadwa] judiquy ” ~ 2
; 1 cov
I
Aog jo — T ﬁ
Aog pjony — <+ 00S

AoQ piopunig




0. 100
2.0 in./sec avg velocity
0.010}— &
£
1 "
8 -
= R
g
2 o
2
0.00)
-
| 159
0.0001 |-
-
-
ald 14 il Lol ) S S
10 100 1000
Frequency-Hz 847)-32

Figure 4-6 Proposed JTD component vibration specification
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5.0  DIGITAL COMPUTER DYNAMIC SIMULATION

Engine Simulation

A highly sophisticated digital computerized dynamic engine and controls simula-
tions and speciol procedures were developed fo support the controls design and
evaluations required by this project. This controls design and analysis tool
utilizes many of the mathematical modeling and system simulation skills developed
under |R&D Item 75-659, Engine System Integration (Dynamic Modeling). The
simulation provides a general design, off-design, steady state, and transient

engine model with variable geometry components.

DDA computerized steady-state performance programs are designed on the building
block concept and consist of a controlling logic routine which links a system of
generalized component subroutines into any desired type of engine configuration
defined by inputs (sze Figure 3-1). Additional specialized calculations con be
easiiy and efficiently incorporated with only minor modification which allows
maximmm Flexibility in studying a variety of cycle arrangements. The system also
features rapid cycle matching procedures and direct transfer from design point to

off-design calculation modes.

Tronsient analysis of a system is rapidly occomplished by additional dynamic routines
being interfaced with the steady-state simulation. These odditional routines
perform the control of time functions, rotor dynamics, and heat storage effects

to produce engine response time history characteristics. Thus, the dynamic simula-
tion is achieved with little change to the steady-state model and makes maximum

use of component characteristics prepared for the steady-state analysis.

Calculation procedures have bean developed and incorporated into the basis
system for simulating varioble geometry rotating components by a generolized

approach of loyered characteristics representing o range of geometry settings or
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schedules as illustrated in Figure 5-2. This layered map appreach is applicable to
a variety of variable geometry definitions without program changes. Thus, engine
component performance is easily and rapidly modified to reflect changes in coi-
ponent design or test results. This approach is used for a variable area turbine,
high pressure compressor with variable scheduling of all stators and a controlled
cavity pressure ratio in an aerodynamically variable flow capacity, low-pressure
turbine employing compressor bleed.  All component maps, cycle constants,

control schedules and other necessary model data are compiled into the program

Compressors Turbines
Pressure .
Ratio
Flow, ]
] /

Geometry

Multiple-Layered Maps Represent Each Variable
Geometry Component

Figure 52 Variable Geometry Component Performance Map

with provision for overriding by input data.

Figure 5-3 shows the gas path for the JTD simulation used in this study along
with the corresponding ztation numbers. These station numbevs are used as
subscripts on engine paranetersto denote the location of the temperatures,

pressures, flows, etc. rhrough the report.
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Figure 5-3 Engine Flow Diagram

Control System Simulation

The control system included in the dynamic computer simulation is  capable
of evaluating various control modes (laws) for controlling the engine. The control
system simulation can also be used to evaluate requirements for sensor response
ond accuracy, actuator characteristics, control lorip capability, system stability,
failure modes, and control loop solution rates. The control of the HPC geometry
position for maximum surge margin and efficiency is built into the open, nominal
and closed compressor maps used in the engine simulation. Thus, the simulation

cannot evuluate this control loop.

The complex conirol sysiem is simulated by subsystems {computer subroutines).
As shown in Figure 5-4, cach of the control loops is a separate subsystem. In

addition, cach control loop is broken down into two subelements:
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) Control low - the calculations done inside the controller
to determine the requested output value.
) Actuator hardware - the calculations done to determine the

component position based upon the dynamic characteristics of

the actuator.

Engine Inputs Geometry
Parameters Position
(from engine l l (from control

lotion} simglation)

Semor Dynamics

HP(C HPT LY Cote Duct Primary Back -up
Geometry Geometry Geometry Nozzle Hozzle Fuel Fusl
Conteol Conteol Contral Control Control Control Control
Low Law Llow Law law faw
HPC HPT LPY A8 AlB WF W§
Pump and
Actuator Actuator Aculator Acthyotor Achyqtor Matering
System

ENGINE SIMULATION

Figure 5-4 JTD Control Simulation Structure

This approach allows the flexibility to interchange the control modes with
minimum computer programming changes. Also, as test data becomes available,
the dynomic characteristics of the hardware components (pump/metering, and
aciuation systems) can be simulated in more detail without any major progromming
changes. In addition, each control loop subsystem or subelement can be isolated

and checked out by an input/output analysis. This is analogous to testing a

35




hardwore component to a written specification on a test bench. The control
logic or control laws are tailored to the control modes. The sensor und actuator
models are discussed next.

Math Models

The modeling of the sensors and actuators is important to the control design since

they represent the greatest share of dynamics in the control system.

The math model for the sensors, actuators, and fuel metering system used in the
JTD simulation are typical of the hardware expected in the final JTD control.
These models will be updated as additional design and test data are available.
Parameters have been chosen to represent the capability of existing hardware or
hardware under design if at all possible.

Sensor Models

—

For simplicity, all pressure transducers were simulated os a single lag although
many transducers actually are better characterized by an overdamped second order
lag. This simplification is justified by the fact that the logs introduced by pressure
transducers are usually not within the bandwidth of the curtrol loop in question.

Thus, the input-output relationship of the pressure transducers is given by

|
Sensed Pressure = —————~— Actual Pressure

1+.028
The lags introduced by speed sensors are even more negligible than pressure trans=

ducers so that o simple first order log is adequate. Thus, the speed sensor is

represented by
Sensed Speed = -+ L— Actual S. . ed

tor both spool speeds. For any accuracy analysis, the octual mechanization
scheme must be considered along with the expected “quantization noise" generated

with a digital signal.




The temperature sensors cre also represented by a first order lag which is adequate
for the type of sensors (thermocouples) projected for the JTD. However, the time
constant of the thermocouple is usually a function of the airflow in the gas path
being measured. The input-output relationship used for the temperature sensors

is
]

Temp

Sensed Temperature = S Actual Temperature

1+ 7

"Temp = T sensor V/(Wstondord/ Wactual)

Teensor = sensor time constont at an airflow of Wstandard
W actual = octual airflow
An important factor in purameter sensing impractical to simulate is the errors created
by pressure and temperature "distribution” and the sensor location. Engineering

judgment must be exercised in this area when assessing the "error" zontribution
of the sensors.

Actuator Models

Although several different actuators and linkages are projected to drive the
various component geometries, the math models of all the actuators are similar
when the models are reduced to the level practical for the JTD simulation. A
typical actuator (possibly o torque motor and servo valve controlling o hydraulic
cylinder actuator which drives o mechanical linkage and locd) is shown in

Figure 5-5. Generally, the gains in the servo valve are high enough that the
servo valve dynomics can be neglected. HHowever, the How rate limits canot be
ignored. For control studies, the compressibility of the fluid (fuel) can be ignored
s0 that the actuator dynamics (except the free integrator) can be neglected. This
simplification results in the general actuator model used in the JTD simulation
shown in Figure 5-6. A rate command from the control is multiplied by o gain

to produce a rote motion of the actuator. This rate is limited in the actuator and
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integratea to produce the actuator position. The actuator position also experiences
hysteresic® and position limiting.

Fuel Pump and Metering Systems
Several pump and metering systems were considered including the APSI "vapor core"
pump and the TF4l pump with both torguemotor and stepper motor driven metering
systems. There is sutficient experimental data on the TF4l pump and metering

system to justify a simple model that consists of two first order lags and a fuel flow

limit as shown in Figure 5-7,

Since there is not enough "measured " data available on the APSI vapor core pump
to mathematically evaluate the pump and metering system from o detailed math
model, experimental data from previous testing on similar vapor core pumps was
used to model the vapor core pump and metering system. The date shows thot the
pump dynamics can be represented by two or three fint order lags. However,

only one lag ne<d be considered since the other two have no effect below 5 Hz
and the engine response is basicully between | and 2 Hz and no control toops are
expected to have a response in excess of 5 Hz. The dominate time constant can
vary from 0.01 10 0.25 au @ tunction ot supply pressure, delivery pressure, and
How rate. A typical voiue of 0.05 was used during most of the study although
comparions wer: made af other values. The pump time comtant was held constant
for any given transient response since o mathematical relationship between the
time constant and the related pressures and How was not available.  Both torque-
mator and stepper MOTOr driven metering systems vefe investigated. In eoch cose,
sutticient focdbuck gain can be piovided o appasimate the metering sytem with
a single lag with @ time Wastant betweon 005 and 023 seconds.  Thus, the
model given curlicr 101 the TE31 pump and metering system is 0 GOOU SPMOXIFRQTION
tor the vagor core pump and fuel metering system although the vapar ceoe pump

muy love O mare varigble time constaar,
* A method of feducing the degrading cffocts of actuwator nonlinearitics is presented
later.
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Actuator Non-Linearities

The actuators and their respective loads (geometry position and fuel metering)
display several undesirable characteristics cther than the limiting included in the
models presented above. These nonlinearities include hysteresis, deadband, and
backlash which degrade the accuracy of a control loop and can create instabilities.
However, the effect of these nonlinzarities can be minimized by the use of feed-~
back as shown in Figure 5-8. In this case, the output position is fed back to the
input to the servo-valve to create a position loop which eliminates or reduces

the effective hysteresis, deadband, and backlash. However, the open loop in-
tegrator feature of the actuator is lost and an integrator must be added to the
control which changes the control output from a rate command to a position
command. in addition, the control complexity is ircreased by an additional
transducer, feedback path, and integrator. The transducer will be useful

in failure detection. The quality of the transducer will be dictated by the mode
selected and the degree of nonlinearities that is tolerable since the sensor becomes
u major source of nonlinearity with position feedback. The use of position feedback
will be avoided if possible to reduce control system complexity and cost.

Computerized Cptimization and Constraint Procedures

The large number of variables invalved in the JTD require a computerized method
to efficiently and accurately optimize combinations of geometry settings for either
maximum thrust or minimum specific fuel consumption. Without an optimization
computer tool, each component would have to be varied independently to construct
multi-layered plots. Time consuming multiple computer passes involving a
significant number of points would be required for each flight condition. These
plots become extremely complex when dealing with more than two or three
variables == with six control variables it is a near impossible task for hand

optimization.

5-11




<
4

g/

Popqpesy uonisod yiim 1ojongoy  g-c aunbiy

[2pow pau1dwrs (g

1w uolisog 1040nyoy

vy

_ " (sV1
< s/ + 1) S
A -
| %

L — {

[Ppoul pajrogp (o

21w 3ooqpes

() H

FLELT U0 so, SISADSAL .
S d I!.tun...h,.vlw._.m !.:_cm..ﬁlwiwnnvm uoliosuaduion)

|
:::l\w\l\\,i: %,(7 lm_(b . s.o.w\w‘km\”. EOI.TI\/W‘

512

ioyonoy

jos3u0D




A system was developad that will, wiih ¢ single computer run, simultaneously
optimize each of the controlled variables to give either o maximum installed
thrust or minimum installed specific fuel consumption within engine and geometry
limitations. As a byproduct of this type of analysis, individual sensitivities are
esiablished for each variabie. Thus, the relative contribution of each component

to the overall performance can easily be determined.

A separate system has been developed that will adjust the variable geometry to

satisfy an imposed set of constraints simultaneously. It can be used to maintain

several engine limits simultaneously, such as rofor speeds and turbine temperature.

it may also include as constraints parameters not limited in a real engine, such as wrge
margins and bypass ratio. These two systems added to the computer simulation of

the JTD were developed to aid performance and control design studies. The

application of these tools will be presented in the contre! mode section.

Variable Geometry Optimization System

The optimization system is designed to maximize net tirust or minimize specific
fuel consumption by automatic manipulation of one or more variable geometry
components simultaneously in one pass on the computer. This may be done for any
flight condition for either uninstalled or installed engine performance. All
defined engine limiters can be maintained for engine matching, and maximum

and minimum setting limitations can be imposed on each variable geometry component.

The method used involves the search for zero slope on a generated curve of net
thrust or specific fuel consumpticn versus each varioble geometry component
position. The iteration procedure varies all the geometry settings individually

on each pass to generate the cuives, then produces new settings for the components
simuitancously for the next iterative pass based on zero slope estimates derived
from those curves. The iteration process is satisfied when euch variable geometry

component setting meets ony one of three criteria: (l) its slope versus Fy, or sfc
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Is within a tolerance of zero; (2) it has reached its maximum or minimum limited
setting; (3) its variation plus and minus did not significantly affect the parameter
being optimized, Fp or sfc.

YQrioble Geometry Constraint System

This system forces selected geometry variables to positions which satisfy an

equal number of compatible constraints. The system generates a set of simultaneous
linear differential equations to relate the selected variables with their effect on
matching the selected constraints. Through an iterative process, these equations
reposition the geometry settings fo satisfy these constraints similar to the iteration

method used for optimization.

The constraints available are:

) H. P. turbine inlet temperature
0 Engine net thrust

) Fan surge margin

o H.P. compressor surge margin

) H.P. rotor speed (rpm)
o L.P. rotor speed (rpm)

) Percent corrected H.P. compressor speed (map value)
) Primary nozzle area
0 Bypass nozzle urea

) H.P. turbine flow capacity (% of design setting)
o L.P. turbine cavity pressure ratio

o H.P. compressor variable geometry schedule

©  L.P. turbine jet flap flow (% of HPC inlet flow)

©  Percent corrected fan speed (mop value)

o Bypass ratio




) L.P. turbine inlet "emperature (°R)

0 Engine inlet airflow (Ib/sec)
0 Engine inlet corrected airflow (Ib/sec)
° Compressor discharge pressure (PSIA)

=15




6.0

CONTROL MODE STUDY

The foundation of the control mode study is the definition of the control goa: or
control mode design criteria. With the groat variability of the JTD, the ckility

to cotimize the engine operation to some criteria is obvicus. The chility to
provide optimal transient responsa in the true sense of "optimai control" or

“modern control theory" was beyond the scope of this project. A "pseudo"

optimol transient capobility based upen maximum rotor sneeds over a larg ~ thrust
range was investigated. |n this mode, the rator speeds are maximized at each
thrust level. Thus, the basic lags of the engine (rotor dynamics) are minimized
ond faster accelerotion of the engine are possible. This criteria has many potential
applications such os o special combat mode, carrier landings,V/STOL, etc., however,
o ptimization of steady state perforionce is o more reasonable criteria since it
does not place additional high dynamic requirements on the engine or control
system. Optimization of sfc will increase the cruise range of on aircraft while
maximizing the thrust over the flight envelope increases the combat effectiveness
of the aircraft. |n addition, the ability 1o optimize steady state performance of
the engine over the entire tlight envelope demonstrutes a capability of variable

geometry engines not attainabl. with o fixed geomeatry engine.

The design goal of the control mode for the JTD is to provide optimum steacy

state performance and rapid fransiant response. Spccificolly, the objectives

ace
o minimum sfc at all theust levels
b) mGximum thrus* over the Flight envelope
") sofe ongine transient operation (do not violats engine parameter
limits)
o rapid tramion? responie
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Engine Cptimization

Detailed Uninstalled Optimization

The first step of the design was to optimize the engine (no control system) within
the design ccnstraints, To assure a design that is valid over the flight envelope,
the following four representative flight conditions were chosen

) sea level static

) Mach 1.2 at 500* (moximum CDP pressure)

) Mach .75 at 36089'(low airflow and low inlet temperature)

) Mach 2.2 ot 36089'(high inlet ram)
The optimization of sfc and maximum thrust for an uninstalled engine was carried
out at many thrust levels for these four flight conditions with the computerized
programs presented in the previous section. The results are not completely as
one might expect since the JTD is a combination of development components to
demonstrate component technology rother than a matched engine. For a matched
engine, minimum sfc generally requires maximum airflow, maximum bypass ratio, and
minimum temperature until engine limits are reached at which time the temperature
is increased to achieve maximum thrust. Thus, the fan speed should be brought
up as fast as possible for maximum airflow and the bypass ratio maximized by
minimizing the core flow through lowering the core spool speed and keeping
the turbine and compressors closed. However, for minimum sfc with the JTD,
the HPC remains open ond the HPT remair- zlosed at the lower and mid=thrust
region until on engine limiter is reached (speed or pressure). In the mid=thrust
range, both nozzles remoin open. The sfc is not affected greatly by the LPT
geometry. However, in the high thrust runge and for maximum thrust, all the
geometry moves 1o allow the engine to attain more than one limiting state. The
tinal engine limiter ottained is usually temperature. Specific data Fram the
optimization is presented in the mode development as it is used to develop the
various modes investigated.
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Comparison of Uninstalled vs. Installed Optimization

The optimization for the control design was computed with an uninstalied engine
configuration since it represents the test stand configuration which is the initial
application of the control. To keep the study as general as possible, the mode

design is based upon an uninstalled engine,

However, the final mode should be able to fly throughout the flight envelope

which requires the consideration of the installation effects. The optimization
procedure was repeated for three corrected thrust levels and a large range of
corrected inlet conditions for both installed and uninstalled conditions. Although
no significant differences effecting the control mode were seen in this investigation,
a more detailed study with an actual aircraft and inlet is expected to impose addi-

tional control requirements (i.e. inlet flow matching and augmentation),

Uninstalled performance was computed for the JTD engine using MIL-E-50088

inlet recovery, unity for nozzle throat flow coefficients and 0,985 for the nozzle
gross thrust coefficients. Ranges of ram pressure ratio and engine inlet temperatures
were investigated over o range of power levels. Rom pressure ratios from 1.0 to 8.0
and inlet theta values from 0.8 to 1.5 were studied at power levels of 3000, 6000
and 9000 pounds thrust (Fn/ 8 1) as well as maximum non-cugmented and maximum
augmented thrust levels. The three lower thrust levels were optimized for minimum
specific fuel consumption and the two higher thrust levels were optimized for maxi-
mum thrust by coordinating the geometry positions of the high pressure compressor,
high pressure turbine, low pressurn turbine and both exhaust nozzles within their
physical capabilities,

Installed performance was computed for the same ram pressure ratio, engine inlet
theta and power level ranges as for the uninstalled dato to determine the degree

of effect on control mode and scheduling requirements. A simulation of a

fixed-schedule variable inlet wus used for inlet recovery and inlet drag character-
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istics with the capture area sized by the guidelines developed for the APS| cycle

studies. Flight nozzle characteristics were used for gross thrust and flow co-

efficient characteristics. No aircraft bleeds or power extractions were considered,

but this consideration should have little impact on the results.

The resuits of the uninstalled and installed performance data were generalized

with check runs made to assure that smoothing and generalizing of schedules

maintained performance within one and one-half percent of optimum. The

following table compares the resulting generalized scheduling trends.

Operation

30004 F,/ 8
Opt SFC

S000% Fn/ 8
Opt SFC

9000% £/ 8
Opt SFC

Table 61

JTD Optimized Non-Dimensional Data Comparison

Geometry

HPC
HPT
LPT
A8
Al8

HPC
HPT
LPT
A8
Al8

HPC
HPT
LPT
A8
AlB

Uninstalled
High Flow Rate

120 (Open)

Closed

Min Jet Flap Flow
Avg 244 in.2

High RPR = 150 in.2
Low RPR = 290 in.2

115

Closed

Min Jet Flap Flow
Avg 272 in.2

High RPR - 120 in.2
Low RPR - 309 in.2

112

Closed

Min Jet Flap rlow
Avg 290 in.“

High RPR = 120 in.2
Low RPR - 286 in.2

Installed
High Flow Rate

{20 (Open)

Closed

Min Jet Flap Flow
Avg 280 in.2

High RPR - 280 in.2
Low RPR - 314 in.2

116

Closed

Min Jet Flap Flow
Avg 295 in.?

High RPR - 220 in.2
Low RPR - 310 in. 2

115

Closed

Min Jet Flap Flow
Avg 300 in.2

High RPR = 150 in.2
Low RPR - 290 in.2




Table 6-1 (continued)

Operation Geometry Uninstalled Installed
High Flow Rate High Flow Rate
Max Dry HPC Open Open
HPT Schedule vs ] Same Schedule vs i
LPT Min Jet Flap Flow Min Jet Flap Flnw
A8 Schedule vs ] Same Schedule vs 1
Al8 Schedule vs 1 Diff Schedule vs 1

Sensitivity Study

In most of the control modes studied, the sensitivity or gain of the engine is an
important part of the loop design. To make a "tight" control loop, it is desirable
to make the ioop gain as high as possible. Thus, it is desirable that the sensi’ivity
be as large as possible. It is also desirable tnat the sensitivity be a constant over
the entire flight envelope to minimize the n~nlinearities and provide constant re-
sponse at all conditions. A list of potential engine parameters to be used in the
various control modes was developed from a survey of existing engine controls.
This list is given in Table 6-2. A sensitivity study was made at several flight con-
ditions by varying the geometry one at o time about the optimum position and
observing the eng'ne parameter changes with the steady state engine simulation,
Both corrected and uncorrected engine parameters from Table 6-2 were studied.

Typical sensitivity “alues are given in Table 6-3.

For most geometry variables, o few engine parameters disployed u much higher
sensitivity value than the remaining engine parameters. For example, the important

sensitivity data for the primary exit nozzle is given in Table 6-4 for a large number
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Table 6-2
Variable Geometry Potential Control Modes

fun :tutcs control

— e

Fan inlet temperoture
Fan inlet pressure
Fon inler Mach number

K]

APC inlet pressure

HPT stator control

HPT inlet temperature

HPT inlet presture

HPT outlet pressure

HPC speed

HPC pressure ratio

HPC outlet temperature

HPC outlet pressure

Turbine blede tip temperature

Primary exit nozzle

Ambient temperoture
LPT outlet pressure
LPT pressure ratio
Power lever position
ran speed

Fan pressure ratio
Fan inlet temgerature
Fan exit pressure

Secondary exit nozzle

v

Power lever position
Primary nozzle orea
Duct flow

inlet fiow

Fun pressure rotio
Fon speed

HPC stator control

HPC inlet temperature
HPC inlet pressure

HPC inlet Mach number
HPC outlet pressure

HPC outlet Mach number
HPC speed

LPT jet flap control

LPT cooling

LPT inlet temperature
LPT inlet pressure
LPT outlet pressure
Fan speed

Fan pressure ratio
Fan inlet temperature

Fuel control
Ve’ confrol

Fan speed

HPC speed

HPC discharge pressure
HPT inlet temperature
HPT inlet pressure

HPT exit temperature
HPT exit pressure
Ambient temperature
Ambient pressure
Ambient Mach number
Power lever position
Turbine blade remperoture
Exhaust gas temperatyre




Table 6-3
Typical Sensitivity Matrix

ALT = 36,089 Ft. MACH = 2.400 PAMB = 3,283 PSIA TAMB - -69.70 DEG.F
NOMINAL CONTROL MODE SETTINGS

WFENGN - 17430 Lbs/Hr HPCSET = 109.92 HPTSET - 114,45

AREAB - 329.00 Sq. In. AREA18 = 536.00 Sq. In. LPTSET - 1.048
ENGINE PARAMETERS - NOMINAL VALUES

FNET = 37999 Lbs. PCODE = 100.00  SMHPC = 69.835  SMLPC - 63.571

SEC = 1.855 Lbs/Hr/Lb BPR - 1,836 NHIGH - 13633 RPM

NLOW CORNL = 8604 CORNH 9547 RPM

PFANIN - 42.34 PSIA  TFANIN = 377.8 DEG F WAFAN| = 361.06 LBS/SEC
PHPCIN = 89.54 PSIA  THPCIN = 1057.5 DEG R WAHPCI = 162.94 LBS/SEC
PHPCO - 342.37 PSIA  THPCO 1619.3 DEG R WAHPCO= 163.01 LBS/SEC
PHPTIN - 321.21PSiA  THPTIN 3655.2 DEG R WAMHPTI  137.86 LBS/SEC
PMTURS 136,82 PSIA  TMTURS = 3007.4 DEG R WGNOZL-167.14 L85/SEC
PLPTO - 48.93PSIA TLPTO 2410.7 DEG R WADUCT - 298.05 LBS“SEC
PNOZL = 48.21PSIA  TNOZL 1951.0 DEG R WGDUCT  312.75 LBS/SEC

T

[/ ] 43

HPTSET LPTSET AREAB AREA 18 HPCSET WFENGN

FNET -0.15 0.00 0.26 0.26 0.08 0.53

NLOW -0.19 -0.00 0.28 0.06 0.08 0.27

NHIGH  -0.50 -0.08 -0.02 -0.00 -0.32 0.16

WAFANT  -0.36 -0.03 0.32 0.29 0.14 0.36

WAHPCI  -0.93 -0. 14 0.15 -0.00 0.31 0.4,

WAHPCO  -0.92 -0.15 0.17 0.00 0.33 0.46

WGHPTI  -0.92 <0.22 0.15 -0.01 0.30 0.44

WGNOZL -0.90 <0.1% 0.15 -0.00 0.32 9.47

WADUCT  -0.05 0.02 0.40 0.44 0.04 ). 3

wGDUCT  -0.06 0.02 0.40 0.46 0.05 ), 30

TFANIN 0.00 0.00 0.00 0.00 0.00 0.00

THPCIN  -0.03 0.00 0.10 -0,01 0.02 0.9

THPCO -0.44 -0.04 0.03 -0.0: -0.06 Jo b3

THPTIN 0,27 0.08 -0.07 -0.01 -0. 18 0.32

TAMTURS 0.52 0.1 -0.07 -0.00 -0.18 0.33

TLPTO 0.52 0.07 -0.23 -0.01 -0.19 0.33

TNOZL 0.65 0.09 <0.23 -0.01 -0.24 0.4!

PFANIN 0.00 0.00 0.00 0.00 0.00 0.0

PHECIN  -0.12 0.00  0.35  -0.c! 0.07 9.2 1

PHPCO -1,90 0. 18 0.11 -0.01 0.20 0.8!

PHPTING 2,00 <. 18 0.1 -0.0! 0.19 0.5 1

PMTURD <0.84 -0.W 0.4 -0.60 0.23 S.0%

PLPIO -0.6) 0. 1 -0.9¢6 <0.00 .21 J. 04 J

PNUZL 0,88 -2, 1 -0, =0.00 U2 0.64 ‘

CORNL 0. 19 -0.00 0.20 0.06 0.04 0.3

CORNH -0.50 -0.08 =0.02 0.0 <0.32 V. 1a 1

CWHPC!  <0,93 -0 16 TR «0.00 0.3 d.42 i

CWHACC  -0,92 0,18 0.127 0.00 0.33 0.40 |
|




Table 4-4

Engine porameter sensitivity to primary exit nozzle changes over the
flight envelope

Engine Parameters

Fan HPC LPT

Cese  Fan Speed Airflow Duct Airflow Inlet Pressure  Outlet Pressure
I .28 .32 46 .38 -.92
2 17 .20 .26 .22 -.94
3 .23 .27 .35 .29 -.88
! .08 .44 5] .£0 -.76
2 .44 .5l .64 H) -.77
5 .39 A7 .62 .48 -.83
h 7 .34 .35 .50 .44 -.98
8 .34 .35 .49 44 -1.00
9 .34 .35 47 .42 -.97
10 .42 .39 .91 .46 -.95
11 .45 .32 .40 .42 -.86
, 12 .65 .46 .45 .40 -.75
13 1.27 A7 .37 .33 -.57
14 .a9 .54 .46 .68 -.74
15 .46 .40 .34 .68 -.84
16 .36 .30 .34 .49 -.%0
17 .29 .28 .35 .45 -.92
18 .23 .23 .30 .28 ~.57
19 .24 .5 o .18 -.76
2 2! .27 .36 .30 -.91
21 L2 .26 .34 .33 -.98
. .59 .3) .30 .38 =76
23 47 .57 73 .68 -.72
24 .02 e 85 .73 =12
25 .43 59 .80 .64 =79
26 .41 .36 .45 .05 .90
27 Y .29 .36 .35 -.93
24 .30 A L34 .46 -.93
29 k! .33 .45 BLY: -9
30 <3 .37 .50 .42 =92
3 .32 L4 .42 .42 ~.92

Peceent Chonge in Engine Pasameter

Semsitivity - oo T ST s e TS
N ! Percent Change in Primary Nozzle Arva
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of thrust levels and flight conditions. The pressure at the LPT output displays
the greatest sensitivity to charges in primary nozzle area. Other engine
~arameters (both corrected and uncorrected) showing o promising sensitivity ro

primary nozzle area changes are:

Fan speed

Fan airflow

Duct oirflow

HPC inlet pressure

LPT outlet pressure

Thus, from a loop gain criterio, these parameters represent the prime condidaotes

for control of the primary exit nozzle orec.




Fuel Control

The fuel control can be divided into three sections: 1) a governor, 2) accelera-
tion and deceleration schedules, and 3) limiters. Ideally, the governor regulates
the fuel flow during steady state and the acceleration schedule, deceleration
schedule, and limiters protect the engine during transients. However, ot maxi-
mum thrust, either the governor or the limiters may be in control of fuel

flow in most fuel controls on foday's engines. Thus, the governor's primary goal
is to regulate fuel in 3 manner that provides minimum sfc over the thrust range.
The acceleration and deceleration schedules must protect the engine during the
transient operation. The limiters also must protect the engine during transient
opeation and may be required to mainrain engine parameters during steady state
at or near maximum thrust. With these requirements esichlished, the individual

section will be discussed.

Governor
Since accurate control of the engine paramei~r during steady state operation is
required to maintain minimum sfc, only an integra! plus proportional governor was
considered fo assure zero steady state errors. Thus, the governor will be of the
form shown in Figure 6-1. The following parameters were considered as the control
engine pa:ameter based upon their criticality in achieving the optimai objectives.

o High pressure spool speed (Np)

o Low p-essure spool speed (N|)

) Turbine inlet temperature

Both corrected and uncorrected parameters were considered.

Turbine inlet temperature has the greatest appeal for achieving maximum thrust
and good fuel modularion over the thrust range since it is the final limiter

reached. In general; many engine parameters reach near their maximum volues
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af the upper thrust renge while the temperature s relatively low for minimurn
sfc.  Maximum thrust is achieved by raising the turbine inler temperature to the
maximum allowabie. Tnus, a temperature governor with zero steady state eircr

would theoretically achieve maximum thrust over the flight envelope.

However, dynamic problems, reliability, and inaccuracy, make the use of a
temperature governor impractical. Temperature measuring devices {principally
thermocouples) have slow dynamics (high time constants) which are difficult to
compensate because the time constants vary greatly with mass flow. Secondly,
the measurement of TIT at rhe temperature levels experienced in this engine are
impossible with today's sensors except for special short life test equipment. Thus,
the hottest cycle temperature that is practical to measure with current technalogy
is the temperature between the two turbines. Even the measurement of the inter-
turbine temperature (T4.1) requires some development work and the sensors that
exist are unproven. In addition, the relationship between TIT and T4.l isa
function of the HPT index and the power extraction from the HP rotor system.
Therefore, the value of T4.1 representing maximum thrust is nat a constant even
though TIT is o constant maximum throughout the flight envelope. Even if an
accurate algorithm between TIT and T4.1 wos found and a satisfactory variable
compensation for the thermocouple was developed, a i4.] governor was con~
sidered too "high-risk " because of ¢ luck of experience and reliability dota in

measuring temperatures in this range.

Both NL und NH speed governars were also investigated. The primary difference
between the two speeds is that the NL maximum is reached ot gbout 80'%

thrust in some coses whereas true NH maximum is generally reached at maximum
thrust. In some cases the modulation of high pressure rotor speed is very small

above 90% thrust. Thus, with a NL governor, the throttle commuand (PLA)
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wili wve to perturb a second engine control (variable geometry) which must drop
NL before more fuel will be commanded above 8J% thrust. Although the re-
spanse of such u governor will be good since ihe dynamics of the engine have been
removed to some extent, the accuracy may be less because the errors in the
geometry loop as well us the governor loop must be considered in evaluating the

accuracy of fuel flow vs. throttle position.

Because of these potential problems with an NL governar, an NH governor was
chasen. The speed request scnedule shown in Figure -2 is based upon the
optimization on sfc and the requirement to linearize thrist on PLA. Since the
use of corrected speed did not eliminate the need for lines of constant inlet
temperature, uncorrected speed is used to simplify the gomputations.

Acceleration and Deceleration Schedules

Acceleration Schedule
A conventional acceleration schedule of Wf/P3 was selected to protect the engine
during the transient and aid surge recovery. An interesting result of the optimiza-
tion suriaced during the construction of the acceleration schedule. The acceleration
ond deceleration curves were estimated from the operating curve using nventional
guidelines of |37 - 20% displacement between the required 1o run schedule and
the acceleration and decelerotion schedules. This allows approximately o 500°F
increase in engine temperature in the case of an acceleration for a given engine speed.
The operating line for the cold inlet (Mach .75 ot 36089 fr.)wus actually higher
than the operating line for sea level static. Thus, it was difficult to accurately
interpret betweon the temperature lines on the estimated accelerotion schedule. As the
accelerction schedule wos adjusted to provide a minimum of 10% surge morgin
and a goal ef 2070 wrge morgin over the flight envelope, the static sen level
acceleration schedule shifted above the cold inler us shown in Figure 6-3.

Although the present occoleration schedule is adequate, the relative distances

6~ 13
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between the operating lines and acceleration schedules shows that surge avoid-
ance will be much more difficult at a cold inlet than at static sea level indicating
that o sucrifice of optimal steady state performance for more surge margin may be
desirable for cold inlet conditions. This was the case in the adjustment of the
gains for stable, sufe engine transients. Safe operation with the original
acceleration schedules was possible with constant gains at all the other flight
conditions. The acceleration schedule isn't exercised in an accel from 40%
thrust to intermediate power at static sea level. However, some gains had to be
reduced and the acceleration schedule adjusted several times to provide safe
engine operation at the cold inlet conditions. This phenomena requires further
investigation since no trouble was encountered in running cold day conditions at

static sea level.

AP/P Surge Control

The above acceleration schedule to avoid trunsient surge of the HPC are based

upon an apriori knowledge of the relationship between the engine operation and
HPC surge. That is, a given fuel flow or W§/P3 , inlet temperature, and speed
combination will produce a given surge margin. Because of variations in this
relationship caused by component variation between engines and component
degradation, adequate surge margin must be built into the acceleration schedules.
It is more desirable to tie the surge avoidance of the fuel control more directly

to the compressor operation, especially since the surge line shift with HPC index

adds one more variable into the determination of the acceleration schedules.

Two HPC related parameters were investigoted to yield a better definition
of the surge margins during transient operation. Since speed is the transient
independent variable in the fuel contol during an acceleration response, the

renmaining pavameters required to specify surge margin are HPC pressure ratio,
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corrected flow, and HPC index. Considerable interest has been shown in the
use of AP/P)where

total pressure ~ static pressure
total pressure

AP/P =

as a measure of local Mach number or the corrected flow (Wa)
for surge control. An engine parameter and sensor accuracy comparison has been
made between AP/P and HPC pressure ratio to determine which one imposes the

most stringent accuracy requirements for estimating surge.

The engine parameter accuracy comparison was done bv an analysis of the
compressor map shown on Figure 6-4. The AP/P lines that result at the com-
pressor exit are superimposed on the compressor map. The more stringent accuracy
requirements for either mode occurs at a relatively lc w flight Mach number and
high altitude condition. This condition results in low compressor airflow which
for this analysis corresponds with a corrected speed of 70%. The results of the
engine parameter accuracy comparison are shown in Figure 6-5. As shown, the
AP/P mode is approximately three times more accurate than the compressor
pressure ratio mode for the same surge margin accuracy. To maintain +2% surge
margin accuracy, the AP/P percent of point accuracy is 2.2% and the pressure

ratio percent of point accuracy is .8%.

Bosed upon the engine parameter occuracy data, a sensor accuracy comparison
was made to determine how accurate the sensors have to be 1o achieve the +2%
surge margin accuracy. The pressure ratio mode uses compressor inlet (P2, () and
discharge (P3) total pressure probes. The AP/P mode uses compressor discharge
AP (Pyq - Psq) and P3 total pressure probes. The results of the sensor uccuracy

comparison are shown in Figure 6-6. As shown, to uchieve a 2% surge margin
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.-curacy, the pressure ratio mode requires much more accurate sensors than the
A" ™ mode. Asan example, to maintain +2% surge margin accuracy, the
-essure ratio mode requires the P2, | and P3 sensors to have a full scale accuracy

“t .85 and .05% respectively, while the AP/P mode only requires the AP und

"1 sensors to have a full scale accuracy requirement of .14% and .15%, respectively.

.o eonclusion of this accuracy study was that the compressor pressure ratio
mevsurement has more stringent parameter and sensor accuracy requirements than

the AP/P measurement for estimating surge.

At first, it was thought that the AP/P reference value could be a fixed value
during engine accel :rations. However, due to the fact that the variable geometry
- mpressor area changes during engine acceleration, thus shifting the operating
ine ~{ the compressor, the AP/P reference value must also change. Further
avestigation has indicated that varying the AP/P reference value with only the
~~mpressor index is not enough to represent a constant surge margin. The AP/P
reference value must also be varied with corrected HP speed. Consequently, the
Ar P reference schedule is defined by corrected HP speed and compreswor area

as snown in Figure §-7.

“averal different methods of incorporating this surge margin “measurement * into

- control algorithm were considered. One requirement was that the AP/P mode
must compliment the acceleration schedule s0 that the acceleration schedule will
always be able to "back-up® the AP/P surge control if required to protect the
~ngine. The method that demonsiroted the most promise was 10 use the AP/P

ref~rence in the sume monner as 0 limiter which will be discussed next.

Fuel Limiters

wice the limiters are basicolly o transient device, only proportional limiting

was ed. A limiter only ubtoets fuel from the govemor fuel request (or
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acceleration schedule in some designs) when an engine parameter exceeds o

reference value. The engine parameters requ.ring limiters were:

o AP/P (surge control)

o NHC2 (corrected NH)

o NL

o NLCI (Corrected NL)

o T4.1 (interturbine temperature)

o 78T (turbine olade temperature - optical pyrometer)
o cor (compressor discharge pressure)

The reference values for NHC2, NL, NLCI, and CDP are constants as shown in
Figure 6-8. The TBT limiter was not exercised since the simulation hos no met'iod
of determining metal temperatures. Experimental data will be used to evaluate
this loop as data becomes available from early ATEGG and JTD testing. The
reference value for AP/P is a function of NH and HPC index as shown in Figure 4-/.
The reference value for T4.l is a function of the HPT setting since T4 is the
temperature that actually requires limiting. The relationship between T4 and
T4.| was approximated with the equation (in degrees F).

T4 = T4+ Tegna = S (HPTjndex = 120)

such that T4.1 is higher for o lower HPT index and sume T4 (the variation is more

than 100°F over the full range of the HPT). Compeasution for euch loop in the torm
of gain and lead-lag or lag-led is provided.

There are severol woys to incarporate the limiters into the logic of the tuel control.
First, if more than snae limiter is eacceded of uny given time, cither the sum of

the corrections, the greatest cofrectisn, or :ome weighted averuge could be used.
Generully, the most restrictive limirer (greatest correction) yields the best resulls

since the summotion of the limites usually overcotrects and the relative gains of
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the limiting loops already "weight" the importance of the various limiters to
some extent. The greatest problem with using the most restrictive limiter is
that the control may "bounrse" from one limiter to another and back, especially

at maximum thrust, and create a stability problem in the fuel control. This

will be discussed later.

The second decision in the limiter logic that must be made is if the limiter

correction is to be made to the governor fuel request or after the logic selecrion

between the governor and the acceleration schedule. Although the acceleration schedule is
a type of limiter to avoid surge, it is not expected to protect the engine from
overtemperature or overspeed conditions. Both methods were opphed in this

study with little appreciable difference noted.

Geometry Controls

The primary objective of the geometry controls is to operate the engine with
minimum sfc or at maximum thrust during steady operation. The criteria for
steady state operation does not put high dynamic requirements on the geometry
controls. However, care must be exercised to prevent the geometry from having
an adverse effect on the transient response (i.e., geometry moving in a fashion
to have an adverse effect on surge margin). Adequate steady state surge margin
can Le assured by constraining surge margin during the optimization for minimum

sfc.

Two signifioontly different classes of geometry controls were studied. The first
type of control involved the scheduling of the geometry positions as a function

of various engine parameters. The control is based upon positioning the geometry
and is generally classified as "open loop" on engine parameters. The second

t/pe of geometry control uses the geometry to position (control) engine parameters
und the position of the geometry is never defined explicitly in the control. This

type of control is clossified os "closed loop" on engine parameters. Each type of
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contiot will be discussed in detaii in the following.

S-heduled Geometry Position

The busi < ussumprion of this type of control i inat the engine will run optimally
if the geometry is positioned to a predetermined optimal setting. Tnis is
cerrainly true as long as the optimized model is a good representation of the
engine for which the control is designed. How well this assumption holds over

variations in engines and throughout the degradation of the engine is not known.

A typical "open loop" geometry control mode is illustrated in Figure 6-9. The
opfimal geometry position is given as a function of engine input parameters
(PLA, MN, Tl, Pi, etc.) or engine operating parameters (NH, iNL. T4.1, etc.).
A geometry positioning control loop places the geometry at the optimai setting.

If the optimal position is a function of engine operating parameters, a feedback

Position
., T e Rate Limit Limit ~
Mo . “// P Compensation l p
|
R b ﬂE ! :
,3 l// - eq_” ___'_r__ G (S) ————— M= _'__ /—. o
R .
NE o ; | S
MHCT }
A Feedbock
‘ Position
Feedback
' i
e e e e N(s) e e e e )
Engino

Figure 6-9 "Open Loop" Geometry Control Loop
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loop involvingtlose parameters also exists. Although this feedback can effect
tne control stability, the control is not considerea closed loop on engine
parameters since it does not attempt control of the engine parameter to a

reference value.

The primary task in the design of this class of geomeiry controls is the choice
of input and engine parameters ta describe the optimal geometry position. The
use of engine parameters is intuitively attractive because it allows the geometr;
to respond to sore changes in the engine operation. Therefore, the sensitivity
studies are the logical starting point for the choice of engine parameters. The
design of the primary nozzle control will be discussed in detail first to be

followed vy a less detailed discussion of the other geometry control modes.

Primary Nezzle Control

The most likely candidates for use in the primary nozzle control from the sensiviva .
data were

o Fan speed

o Fan airflow

o  Duct airflow

o  HPC inlef pressure

o LPT ouilet pressure
The second criteria used to make a final selection of engine parameter(s) for
geometry control involves “"control law" or functional relarionship between the
optimum geomeiry position and the engine parameter, It is desirable to make
this relationship as simole as possible over the entire flight envelope for a
practical control system. The results from the geometry optimization studies
for some of the above engine parameters corrected to the inlet are given in

Figure 6-10.
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Correction to the engine inlet was required to yield a set of curves applicable
tc the entire flight envelope. It should be noted that the end point of each
curve represents the maximum thrust point. Any approximation of the control
law should give special consideration to this point to achieve the full thrust

potential of the engine.

Fan airflow was rejected as a control variable since it remains constant at the
high thrust levels as Ag varies drastically. Also, normalization to the inlet still
yielded a non-unique (two values of Ag exist for the same flow and inlet con-
ditions) set of control laws. The duct airflow displayed characteristics similar to
the fan airflow. The fan speed is not practical since it is also constant in the

high thrust region and Ag varies drastically.

This leaves only the HPC inlet and the LPT outlet pressures as acceptable candi-
dates for controlling the primary exit nozzle. The LPT outlet pressure corrected
to engine inlet pressure yielded a set of curves that, for simplicity, can be
reasonably approximated by a single curve as shown in Figure 6-1l. However,
this curve has o very steep slope for low pressures {low thrust levels). Therefore,
small errars in sensing the LPT output pressure will result in large errors in primary
nozzle areas On the contrary, the HPC inlet pressure corrected fo inlet pressure

(see Figure 6-11) yields a control curve which is acceptabie at the low pressure
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(low thrust) side but too steep at the high pressure end. In the intermediate
pressure range, the ideal control laws for both corrected pressures can be
approximated by keeping the nozzle open to a maximum setting. Therefore,

a control law combining both curves can be used to control the primary nozzle

area as a function of corrected HPC inlet pressure and corrected LPT outlet

pressure.

This control mode worked well transiently with two noted exceptions. The
single curve for (A8) vs. (P2.1/3 ) is not accurate for low thrust at static sea
level or maximum thrust for Mach I.2 at 500 feet. The effect on the maximum
thrust was negligible. The problem ot static sea level was solved by adding

inlet temperature lines as shown in Figure 6.12.
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Duct Nozzle
The secondary or fan nozzle created the greatest geometry control problem.
The sensitivity studies showed that fan airflow was the best parameter for con-

trolling the fan nozzle. Fan pressure ratio was another control candidate.

However, airflow and a combination of airflow and pressure ratio produced
unstable control systems. Simple compensation would not stabilize the loops
and other parameters were sought. The use of corrected low pressure rotor
speed (NL/JEQ was inadequate for low thrust at static sea level and conirol
of the duct nozzle on (NL/ﬁD in the high thrust region is impossible since
the engine usually reaches maximum (N ) or (NL/J;D before maximum thrust.

This latter problem can be avoided by "scheduling"” (Al8) on the turbine inlet
temperature T.4 which reaches a maximum only at maximum thrust. However,
the practical mechanization of this mode is to utilize the interstage turbine
temperature (T4.1) which can be physically measured. The low thrust (low
temperature) at static sea level problem still exists in this mode. In this
condition, the duct is unchoked which generates a different Al8 demand than
when the duct is choked ot low temperature. This problem can be cured by
measuring the fan pressure ratio and adjusting the schedule for the unchoked
condition as shown in Figure 6-13. This scheme has worked well except near the
transition zone between choked and unchoked conditions where o degruded sfc
has been seen at static sea level in the mid-thrust range due to errors in
determining true choked conditions. This mode will put stringent accuracy

requirements on the transducers required to measure the fan pressure ratio if

minimum sfc is to be obtained.




Geomelry Index
For the compressor and turbines, the relationship between geometry position and
component performance is a function of mechanical linkoges which have not been
deflined yet. Therefore, the term geometry index is introduced for a better
understanding of the effect of geometry movement on component performance.
For the HPC and HPT, the geometry index is directly proportional to flow. With
the HPC, 80 represents minimum flow, 100 represents nominal flow, and 120
represents maximum flow capacity for a given speed and pressure ratio. An

index of 100 denotes minimum HPT flow capacity with 123 denoting maximum

HPT flow capacity.

The LPT index is the pressure ratio hetween the pressure in fron? of the vane and
the stator “jet flap" cavity which represen’s the closest measurement of the "jet
flup" orifice pressure drop. Thus, the index is an indirect measure of the "jet
flap" flow and the LPT flow capacity. An index of 0.8 denotes maximum LPT
flow capacity and 1.6 represents minimum flow capacity (flow is not proportional

for other indexes).

High Pressure Compressor

The sensitivity studies showed that the HP compressor variehle geometry was
most sensitive to the high pressure spool speed and compressor airflow. The
compressor variable geometry design already assumes modulation of the stators
with corrected spool speed to achieve good compressor suige margin and com-=

pressor efficiency over o wide operating range. Since the use of corrected HP

rotor speed simplifies ihe control system considerably, this porumater was chosen
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High Pressure Compressor
The sensitivity studies showed that the HP compressor variable geometry was
mos! sensitive 10 the high pressure spool speed ond compressor airflow. The
compressor variable geometry design already assumes modulation of the stators
with carrected 3pool speed 1o achieve good compressor surge margin and com-
pressor cificiency over u wide operating runge. Siace the use of corrected MP

rotor spoed simplifies the control system considerubly, this parameter was chosen
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to control HP compressor geometry. The requirement for a vauck-up control in
lieu of a fail-safe position for the geometry control tends to dictate u simpler
control system,

ﬁ'ﬁh Pressure Turbine

The HPT generally remains closed until one of the engine limiters (NL, correct
NL, CDP, etc.) is reached. Thus, it was possible to make the HPT index a
function of the throttle position. However, this mode did not work trunsiently
in an acceleration because the HPT reached an open position before the correct
HPT rotor speed was attained (NH lags PLA beccuse of the rotor inertia).
Increasing the flow capacity of the HPT reduces the horsepower avaiuble for
accelerating the rotor. |f the flow capacity is increased too fast during an
acceleration, the rotor may never achieve the proper speed due to a lock ot
horsepower ond the interaction of other geometries. Thus, the HPT geometry
schedule was changed 10 a tunction of correc! speed (NHN;Q) by transtorming
PLA to NKH/ \IE'Q thiough the fuel control governor schedulc.

Low Pressure Turbine
The LP turbine minimum sfc geometry setiings showed very little variation
over the entire thrust runge for o given flight condition. For the two subsonic
cases, the geometry index remained o approximately 0.8 for the entire thryst
range. The geometry indea for supenonic tlight shows a smull variation cbout
i.2 over the theust range for each Flight condition studied. A simple schedule
on flight Mach number only, @x shown ia Figure 6-14 wos investiguted. |t i
possible that ¢ simple on-off coateol bosed upon Mach number or inlet terr

perature moy be adequate for steady state petformunce.
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Complete “Open Loop* Geometry Control

The most successful “open loop" geometry control from a transient viewpoint is
shown in Figure 6-15. This control was exercised throughout the flight envelope
including standord, hot, ond cold conditions with only one significant problem
that essentially lead to the termination of work on this control mode. The
prublem occurs ot maximum thrust ot oll the flight conditions. At this point,
the engine is operoting at severol limiting parameters including

o Maximum bumer temperoture

o maximum low pressure spool speed (correctad and/or

uncorrected

° moximuin high prossure spool speed (corrected and/or

yacorrected)
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o maximum CDP (low altitude/high speed generally)
To achieve ihis state, the geometry must be set very accurately. Errors in the
geometry will couse these limits to be exceeded. Under thase conditions, the
fuel control has great difficulty in satisfying the demands of oll the fuel control

limiters and the speed govemnor simultaneously wiith one or more of the following

consequences
o unstable operation
o limiters exceeded in steady state
) less than maximum thrust

With “"open loop" control, it is difficult if not practically impossible to achieve
moximum thrust over the entire Flight envelope. This conclusion led to the
development of the “closed lonp” control modes presented next.

Geometry Control of Engine Parameters

Philosophy
The "cpen loop" geometry controls presented above had two mojor deficiencies
o There is no assurance that optimol performance wili be

maintained for engine variations.
o Fuel control stability is difficult to achieve ot maximum
thrust because of the multiple limiters.
However, it is gossible to guarantee stable operotion ot maximum thrust by
utilizing the geometry to control those parometses required 10 Ossure moximum

theust s shown in the following exomple.

Astume maximum theust is ochieved whon NM, NL, ond Td.1 (T4) reach their
limits ano

° NH is coatrolled by the fuel control

) NL is controlled by the primary nazzle

e t4.1 is contollod by the NPT ietting
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With the ‘open loop*® control, the HPT index setting w~os made o function of

NH. This control and a non=nominal HPT would produce either too low a T4. 1

(lost thrust) or excessive T4.1 (possible stability problems in the fuel control).
However, with the HPT geometry controlling the inter-turbine temperature, maximum

thrust can be attained. |f the temperature is oo low, the HP turbine index will

increase 10 raise T4. | Yo its limit. |f the MPT index reaches its maximum value be-

fore T4.| reaches its limit, the resulting thrust is the new maximum for the degraded
engine (assuming the NL und NH limits are attoined). As long as the NL limit is
maintained, the fuel conirol will not exhibit putential stability problems if the

HPT reaches its minimum walue while T4.! is still above its limit with a “super®
engine. In this case, the fuel control still is only required to operate on one
limiter (T4.1) although maximum NH may not be obtained. Similar arguments can

be made for the primary nozzle and fan speed. Thuy, the engine will achieve

e = e W ————— - — -

the maximum available thrust within its ebxsical constraints without trimming.

Un‘ortunately, the case for maintaining minimum sfc with engine variations by
using the geometry to control engine parameters is not as clear cut. However,
the proper choice of engine parameters will enhance the prabubility that neur
optimal sfc will be obtained. Minimum sfc for o given thrust is generuily ob-

toined by aftaining the following condition,:

0 Maximum airflow
o Maximum bypass ratio
) Minimum bumer Temperature

If the nominal optimal values >f thewe parameters or¢ maintained tor 0 given
thrust, near minimum sk operation should be abtasred even with ¢ non-nominal

g\ﬁine without lfimméng_.

I WM, W ET Y R R

With the fixed fon, fan speed end fon preswre rorio will cantol the otol engin:
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airflow. (it should be noted that total airflow control is also important for

inlet matching, especially under supersonic conditions.) The total airflow and
bypuss ratic can be controlied by controltling the duct and core flows individually.
Limited control of the byp<ss ratio car be achieved bv controlling the duct and
core pressure ratios. Pseudo control of the burner temperature is achieved through

control of the inter~turbine temperature.

Therefore, it is desirable to control come combination of the following parameters

to assure maximum thrust ond near minimum sfc while minimizing the stability

problems in the fuel control a variation in engine parameters.
NH ~ aigh pressure rctor speed
NHC2 ~ high pressure rotor sp.eed - corrected
NL -~ low pressure rotor speed
NLCI ~ low pressure rotor speed - corrected
T4.1 - HPT exit temperature
Wai(3 - duct airflow
Wa3 - HPC airfiow
P13/P| - duct or fan pressure ratio
P7/P ~ core pressure ratio
P3 - compressor discharge pressure

To provide the desired steady state operation, the following desirable features
for the geomelry control werc identified:
o Control engine parameters which are critical to minimum
sfc and maximum thrust operation over the entire flight
envelope,
0 Provide a relationship hetween the engine parameters to

be controlled and the control system input (PLA and inlet
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conditions). This may be either directly or indirectly
through other parameters (NH assuming an NH governor)
controlled direcily by PLA.

0 Steady state control of the parameters normally limited
in the fuel control especially at maximum power to allow
the fuel control to operate on the governor.

o Control to zero steady state error.

General Configuration '

The general configuration of the geometry control foop is shown in Figure 6-16.
A required value for the engine parameter is established from ¢ schedule which
satisfies the second item above. A rate command for the geometry actuator

is computed from the required and measured engine parameters. The actuator
then integrates the command to move the geometry to a position that forces the
engine fo the desired operating condition (zero error on the engine parameter).
Generally, the geometry control is a two loop system as shown. However,
geometry position feedback around the actuator may be required it the actuator
is too “sloppy" {i.e., excessive hysteresis). In this cace an integrator will be
inserted in the control to replace the actuator integration. A study of the data
over several flight conditions showed that most of the data corrected best to

engine inlet conditions rather than component conditions.

The following factors were considered in matching the engine parameters and
variable geometry for the control =~ a) control sensitivity, b) loop gain
variations, ¢) effect on transient performance, d) control authority, and e)

the ability to control the parameter at maximum power. The results were
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NL - best controlled by primary nozzle (A8)

Wa3 - best controlled by high pressure compressor
(HPC) or high pressure turbine (HPT)

Wa|3 - best controlled by duct nozzle (Al8)

P3 - best controlled by HPC or HPT

Py - best controlled by A8

P13 - best controlled by Al8

T4 - cannot be measured, must use T4.|

T4.1 - best controlled by HPT or low pressure

turbine (LPT)
which allows considerable flexibility in constructing the geometry control

modes.

A study of the steady state data reveals that the engine will operate at the
fan spool speed limit (either mechanical or aerodynamic) over the upper thrust
range at most tlight conditions. Thus, it is important to control the fan speed
and the primary nozzle is the only geometiy that provides adequate control of
this parameter. The secondary nozzle can be used to control either duct flow
or duct pressure ratio. The duct pressure ratio was simpler than the relation-
ship between flow and speed over the flight envelope. However, for an installed
supersonic engine, the flow control may be more desirable to provide inlet
flow matching. Therefore, for all the mode studies, the nozzle controls were
the same with the

o primary nozzle controlling NL/ﬁl described as a function

of NH/@] and T} as shown in Figure 6-17.

) Duct nozzle controlling the fan pressure ratio P|3/P| de-
scribed as a function of NH/JG_| and T} as shown in
Figure 6-18
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However, a greater flexibility exists in the application of the HPC, HPT,
and LPT. Several different complete geometry control modes will be dis-
cussed to illustrate the care that must be taken to select an overall geometry

control mode that yields near optimum performance over the flight envelope.

Control Mode #|

The first control mode studied in detail consisted of
HPC controlling P3/P| as a function of NH/JB_| and T
HPT controlling T4, | as a function of NHAf8] and T
LPT controlling P4, |/P| as a function of NH/40_| and T|
A8 controlling NL/ﬁl as a function of NH/J@T and T|
Al8 controlling P|3/P| as a function of NH/AfB| and T|

(It was found that P4.1/P| worked better as a control parameter than P7/P}).

This control mode worked excellently at static sea level and yielded very near
optimal sfc's as shown in Figure 6-19. However, it was not possible to achieve
maximum thrust at the supersonic conditions because of problems in attaining

maximum temperature.

The control of T4 is @ very difficult task because it cannot be measured

directiy. The correlation between the HPT inlet temperature (T4) and exit
temperature (T4.1 which is measurable) is a function of the HPT geometry zetting.
With the HPT inlet temp2rature at its maximum, the exit temperature can vary by
more than 120°F over the range of variability of the HPT. Also, the relationship
of T4.| corrected to ths inlet with respect to corrected compressor speed pro-
duces large temperature errors for small speed errors due to a nearly infinite
slope at some flight conditions near maximum power as shown in Figure 6-20.
Thus, it was necessary to describe the required T4.1 as a function of PLA and

inlet temperature which yields Contiol Mode #2.
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_C_gntrol Mode #2

Only the HPT control was changed to create this control mode. The trans-
lation from a T4.l vs. NH to a T4.| vs. PLA schedule is imporiant to preserve

a linear steady state thrust relationship to PLA position. In addition, it was
found that this relationship was critical in establishing minimum sfc and maximum
thrust operation. The results of several attempts to adjust this schedule at

static sea level are shown in Figure 6-2i. In light of the good sfc's obtained

in Mode *1, it is felt that the same results could be obtained with this mode

with proper "tuning". A more detailed description of the perfc mance of this
mode is given in Section 7.0.

Control Mode #3

The individual geometry controls in this mode were
HPC controls P3/P2,| scheduled on NHCI
HPT controls Wy4  scheduled on NHCI
LPT controls T4.1  scheduled on PLA and T plus cooling
A8  controls NLCI  scheduled on NHCI
Al8 controls Pl3/P| scheduled on NHCl ond Tt

This mode foiled to work at maximum thrust becouse there was insuificient control
in the LPT to rmaintain the proper T4.1. The effective flow area of the turbine

is controlled by varying the amount of cooling air to the “jet flap" controlled
LPT. An increase in cooling air reduces the flow copacity and therefore the
maximum flow copacity decreases (for o given speed and pressure ratio) at

the higher temperatures (high power). Thus, the omount of variability und
cantrol authority of the LPT decreases as maximum power is approached. The

LPT wos required to go to u low index to maintain the proper T4.1 but the
minimum setting dictated by the cooling requirement for the bludes preventcd

the LPT from controlling T4.1 to the deiired temperature. In this case, T4.1
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exceeded the maximum and the fuel control limiter is required to control T4.1
50 that the proper NH is not attained. Thus, maximum thrust cannot be
cbtained with this mode. In fact, the decreased control authority of the LPT
at high power makes the LFT less desirable as @ means to control one of the
limiting parameters.

Control Mode 4
The control mode wariations have now been greatly reduced since orly the
choice of control for the HPC and LPT remain assuming that the HPT must
control T4.| ond the nozzle controls have already been chosen (Al8 can be
on either pressure or flow). The sensitivity data for any of the remaining control
parameters mentioned above did not look very favorable. However, the
functional relationship and sensitivity data for the ratio of LPT inlet pressure
to engine inlet pressure (P4.1/Pl) displays the desired characteristics and this
parameter was chosen for the LPT control. (It must be noted that the minimum
cooling air requirement often overrides the pressure ratio control above 70%
thrust.) Considering the earlier results, the only remaining mode left for
consideration utilized the HPC to control the core or comprassor flow. This mode
works fine at stotic sea level. However, ot Mach |.2 and 500 ft., moximum thrust
canadt be abtoined since the fuel control will operate on the P3 limiter and the

propec NH witl nat be ottained.

For installed supersonic opplications, the control of core flow moy be more
desirable than moximum thrust. In this case, this mode is more desirable than

Mode 3 since the Py limiter is exceeded less often than the Td.1 limiter.
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7.0 CONTROL MODE SELECTED FOR JTD

This section presents the selected control mode and uresents the performance
of the control system ond engine over a wide range of operating conditions.
Also, some of the xey control parameters were varied to check potential
problems during the testing of the JTD at seo level static conditions. Most
of the information in this section has been normalized with respect to design

parameters to preserve the unclassified status of this report.

Selected Control Mode

The control mude for the JTD depicted in Figure 7-1 can be summarized as
follows:
Fuel Control

o NH Governor
o Acceleration Schedule (W5/P3 vs NH)
n  Acceleration Control ( 3P3/P3)
0 Deceleration Schedule {(Ws/P3 vs NR)
e Limiters
(1) NH, (carrected NH)
() N
(3} Nl (corrected NL)
(3) T4. ! (inter turbine temperature)
(5)  TBY (Turbine blade temperature~opticul pyrometer)
(6) COP (compressor discharge pressure)
Geometry Contral
o  HPC controk P3¢} schiduled on Nb
o HPY controls V4.1 scheduled on PLA and T)
o LPT controls P4. 1/P1 scheduled on NiHg ) plus cooling re-
Quitements

7~
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© A8 controls NL| scheduled on NH, |
o  Al8 controls P13/P1 scheduled on NH¢p and T)

The fuel control logic is shown in Figure 7-2 and the varjous schedules are
presented in Figure 7-3. The following limiter reference values have been
established

NH¢ = 105 percent of design

NL = 103 percent of design

NL¢ - 105 percent of design

Ccop = 105 percent of design

TBT ~ (this mode was never exercised since the simulation

does nat model metal temperature)

T4.1 = 102.1 percent of design point

The geametry control logic is shown in Figure 7-4 and the various schedules

are presented in Figure 7-5.
Performance

The goal for the control was to provide optimal steady staie performance and
"good " dynamic performance. Thus, considerable effort was expended to
develop a mode that achieves maximum thrust and minimum SFC over the Flight
envelope. The gains of the control loop were then adjusted to give good

dynamic response.

The steady state and dynamic response of the control at the following flight
conditions have been investiguted.

o Static sea level

©  Moach 1.2 ot 500 ft. (152.4 meters)

o Mach .75 ot 36,089 ft. (11,000 meters)

©  Mach 2.2 at 35,089 #t. (11,000 meters)
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| Maximum Thrust

The maximum thrust points for the four flight conditions were established with
the optimization procedure described in Section 5.0. The optimization on

thrust was accomplished withuut two constraints later imposed during the control
mode development. Tc avaid fan surge during accelerations with hor inlet tempera-
tures, the duct nozzle minimum area was increased from 100 to 135 square inches.
In addition, evaluation >f the low pressure turbine cooling showed that the
minimum LPT setting of .8 would not provide sufficient cooling at the upper

end of the temperature operating range. Generally, the minimum setting at
maximum thrust will be 1.2 which yields a 3% to 5% reduction in the maximum
thrust when compared to the 0.8 minimum. A comparison of the maximum

steady state thrusts for the selected control mode and the optimal engine set-up

for maximum thrust is given in Table 7-1.

In the two coses where the “optimal " maximum thrust does not violate the new
constrain®s on the duzt nozzle or LPT setting, the proposed control mode pro-
vides more than 997: of the optimal thrust. As expected, the zontrolled
parumeters (speed, 7emnperature and pressure) were very close to the optimal

and it was gratitying to nate that the control variubles (geometry positions)

olso were close to their optimal settings which indlcates the sptimal engine
condition is unique and can be specified in terms of gedmetry pasition or engine

parameters.

At static sea level, the thrust achieved is olmost within I% of the "optimal™
even thaugh the optimal LPT setting of 0.6 eannot be achieverd aecause the
cooling requiremont necessitates o higher index . The high LPT sefting increases
the inter-turbine tomperoture and creates an error in the HPT. The HPI closes
down (less airflow) to lower the temperature and to compensate for the higher
turbine temperature created by the higher LPT setting. One should nate that
the controlled parametens are noar optiral even though the HPT and LPT had

10 assume non~oplimal settings aad near moximwm thiust was achieved.
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Thron  [Fuel tlow | N Ny te Mec fwer |uer Jas Jais
Flight Condition| Made |(Percent) | (Ib/hr)  [(Percent)[Percent)Percont)lndex |lndex |indox [In2  |in2

Sratic opt |10 (1,3 [0 [0 (o i fies | .8 |2 |10

LE:: APS! 93.¢ 18, ") 1%0 100 1N 12 101 1,172 1222 151
Mach ) Op? 139.0 6,96 9! 94 o ] 118 .3 201 108
Alr=36,089F1 | o1 | 978 | 8,907 | 92 oa {100 (i |ws 1.2 |93 b
e 1.2 o> |os e | oes [ o Do {1 {12 ass |20
Alv SRFE st Loaa faney | a2 [ e Lw s iz [z {2 |
Mach 2.2 opt 1100 1,99 w0 o [0 o fwos |12 2 tes

Alr<38,G89 Fr | o L 992 fie7zs o Joo froo o lios |r.20 {283 | 208

Talle 7-1  Maximum Thrust Comparison

At .75/36K, the cooling requirement does not allow the optimal .8 LPT index
and the optimal duci area of 108 in.2 cannot be obtained because the minimum
area was raised to 135 in.2 to prevent fan surge. Therefore the maximum thrust
is 2.3% less than the optimal. As in the previous case, the HPT reduced the
HPT airflow capability to offset the higher temperature created by the LPT
serting. However, there is no other goametry to make up for the limits on the

duct nozzle and thus the optimal duct pressure was not abtained.

Minimym sfc

—— o——r e S ———— e

Normalized sfc vs. thrust for the four flight conditions is plotted in Figure 7-6 along
with the “optimal " values. As discussed earlier, a critical step in achieving the
optimal sfc is the establishment of the T4.| temperoture vs. PLA schedule

for the HPT. Some “tuning“ of the HPT schedule was done at static sea level,

but n3 adjustment in the initial schedule wes made Gt the other Hight conditions.
The ability 10 atiain nesr optimal sfe  over o wide range of flight conditions

has beas demonstroted by this control,

Oynamic Response
Yhe dynamic responne peaseated here demonstrates that o properly chosen contol
mode designed 1o give optiswm steady siate purformunce can alw yield good

7-10
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dynamic response. Nc attempt has been made to optimize the transient behavior
of the control and only gain changes have been made to pruvide stability. [t

is felt that more complex frequency domain compensation (filtering} could
improve the dynamic response of the system. However, this "tuning” of the

control should be attempted after a better definition of the hardware is
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incorporarved into the digitol engine simulation.

The following transients are presented in Figures 7-7, 7-8 and 7- 16 through
7-24 for the four flight conditions.
Accelerations
o ldle to Intermediate power
o Idle to part power {85%)
o  Part power (30%)to part power (85%)

(s}

Part power (307%) to Intermediate
Decelerctions
o Intermediate to ldle
in each case, the throttle movement was a uniform rate for | second. The
transients will be discussed in detail in the following sections with special
emphasis or the static sea level case which presently is envisioned for JTD

test stond operation.

Sea Level Static
The response of the engine and control to a full throttle acceleration (ldle 1o
Intermediate power) is shown in Figure 7-7. The response is typical of today's
high performance engines in winch the fuel control eaperiences multiple
Hmiters before reaching steady stute performance. For the first second, the
fuel control s on the aeceleration schedule and then switches 1o the speed
governar mode for the nest sccond. Al the swiltchover point, there is o short
drowp in the tuel How caused by the dynumics involved in switghing from the limiter
to the governor. This phenomena is cffrcted by the puinp dynamics and the type o
reset on bhe governor integrator, which witl be shown loter. Al oppeaximately two
seconds, the NL limiter beeomes dominant for approximately | second after
which the peirary sazzle hay apgiouched ity steady state value ond has contro!

af NL. The A8 contol goin runnot be wmised 10 imgrove e geometry coatrol

~12
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of NL because of stability. The interaction of the fuel control NL liniter and
the primary nozzle control makes unalysis and dynamic compensation of the pri-
mary nozzle difficult. There is also coupling between the primary nozzle and
the HPT control since the A8 control loop stability increases when the HPT

is fixed. A more concentrated effort in this area is planned when a better
definition of the nozzle actuation dynamics and the engine components for

the JTD testing is available for the simulation.

At approximately 3 seconds, the T4.| limiter becomes dominant for about 3
scconds.  The poini ai which the iimiter engages and the amount of T4 overshoot
is mainly a function of the lag in the T4.1 thermocouple. The thermocouple
has been compensated to reduce the effective lag to 0.2 seconds at static sea
level intermediate power flow levels. In addition to degrading the fuel T4.|
limiter, the *hermocouple lag greatly affects the HPT control loop. The HPT
initially opens up because it thinks the engine is undertemperaiure because of
the iag. This drives T4 overtemperature even more and providing an adverse
effect on the ability of the turbine to accelerate the high speed rotor &H)
However, it will be shown later that the opening of the HPT improves the surge
margin of the engine duriny the crucial initial phase of the transient. After

¢ seconds, the steady state thrust condition hos been achieved and the finol
partion of the tronsient allows some of the geometry to reach their final values

with minimum offect on the thrust.

It should be nated that adequate surge margins are maintained throughout
the trunsient and the compressor surge margin does not drop below the final

steady stote value for intermediate thrust.

Accelerations for the four throttle motions given ubove are shown in Figure 7-8.

The only .ignificant observation ofter looking at these other conditions is the
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fact that the compressor surge margin dropped to 0% during the idle to part

power (90%) acceleration. 7his was caused by two factors.

First, the acceleration schedule (Wg/P3) was not reached and the AP/P limiter
came into effect to avoid compressor surge. The acceleration schedule could be
"tuned" to yield more surge margin. Cnntinued evaluation of the AP/P limiter
will dictate if additional adjustment is required. In addition, the HPT did

not move much initially and thus there was little surge margin relief provided

by the HPT.

The deceleration for static sea level is shown in Figure 7-9. Mo problem with

decele ations is expected with the proposed control mode.

Since conditioned air is not expected for the JTD testing, the inlet temperatures
may vary from 0°F to 100°F during the tests. Figure 7-10 present the idle to
intamediute accelerations over this temperature ronge. Nothing uiusual

was seen in these transients altough some adjustment of the acceleration schedule

ar 0°F moy be required to preserve surge margin.

Another feature expucted during the JTD testing is on investigation of aP/P
surge control as @ substitution for the normal! W/P5 acceleration schedules.
This will be accomplished by moving the Wi/P3 schedule “out-of-the-way "
and aliowing the AP/P limiter to protect the compressor fram surge. A com=
parison of the Wg.P3 controlled ucceleration and an azcaleration where the
Wi/P3 acceleravion schedule was moved to yield only AP/P surge control is
shown in Figure 7~11. The thrust response benefits of AP/P surge control seem
negligible and the penalties in surge morgin are high, This oceurs because no
limiting control of fuel is created until surge is close. It ean be seen thot

surge changes rapidly and o very fost control will ba required to utilize only A PP

offectively. This will roguire o high interation rate if o digital control is




18

12

0

g 2 8 =2 3 3 g

IwAJN3Id--nL

12

10

133y 3é- -4

1 1ng--30(0MDS

1 - - SECONDY

T -]
n - - - ~ o

= = 14 = b4
= - = - = -

30ME Jd

1n2) vad--us

1o

1

10

-]
| ]
80
10
0
0
.0

R e St A - ]

‘.

T RN

$ 2 3 3 3 3
Lo TR
-4
-
i
1 2
!
i ‘ »
¥

SR33 w3 -3

TR

1ng - - SECOMOS

—— st—
e 1]

.7 DU F AR, ]

FLEE - - Couls




PLA = Power Level Angle
PLA = 60 to 95 PLA = 70 to 95 ~===w-
20000, PA=6010%0 __  PLA= 10 M-, -,

]
H §
s 5
" -
| S
¢ 10 12 1 T 2 s % 8 e 2 n
1 1Ng --SECOMDS ) Ing - - SECOMDS
»
1ue
ne
- [ 3
=
§ ne o]
- [ 4
™ ;
12 |
-
-
1o
o 2 s s s s o w
Ting - - LECOMDS
120
e -
-
i
"e §
" .
§ ‘
LI

o - - SECONGO

Figure 7-8 Selected Accelerations ot Static Seo Level

7-17




-PERSENM”

Fu.

--PERCENY

[

an- FERI "

N

[ [

80

L1

Ting - - SACON0S

[ 14

]

$0

N—— e ————

w o~ - - _— - - .
4 2 . [} ] 10 12 te

ting - - S{CONCS

W T T s e — e e

’ ¢ . € * it (1] 1]
Hag  SfEougn

Te--PEAZEM?

AL, --PER CEmT

70

0 2 %
| 1M - - STCONOS

] 114 12 1.

160

126

-i ’ 10 lé "
tind - - SECONDS

€ ’ .’ 1 1% 1]
tteh s SACOMN

12000

4000

Nf - -LB/ND

4000

L usEs
- - -

a2

110 é——-—'e-*~

1842
161.0

1609

!“.i'l

”aF" JeDe )

164. 2

D
8

Figure 7



u [ ] 18 13 18
-~ - - sLcoNDS
L ]
1
(]
. e 12w
- - - SECOMDS
.
1]
/.-——"—‘—'—
L
P
& L] 1] [ 'e
SkConle
L]
b
feo 7o

wr--LB/rR

ol |ufx

L AL e 4

13000

000

0 3 L} ] L} 10 12 1e
11ng - -SECONDS

ite

-
|

e

2 v s e e 3w
Hinf - - SECOMDS

.2

100.¢

H P S e u "
tof - - GECTmOS

Figure 79

LPT ja0fx

8- --FERCENTY

€16 -FERTEW

2 L) [} ] 10 e e
tid--SECONOS

ring -~ SECON0Y

®0i
|
0
@I !
w./
v -
¢ L] L] [ ] e 12 1]
Pk - - GEEONE

Intermedicte Power to ldle Deceleration
ot Statie Seo Level

7-19

Y e

PRECEDUL PAZE BLUOGLNGT PILED




/"\--.-----—-------.

8 g 3 g 8 o

INIINIS- NS

18

12

ie

12

TR --SRIs0s

1 Ing--SECONDS

e ——T —_—
o - - ” . o
o] = = = - =
XION(E D4

i

]

)

1

{

]
i
o

kW33 Wld--Teg

3 3 3 e g -4 2

ie

12

0

"°

°

re

Tiag--SECONDS

Ti0f - - SECONOS

w2
100
11 ]
1%

120
1ne

b2 IR ]

timg -« SECON

N33 W2e- -kl

"

a
v

e
te

o,
]

1106 - S5 CONON

NI T -w /.




Ty = inlet tamperoture
Ty = 0°F Ty=59°F _ _ _ T)=I00°F ----

—_— 1.2
P T L T Uupup
A i
1 ‘.’ s -
v - § 1.0
-.l -
" : .9
e 0 .0
] ¥ 10 12 1% [} F L] [ ] [} 10 12 19 Q 2 L} ] [ ] 1] 12 L}
2 “ W - - S COMDS 1108 - -SECOMDS T1Ing --SECOMOY
120
1]
l I:
1 ]
:,: - 1Ha ll ';"
) :
N I
\\ 118 , %
._ ‘\ ™ 'é
------- ¥ o l §
: E 1%} , ¢
1e ' [ )
[ ] 1] 13 11 [} 2 1] [ ] [ ] 10 12 H} ] 2 L] [ [ ] 10 1 ¥ 11 ]
P ~~SZEONOS Ting- - MCOMDS T10€ - - $ECOMOS
120 [ ]
’ 118
AN TH Z
/ - !
§ 100 #
~ .- -
\\\---—-------w LYW ‘
o e ——rn 19 b . —
., ] ] ] [ 11 ] e L] € [ ] 1] §3 14
2 « BN S Comby Timg - - SECUNLS
Figure 710 Hor, Cold, and Standard Doy Accelerations
gure 7 4 of Static Seo Level
7-21

e c:l . C e

PRECEDUG PAGE BLAMSLNGT PILED

i+




- o r 4B 1
- ‘n \\\\\ - M ° W ”
ot e = - "
» - . ~
']
-
"~ ad ~ W
P
o -_— o -
. g 2 2z z T 2 2 3
RICH D4 w88
14 2
o
-4 e
z _
o w m e m
~ (7] w
§ g / i
* ¥ ¥ .
- E 4
">
~ = ay
..
o "'l..
' 2 g e g 2 e 2 -4 2 H 2 s e -
1WIINT4- - 1830 ¥ds--w 1933 ¥ -uul
b4 H 2
hod o4 =
d
2 2 E
I
- - o
- -3 -3
o =4 v
2 ¥ o3
- m M m. M.
E 4 _‘
“
~ o~
° Bt~ S Y
© 3 2 -4 /

iNd3Nie--u4 1NN I4- - (S F o ¥ ol




w-- L8/

wL 1=DEy

o1 JuDES

Static Sea Level
Wy/P3 Schedule

P/P3 Limiter --~--

‘.a M*
1
t
§ 1o
- 'r{
b} g
.9 ]
[
¢+
N/
0 ¢ 2 s
0o 2z « & 8§ 10 17 @ 2 v ¢ 2 0
11Mg - - SECONOS "1 -skconos
120
1e I
He 1o | \
= '\‘
‘e g ov
¢
T ‘ ®© , -
\~4‘
- .
t10 $
0 3 . ’ s 10 12 e o : ' ¢ oo
110§~ - S5CONCH e -2
1%
»
*
=3
[ 3
g
.
P

Figure 7-11

Comparison of Acceleration Modes

Viwg - SECENEN




used and a fost pump ond metering system to respond to the fuel commond.
Further investigation of AP/P surge control (with and without Wg/P3 Acceleration
Schedules) is expected since it does tie surge control more directly to the compressor

and should be less sensitive to engine voriations.,

Early in the "open loop" yoometry control mode studies, it was noted that
the type of control used for the HPT hcd a lorge impact on the nature of the
transient behavior of the entire control system. The HPT control is also im-
portant to the transient behavior of the “closed loop" control mode as seen

in the comparison between acceleration with the selected mede and the some
mode with a fixed HPT shown in Figure 7-12. With a fixed HPT, the response
is much smoother since the thrust, temperature, and speed overshooh are
reduced. However, 100% thrust is achieved approximately 2 seconds faster
with the variable tuioine even though some droop occurs after full thrust is
cchieved. The faster response is obtained with a significant increass in
compresor surge margin.  The respotse also sugges s o significant coupling
between the primary nozzle and the hPT siyce the A8 loop is very stable with
a fixed HP turbine. Thus, ta wartable wurbine "buys® faster response with
impioved surge margin of the expense of greater temperaturs excursions and

more complox stability problems.

Mary control goins and hardware dynamics were varied to determine the
relative stability of the cantrol.  The results brom some of the more interesting
variations are presented in Figures 7- 13 thiough 7- 15 for changes in fuel control

gavernor gain, integrator res-! limits, and pump dynumics, respectively.

In addition to reducing the stability of the tuel control, iscreasing the iategrol
gain of the governor reduces the thrust deaop(uidershaot) when the control is

on the Td.1 limiter. A roduction in the rotio of govemar proportional gain ta

725




intagral gain smooths the trapsition from the acceleration schedule to the
anvernor loop and from the NL limiter loop to the governor loop. However,
the reduction increases the initiol thrust overshoot end initial thrust and

temperature undershoots as shown in Figure 7-13.

the minimum output of the govemor integrator as seen in Figure 7-14. The
cost of the improvement includes larger temperature overshoot, less surge
margin and more fu~l used. The use of limits may olso be attractive ina

digitel mechanization te aid the scaling.

A tixed set of pump dynamics was used in the simulation for simplicity even
though the pump dynamics may vary with flow rate. To investigate this
variability with the proposed control mode, several different time constants
for the pump were util.zed to generate the responses shown in Figure 7-15.
In addition to reducing the stability of the fuel control, the increused pump
time constant effects the switchover to the acceleration schedule at the be-
ginning of the transient which reduces the surge margin of the system. From
these results, it is obvious that if is desirable to hold the pump log to less
than 0.1 seconds. This potential problem requires continued evaluation as the
smzlation is revised to reflect the true nurdware and moy even require some
special compensation similar o that vied with thermocouple lags if the

pump lag is lorge.

Mach 2.2 ar 36,089 Fr. (11,000 m)
The Mansient responses al this coadition are very well hehaved s seen in
716 thiough 7- 18,  The ucceleration schedule contiols the first 1172
seconds of the trunsient ond the 13,1 limiter iy dominomt from approximately

3-5 seconds into the tramsiont.  The govsmor roatrols the fuel ot ofl other
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times. The tact that the primary nozzle is already ot the minimum stop and
an appreciable error in NL for the AB loop exists at idle forces the primary
to remain at the minimum during the initial record of the transient. This
retards the acceleration of the fan (NL) and keeps the fuel governar off the
NL limiter and produces o better transient response.  This information may

be useful in future studies of the primary nozzle loop at static sea level.

Mach |.2 ar 500 Fr. (152 meters)
The most significant feature of the accelerations was the limiting of the
secondary nozzle travel to avoid fan surge. A minimum urea of 135 sq. in.

for the duct nozzle was established to prevent tan surge. Compressor surge
margin is no problem and the acceleration schedule is not enacted during

the transient. The only engine limits reached at intermediate power are T4. 1
and P3. The HPC controls the compressor discharge pressure accurate endugh
to prevent any overshoot in P3 and thus the P limiter in the fuel control is not
exercised. Therefare, only the governor and T4.1 limiter are exercised during

the idle to intermediate power ucceleration shown in Figure 7- 19 and the other

accelerations shown in Figure 7-21.

Mach . 75 at 36,089 Fr. (11,000 meters)
The cold input was the most challenging of the Flight condition selected to
establizh 3 warkeble ucceleration scnedule as noted in the development of the
tuel conteol. It was alo necessary 10 ceduce the tuel control gains significantly
at this Hight candition 1o achieve stability.  {The aonlinesr gains might be
eliminated by the use of Wi Pg instead of Wi in the governor and limirers.)

The tirst problem with the aceelerution schedule during an idle 1o intermediote
power uceelerution is shown in Figure 7222 is preserving adequate surge margin.

On the gavernor, the wige aarging diop from acar 29 percent to ubout 10 percent
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in less the~ 072 milliseconds before the acceleration schedule takes control.
This rapid decrease in surge margin is too fast for the present AP/P surge
control to compensote. Thus, either a very fast AP/P loop or an acceleration
schedule is required at this flight condition. The lower gains and more
stringent acceleration schedule required to maintain surge margin make the
initial accele.ution very slow compared to the other flight conditions. First,
the corrected NL limiter and later the T4.1 limirer reduce the fuel fiow which
create two reductions in NH and o corresponding drop in the Wi/P3 permitted
by the occelemtion schedule. If this drop is too great, the speed continues
to decreose and the engine decelerates instead of accelerating. The decelera-
tion is aided by the opening of the HPT because T4.1 decreases. Thus the
acceleration schedule must be low enough to prevent surge, but not too low
to prevent full acceleration of the engine. it may be udvisable to wcrifice
optimal steady state performance and estublish o new operating line to allow

more flexibility in the acceleration schedule.

A series of acceleration are shown in Figure 7-23 thot disploy the sume chor~
acteristics discussed above. The deceleration shown in Figure 724 indicates

no problems in this transieat mode.
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8.0  BACKUP CONTROL MODE o

In the event of a failure in the primary controller, it is desirable that the
engine control automatically revert to o secondary or backup centrol.  For
cconomy and reliability, it is desirable to keep the backup control as simple
as possible. Two different criteria were considered. The simplest would only
provide safe operation for a fly-home copability with emphasis on low SFC at
cruise condition. The second would provide for at least 90% thrust capability

in accordance with MIL-E-50070.

The backup system is simplified by reducing the number of controlled georetry
variables to a minimurn and fixing the remaining geometry in a fail-sofe
position. The electrical/mechanical dasign of ~1ch geometry wouid auto-

St matically provide foil-safe operation by automatizally positioning the geometry
in the desired position when the primary controller fails. Potential failures
other than the primary centroller (i.e., actuators, pump, etc.) would also have

to be cansidered in accordance with the probability of such 2 foilure.

The high pressure compressor (HPC) is the only geometry that must be variuble
by design since the basic surge margin of the HPC is obtained by varying the
vanes.  All other geometry can remain fixed with different effects on the
transient respense and maximum thrust of the engine. The following two cases

were studied.

) MNominal Perfaemance Fixed Geometry
Fan = 100 index
HPC wege contrul = Varied vs  corrected speed per design
HPC flow control = 120 index
HPI = 10D index
LPT < Maxinwemn eooling oir raquirement

g-1




Primary Nozzle = .80 square inches
Secondary Noxzle = 220 square inches
) Maximum Thrur “ixed Geometry

Fan = 100 index

[

HPC surge control varied vs corrected speed per design

HPC flow control = 112 index
HPT position = 102 index
LPT position = Maimum cocling air requirement

1l

Primary nozzle 230 square inches

i

Secondary nozzle 135 square inches

The nominal performance fixed geometry represents the average or mean volue

of the various geometry positions observed over the thrust rangs for static sea
level conditions. The one exception is the geometry setting for the low pressure
turbine (LPT) which was séi to the maximum turbine temperature cooling air

requirement to pruiect the turbine stators. The maximum thrust configuration

represents the geometry requirements for 100% thrust of static sec level (stondard

day) conditicns.

The steady-stute response for the following three tlight conditions were con-
sidered

) Static sea level

° Mach 1. 2 at 300 foor airitude

) Mach 2.2 ot 36,089 foor ulkituae

The sfc curves for the first two coses are shown in Figuee 8-1.

The following conclusions were drown ior the nominal performance fixed
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) Approximately 90% of maximum thrust was obtained at static sea
level.

) Utilization of nominal fixed geometry resulted in a 5% sacrifice
in sfc in the mid-thrust range at static sea level conditions.

o A higher thrust level was achieved at Mech 1.2 and 500 foot

altitude with this configuration than with the maximum thrust

configuration defined below.
) The «ffect on sfc was acceptable in the upper thrust range with

this configuration at Mach 1.2 at 500 feet.

The following conclusions were drawn for the maximum thrust configuration:

o Maximum thrust was achieved at static sea level.

0o The SFC at static sea level was increased by 12% in the mid- |
thrust range with this configuration.
o Only 85% of maximum thrust was obtained at Mach 2.2 and 36,087
foot altitude.
o Fan surge margin was reduced to less than 0% at Mach |.2
and 500 foot altitude.
o The sfc was deg.aded by 10% with this configuration at Mach [.2
at 500 feet.
Further study of the data revealed that the major factor in loss of thrust ond
fan surge margin was the fixed secondary nozzle area. Thus, the secondary
nozzle was varied according to the optimal geometry position control laws
schedule for the fully variable engine. The nominal performance configuration
obtained nearly maximum thrust for static sea level and Mach 1.2 at 50 foot

altitude as did the maximum thrust configuration. The fan surge margins for
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the maximum thrust configuration returned fo near the ievels obtained with

a fully variable geometry engine.

This study indicates that “fly-home" performunce can be obtained by fixing

ali the geometry other than the HPC. However, such a system will probably
fall short of the specification requirement of 90% thrust with the backup control
over the entire flight envelope. To achieve maximum or near maximum dry
thrust over the entire flight envelope and acceptabls fan surge margin, the

HPC and secondary (duct) nozzle must be variable.

Backup System

To continue the development of @ backup control for the JTD, it has been
assumed that the requirements of MIL-E~5007D with respect to maximum thrust

must be met. Thus, the bockup system must provide control of the following:

) HPC surge control geometry
o Duct nozzle area
o Fuel flow

The HPC surge control geometry requirements are dictated by the compressor
design. The geometry must be positioned os a function of corrected NH and the
"ideal " schedule has been assumed in the generation of the component maps.
As far as the JTD simulation is concerned, the curtrol designer has no flexibility

in changing the “ideal™ schedule.

Several options are available for the control of the secondary or duct nozzle.
The primary control mode could be used or the engine could be reoptimized
with the other geometry fixed ond a new control mode developed. However,
a simpler control mode thot would achieve ncorly optimum thrus? was sought

to reduce the complexity (and cost) of the backup control. The area could not

he scheduled on PLA because different AlS ureas ore required at intermediate
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power to achieve ot least 90% power. Near maximum thrust can be assured

if the duct nozzle area is a function of the flight condition or more practically
--inlet temperature. This criteria also eliminates the fan surge problem noted
with a fixed duct nozzle. Thus, the duct nozzle is scheduled as a function of

inlet temperature to achieve near maximum thrust.

The fuel control will be o major factor in the dynamic response of the engine.

A successful manual or backup fuel control utilized on the TF4l engine schedules
fuel flow as a function of PLA and P2.| as shown in Figure 8.2. Operating

lines for several flight conditions are plotted on a graph of Wf vs. P2.1. The
specification requirement of 90% thrust is achieved by constructing the "schedule”
for intermediate thrust (PLA = 95 degrees) that intersects all the operating

lines at points representing a thrust above 90% as shown in Figure 8-2.

Additional PLA lines are drawn fo yield reasonably linear thrust response on

the backup control.

Combining the three control loops described above yields the backup control
system shown in Figure 8-3. All the other geometry will move to the pre-determined
“fail-safe ™ position ot @ fixed rate established to achieve a smooth *ransition to

backup. The fail-sofe positions ond fail rates established in this study are

Geometry Fail-Safe Position Fail-Sute

HPC flow 120 10 units/sec
HPT 102 4 unity/sec
LPY 1.25 .2 unitssec
AB 260 sq. in. 50 in. 2/sec

Figure B=4 and Figure B-5 show the tanifer from primary contrel to backup
during steady state operotion at intermediate power and part-pawer for sea

level static conditions. Al intermediote power, the theust diops opprorimately

8-6
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4% when the backup control assumes control of the engine. The thrust drop

is slightly more at the part power position selected. Switchover to backup
during a transient is more demanding on the backup mode since no limiters
exist in this mode to protect the engine. Figures 8-6 and 8-7 show that the
backup proposed here also works well when switchover occurs during an accel-
eration. Also shown is the drastic difference in response created by simulating
a failure at different times during the transient, |f the switchover occurs early
in the transient (within the first second), the response appraximates the accel-
eration of the backup system which can be characterized by a single lag with
a 4 to § second time constant. However, if the switchover occurs near or
during the period when the normal response is on one of the limiters, larger
overshoots and a faster backup response can be expected. In the cases in-
vestigated to date, none of the engine constraints were seriously violated
during the switchover. This point requires continued attention as better engine
definition is obtained since the backup control has no “limiters" ond relies on

its slower response to protect the engine during transients.
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9.0

CONTROL SYSTEM IMPLEMENTATION CONCEPT

An analysis was made of the total computational requirements necessary to
cchieve control of the various engine functions on an augmented fully variable
geometry engine and the interrelated logic of assuring proper sequencing of
each function. Additional considerations of integrated propulsion control,
sirframe control interface requirements, and condition monitoring requirements
were also evaluated. These complex system requirements can most readily be
met, on a cost effective basis, through the utilization of a full authority digital
electronic controiler. Current developments in digital controilers and inter-
face circuits suitable for engine control show great promise of continuing the
evolution into more reliable and lower cost assemblies. Therefore, the control
system implementation effort has beer. directed toward a reprogrammable full
authority digital control system suitable for engine mounting. This approach
provides for maximum flexikility for control mode changes during engine
development and modifications during production. Study effort has been
directed toward a detailed conceptual definition of the digital controller. This
assembly will include not only the central data processor, but also input/output
circuitry, some engine sensors and transducers, power conditioning circuitry,
and ali engine control logic. These studies include computer capacity, re-

dundancy considerations, self-test, and failure mode characteristics.

Preliminery studies have been conducted to determine the best approach in
achieving adequate redundancy or backup for critical functions. The studies
are based upon backup control functional requirements and mode selection
described in Section 8.0. Hydromechanical systems, dual channel controllers,
time sharing of computers between engines, redundancy of prime control loops

within the controller, or o simplified electronic bauckup controller are some of
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the approaches considered. The nature of transfer of control from the prime
controller to the backup to assure safe, surge-tree operation is a prime con-

sideration in selecting backup implementation.

Overall System Concept

The overall control system functions are shown on the functional block diagram
of Figure 9-1. The system consists of the following functional subsystems:
) Digital Electronic Controller
o Gas Generator Fuel System - This consists of the fuel pump, fiow
control element and the necessary auxiliary components for the main
fuel system. The objective is to minimize the number of components
necessary for fuel control and take full advantage of current pump

development efforts.

The centrifugal vapor core pump with an auxiliary retractable vane
pump for starting flows is defined for the preliminary concept. The
metering valve pressure drop control is performed by the pump

control elements to obtain @ minimum number of contro! elements.

) Hydraulic Actuators for Compressor Geometry Control - The actuators
for compressor stator vanes for acceleration surge control and airflow
matching are a part of the main fuel system, with hydraulic pressure

supplied by the main fuel pump.

o Pneumatic Actuators - Four air motor actuators are required for the
hot section of the engine. Air motor drives are utilized for both
H.P. turbine stator vane and L.P, turbine jet flap controls, and

both the primary and secondary nozzle areos.

o tlectrical Power Genaration and Regulation = A permanent magnet

9-2




sutBuy q)r a0 1425007 waysAg |osjuon 40 woiboig ¥30)g jouoIOUny

03y Kiowniy

©a.y Aiopuodag L

D34y 2uiqin] uoy

d1iownauy)

u:o&:m:&v

8l-¥

(>1:0wnauy)

03y 3uiqin]
i0i013U30) ooy

[(31iownauy)

}-6 3By

4 Ly Hy

. _ohtcnhunup} J SYEIETREYSY
T:tduum b— .L; 19uED Yy

:cwcoﬁ‘_mm.

&0&5& Quﬂthum A4

—I”" saysoubaig
| G uEUmOOU

- u)

i
-
|

|

!
-3

MOYd 30y

joljucy
\So_m

10049 Uagy wOmu Av..nluoﬁntmcmmu

puowaq MmOl 4 A1y
834y 405s3:dwo)

mOO

St nDapALy)
2dH ¥

jo13uo) absng
D31y J03531dWoY)

IUI:Dn:vxIv

JdH v

S

St
sa4215%1Q mm.ﬂ_dn\umhzou = g;op jo;15:()
ooy LG
w T 79w oy
| T
!
lal N (>Hownaug) sdway
WU: O 230539 3
SEL. T r» &- Swdy —
m#UOﬂﬂﬂwu_ mhvncvw
(o540 auiBuy




generator and voltage regulator is a part of the system with additional
power conditioning required as part of the electronic controller

package.

) Sensors and Interfaces - Pressure sensors are included as part of the
electronic controller package and cooled as part of the electronic
cooling load. Pasition sensors and devices to effect electro-hydraulic
or electro-pneumatic interfaces are generally considered with the
geometrv effector as a specific component. Sensors for the engine
rotor speeds and temperatures will be mounted as convenient on the

engine or control components.

o Backup Control = In the preliminary definition, the backup control
is a separate analog electronic package. Separate cooling and

power supply are provided with the control electronics.

Redundancy Considerations

Redundancy definition will be the result of future trade studies and reliability
anclysis. The basic philosophy to be implemented is one of achieving the required

reliability with o minimum number of parts.

The backup control is 0 major redundant element but is simplified as much os
possible to maintain wfe operation of the aircraft under pilot supervision.
Generolly, it is considered that electrohydroulic and electropneumatic inter-
faces should consist of redundant elements. Hcre the philosophy is that if ane
element foils, it will be detected by the diagnastic system in the digital computer

and transfer made to the second element and normal full operation continued.

Redundant position feedback elemonts will be eliminated where possible based
on mode (closed loop) considerations and the probability of somewhat deteriorated

but safe backup performance. Critical sensors will have redundant elements.
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These can be held to a minimum by utilizing the power of the digital computer
to synthesize engine pressures and temperatures from measured operating con-
ditions. Aircraft sensors or sensors associated with the engine monitoring systems
can also provide some redundancy through the interface communication links

of the digital electronic controller.

Failure Detection and Transfer

The failure detection is a part of the self-test and diagnostic features of the
controller software. It should be noted from a systems concept that failure

detection applies to both the primary digital computer and the backup control.

Of significant importance to system considerations is the transfer from the primary
control to the bockup control. Since the primary mode is considerably different
from the backup mode, the output requests could cause severe transients during
transfer if provision are not made in the design. This study has shown that
limiting the actuator rates during the transition is sufficient to avoid severe
geometry transients. [n addition, the pump and metering dynamics provide

sufficient filtering to smooth the fuel flow transient even if switchover and

back-up occurs during an acceleration transient (see Figures 8.4 through 8.7).




Full Authority Digital Eiectronic Controller

The electronic controller is conceptually designed as a flightweight engine
mounted configuration having capability for total engine control. Figure

9-2 illustrates in block diagram form the JTD Digital Controller concept. The
principal components included in the controller are the printed circuit boards
which contain the input/output signal conditioning, digital computer-memory
section, power condition circuitry, and the engine pressure transducer module.
A pictorial exploded-view representation of the proposed design showing the

various component features is shown in Figure 9-3.

The control assembly incorporates fuel cooling of the electronic components
to enable operation in the hostile thermal environment encountered in engine

mounting.

Cooling fuel is distributed to parallel flow channels i~ the controller housing
walls. The cooling fuel supply line enters an inlet manifold in the control
housing that distributes the flow equally. An outlet monifold is included to
collect the fuel at the discharge. Conductive metal heat paths are built into
each prinied circuit card module and into the power supply and pressure trans-
ducer assemblies. The heat paths cre formed by including an aluminum or o
copper grid in each printed circuit card module and by using aluminum mounting
frames for the power supply and the pressure transducer assemblies. High power
electrical components are mounted in intimate contact with the heat paths.

The self-generated heat is conducted away from the components to the fuel

cooled walls of the housing assembly.

The housing assembly is designed to mount to the engine case on vibration

dampers. The spring rote of the mounts and the percentage of critical domping

9-6
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will be adjusted to produce the best possible protection for the components of

the controller.

The controller design includes features which minimize cost and time required
to perform testing, troubleshooting, and replucement und repair of component
subassemblics.  The electronic unit utilizes moduler construction and plug-in

subassemblies.

Electrical Power Generation

The generator which supplies the electrical power for engine controls is an
advanced, thermally efficient unit. Its design is based upon the concept of
combining the best features of the conventional permanent mognet alternator
(PMA) with those of the homepolor induction alternator (HIA). Regulation of
the output is accomplished oy controlling field current via a switching type
regulator. As a result, the alternator delivers only the power required by the
electrical load. When compared to conventional PMA's, heat dissipation in
the rectifier/regulator system is reduced by 50% to ?0%, depending upon the
percent of rated electrical load connected. The alternator is driven by the
acceswry gear box at approximately 28,030 rpm ot 100% engine speed. |t has
no brushes or slip rings, and magnets of high coercive force material such as
scamarium cobalt are used. In the event of electrical tauilure of the alternator,
an automatic transter system shifty the engine electrical loads to the aircraft
bus . A separate PMG winding und regulator tor the buckup control will be

provided.

In uddition to the DC output tor engine coatrols, the altermator supplies two
independent, wild frequency AC outputs 1o energize the engine ignition
syatem(s).

Gus Generatar Fuel System.

A concept of the total tuel system i3 shawn in Figure 9-4 in block diggrom

schematic torm.  Thiy disgrum shows the fuel How paths und necessury inter-
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connections between units as presently structured. The major fuel system
cornponents are shown as separate schematics for clarity of presentation. A
part of future study relating to maintainubility, survivability, and reliability
will consist of considerations of unifying packages or using separate packages
to define the best system concept.

Fuel Pumping System _
The preferred fuel pump configuration results from an Air Force funded effort
(Contract No. 33657-73-C-0618) in conjunction with Chandler Evans Company.
Such a pump, referred to as the retracting vane/vapor core pump is shown in

Figure 9-5.

Retracliwg vane
starting pump

Vapur core pump

- Vapor core outiet

Indet-to-vane pump

. R " R ‘ -, :- N g .
RN NG N
X WA i  b Fuel inled
3 . ’k‘g\‘\\.‘

4
- Beafng o1 inlet

Vaiw putip autlet

Vanes H2)

Figure 9-5 Hotracting Venes Vapor Core Fue! Pump Assembly
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The principal advantage accruing from the use of this pump is low heoat rise,
leaving a greater fuel heat sink capacity available for ancillary cooling. Low
heat rise is effected by means of inlet throttling the vapor core pump to create,
in effect, a varigble displacement pump, servo regulated to hold a constant

pressure difterential across the metering element.

The retracting vane element constitutes o fixed positive displacement pump
suitable for providing engine requirements of starting conditions. In order to
avoid excess capacity ot operating speeds, the pumping vanes retract before reaching

engine idle speed, lecving the engine running on the vapor core pump.

Gas Generator Fuei_ Controi

The gas generator fuel conirol shown schemarically as Figure 9-6 consists of a
fiat surface sliding metering valve, with heod control by the variable pressure
pump, o cutoff/pressurizing valve, a servo pressure regulator, o wash filter,
and on automatic control to divide flow between the primary and secondary fuel

nozzlies.

When the power fever is moved from cutoff, the cutoff solenoid is energized ond
opens whenever pump presiure is sufficient to overcome the pressurizing vaive
spring.  Initial low flow is through the primory bumer nozzles. As flow increases,
nozzle pressure increoies und the spring leaded valve starts 1o open ollowing

increasing flow to the secondary rozzles,

The mete.ing valve is positicaed by o torquemotor controlled servo. Vulve
pasitian is fed back 1 the eomputer by o signol from an LVDT. Actuation
precwire to move the metering volve is provided by o servo oressure regulctor.
Position of the metering valve yields o flow ored. The head across the orea is
provided by the fuel pump watrol mechonism. The flow i3 posoetional to the
areo mulliplied by the square 0! of the head. Accuracy of this flow meber thaa
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variable or variunles.

The metering valve consists of o flat plate with the metering crifice cut into
the plate. A second flat piate slides over the orifice. The rietering head

loads the movable plate against the orifice plate.

Compressor Geometry Actuators

Fuel pressure hydraulics is probably the most suitable medium for operating
the high pressure compressor variable geometry. The actuator is comprised

of a hydraulic cylinder for force exertion, a torque motor servo valve for flow
control, and an {.VDY for p  ion feedback. Since compressor geometry is
one of the parameters in .Y wuck=-up control mode, the torquemoter servo

must be fitted with double magnetic coils for the sake of redundancy.

Figure 9-7 shows a conceptual arrangement of the compressor geometry
actuation mechanism. As shown, two points ot ceiuation are invelved; one
for scheduling compressor stators to maintain suitable surge margin designated
surge wntrol actuator, and one for shifting gain and position of all stators to

optimize the compressor for engine flow demand.

These two compressor actuators are operated by the digital controlier with

LVDT feedback signals used to complete each individual control loop.

Pneumatic Actuation Systems

Actuotion of gas turbine engine variable geometry systems can be effectively
controlled by the use of high speed pneumatic gear mators using engine com-
pressor discharge air. The use of high speed pneumatic motors with slew speeds
of 10,000 to 25,000 rpm in conjunction with high ratio transmissions of 200: |
to 1500: | have been used successfuily. This combination provides adequate

pneumatic system stiffness. The pneumatic sysiems permit operation in higher

?-14
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Figure 9=7 Compressor Geometry Actuation Concept

temperature environment than can be obtained with hydraulic (fuel or oil)

I

systems with less expense and weight than would be required to provide hydraulic

pressure and cooling.
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Air motor drives have been selected for power source for mechanical actuators

for the turbines and exhaust nozzles. Figure 9-8 illustrates the turbine conirol
configuration and Figure 9-9 the esit nozzle configuration. Both systems use

a pneumatic motor control unit which accepts command signals from, and provides
a position feedback electrical signal to, the engine digital control. The input
electrical interface is a flat armature (dry type) torquemotor to operate the gear
motor air valve controlling direction of compressor discharge air to the high

speed gear motor. The feedback electrical interface is a resolver driven by gear
motor rotation through a high reduction feedback transmission. The schematics
include a proportional mechanical feedback mechanism that will on electrical

failure provide a predetermined failure position for the system output.

The pneumatic motor control unit is connected to the system actuators by dual
flexible drive cables to a primary actuator, which is in turn connected to
multipie secondary actuators by flexible loop cubles. This type of arrangement
permits location of the pneumatic motor control and individual actuators i
remote positions and through rigging allows synchronous operation. The actuators
provide the bulk of gear reduction from motor rotation to output rotation which

permits the use of minimum size drive cables.

Tu rbine_g_egmetry

Schematic Figure 9-8 indicates the system  be used for turbine geometry
actuation concept for both the high pressure and low pressure turbines. The
motor control valve in this case can be operated directly from the torquemotor.
The primary actuator uses a face gear driven by the dual input cables to drive a
planocentric high ratio transmission which in turn rotutes an output eccentric
less than 120° to provide a relatively linear output stroke. The secondary
actuators are identical to the planocentric stage of the primary actuator. The

output links are attached to the synchronizing ring or jet flap valve to provide

9-16
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the coordinated stroke and force required.

Systems of this type are currently being developed under Navy contract
N000140-76-C-0205.

Primary and Secondary Exit and Duct Nozzle Area

Schematic Figure 9-9 illustrates the actuation system required for gas generator
exhaust nozzle or fan exhaust nozzle systems. The power and stroke requirement
will be considerably larger then for the turbine actuator requirements resulting
in 10 to 20 times greater motor displacement. In this case, it will be necessary
to use a two stage control valve for the motor. The first stage of the valve will
be similar to that used on the small actuctor and will operate the second stage
with a force feedback to null the fii 't sttge. The primary actuator wi'l agcin
be driven by dual drive cables. The secondary actuators will be driven by loop
cables from the primary. A right angle gear reduction on the order of 10: | will

be used in each actuator to drive a ball screw to provide the relatively long

stroke requirements.  The translating plug primary exhaust nozzle actuator system

is of a similar configuratie~ with the ball screw actuator within the plug housing.

Sensor and Transducer Implementation

The sensors required for implementating the preliminary control mode fall into
the categories of temperature, pressure, position and speed sensing. Figure 9~10
shows the concept of system implementation of sensors and transducers for a full
authority digital controller. Preliminary studies of the full authority digital
electronic control system have resulted in the following sensor requirements and

preliminary selections.
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Terﬂgerarure Sensors

Parameter_ Range Type

Tl Engine Inlet -65 to 400°F Resistance Probe

T4.1 L.P. Turbine Inlet 0 to 2700°F Thoriated Platinum vs.
Gas Stream (Avg) Pt 40% Rh Thermocouple

TBT H.P. Turbine Blade 1200 to 1800°F Optical Pyrometer

The resistance probes are platinum sensors. Two of these probes are utilized

tc provide redundancy.

The T4.1 is a single input signal which is the average from a thermocouple
harness interconnecting approximately ten thoriated platinum vs. platinum 40%
rhodium thermocuuples for an accurate average gas stream temperature. This
thermocouple contiguration was developed under Air Force contract

No. F33¢15-74-C-2069 by tngelhard Industries tor compatibility with the DDA
JT1D engine.

Turbine blade temperature sensing will be accomplished by an optical pyrometer
svstem comprised ot the optical head, flexible fiber optic light cable and he
silicon ceil derector. The detector portion of the system which contains the
electronics, is to be accommodated in the electronic controller to achieve a
satisfactory thermal environment. The opticai iiead will be of the aperture or

luns type, incorporate purge uir, and view o selected target area of the H.P.
turbine blade to enable effective temperature limiting for turbine blade protection.

Individual and average peak blade temperature signal processing is planned.

Figure 9-11 shows the installation of the 14.1 thermocouples and optical pyrometer

head in the engine.
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Pressure Sensed Location Sensor Range  Accuracy Goal

PTI Engine Inlet 0 to 50 psia + .05% FS to 20% FS
linearly increasing to
t+ .1 % FS at 8B0% FS
t .1 % FS above 80% F$S

PTI3 Fan Duct 0 to 100 psia (Some as for PT1)
PT3 HP Compressor Qutlet 0 to 400 psia t .05% FS
PT3-PS3  HP Compressor Outlet 0 to 40 psid + .05% FS

PT4. 1 HP Turbine Qutlet Oto 100 psia t .1% FS

P17 Tailpipe 0to 125 psia  (Same as for PT1)

The preliminary response requirement for these pressure sensors is the equivalent
of 0.02 second time constant. The cbove accuracy goals are sensor accuracies
and do not inciude conversion errors. Conversion accuracies of + 0.1% FS are
expected. The requirement for redundancy of pressure sensing requires further

analysis based upon failure mode and effects considerations.

Preliminary conceptual design of the control system indicates that the pressure
transducers should be integrated within the engine mounted electionic control
package. This arrongement minimizes problems of EMC signal reiiability, and
system simplicity. The electronic package thermal and mechanical environment
also provides for maximum azcuracy and reliobility of pressure sensing.
Additionaliy, the prime responsibility of sensing and electrical conversion is

embodied within one component.

Position Sensors

Y —a ——— TP ™ -

In the preliminary implementation concept,L.V.D. T.% will be used for generu-

tion of position signals on the following functions: Core Nozzle Arec (A8), Fan

923




Nozzle Areu (A18), Compressor Stator Arec (Apupc), L.P. Turbine Aica
(ALPT), Engine Fuel Flow (Wy).

Tne LVDT's are 4-wire units with excitation supplied by the full authority digital
electronic controller. Other high temperature position sensors, such as a
quartz capacitive position sensor, are also being considered ir. areas such as

the exhaust nozzle application.

Power lever inputs are planned to be from potentiometers. Preliminary concept
for redundancy of this critical input is fo utilize two potentiometers interracing
into separate A/D converters. Consideration of digital PLA inputs are alsc

under study for advanced airframe interface compatibility.

apeed

Both high and low rotor speeds will be sensed by magnetic pulse pickups for
innuls to the digital controller. Two pickups wiil be provided for each speed
rense. The L.P. rotor speed pickup will be located in close proximity to the

L.P. turbine tor the maximum degree of overspeed protection.

-4




10.0 JTD CONTROL SYSTEM PRELIMINARY TEST PLAN

A praliminary test plan has been formulated for the evaluation of the total conir
system prior to use on the JTD engine, this progrom plar incluges the deve' & o
and validation of software for implemeniting the final control mode for the J.-on-
strator test stand running. The test pregraom also includes the evaluation of ec. .
of the control system components and subsystems prior to use on the JTD engine
testing, This test plan, shown in Figure 10-1, provides for the functional anc
environmental evaluation of each major component as an integral purt of inxie. .
component development programs. During these component development test:, tr e
dynamic characteristics of the sensors, transducers and actuation devices shall we
established. This information, along with ergine component characteristics, w ili
be used to update the control system simylatior to assure o raalistic control moae

evaluation of the JTD system prior to engine demanstration.

The performance charucleristics af. endurance capability of eacn component
must be evaluated by suitable bench tests and on the GMA 200 ATEGG test
programs . Further, o total control system bench test is needed prior to the JT0
engine test to assure total system compatibitity and to verity operationat churas
teristics. Accomplishment of this test progrom is essential to @ sefe ond sus oo

JTD test program,

The following component level tests and evaluation plans kave been uerined ..

part of recommended control component development programs ,

Full Authority Digital Controller

This program is structured to accomplish the checkout of « flightweight engine

mounted digital controller and the required software for operation of the 310

prior 1o use on the engine. The digital controller development evaluation

10-1
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pregram will include software checkout und environmental und function testing
of the controller assembly orior to use on the ATEGG and JTD demonstraticn
tests.

Software Verification & Validation

Three areas of verification are:

) Verification of program equations and organization
o Verification of scaling and dimensions
0 Test problem reviews

A detailed software validation program will be prepared. Tlie validation effort
will demonstrate that the fixed point mechanization of the contrel introduces
negligible error, and that the actual coded program, when executed in the
Digitai Contrel Section >f the controller will meet ali of the performance re-

quirements,

After the software has been validated, a complete wftware documentation package

will be prepared, including:

) Program Narratives

o Detoiled Flowcharts

Y Definitions of Scalings for all Parometues and Variables
o Definition of all Parameter Volues

) Jomputer interface Data

) Progrumming Manuol
In gddition, oftware chonge prosedures will be recommendes snd documented
to provide for orderly witwore changes us requited duting the development.

Design Subituntiation Testing

The desonstration controller will undergo taits 1o subitanticte the overall design

10-3




concepts as well as to verify the capability of hardware to satisfy the con-
ditions of this particular engine mounted application. Tests wi:l be performed
on individual components and sensors to verify correct function and adequate
performance. Additional testing will be performed to verify adequate theimal

protection and mechanical integrity.

Digital Controiler Support Equipment
The controller support equipment will consist of a minicomputer based test
cor.sole to allow interaciive testing of the controller using an input-output
simulator,  The support equipment is compesed of a readily available commerciar
minicomputer and peripherals.  This minicomputer-directed systenn is capable of
maintaining the computer as well as providing a means of loading and debugging
software programs.

Advanced Fuel Pump and Metering System

An advanced pump und metering system fest program shall be conducted to
evaluare the characteristicy and integrity for suitabiiity for use on the JTD.
Bench iesting shull include performance, irequency response, cyclic endurunce
end contaminated fuei testing.

Turhbine Nozzle Area Conirol Systems

Air moter drivan mechanical actuation systems for the JTD variabie HP turbine
vane and for the LP turbine “Jet Flap" modulation conirol shall be fully
evaluated prior to use an the engine. Bench tesring shoell be conducted to fully
evaluate the electrical intertace compatibility with the digital controller,
response characterisiics, environmentul tolerance and functionol charactreristics.
in addition tc bench testing, the HP turbine actuation system will b2 used o0 the
GMA 200 ATEGG demenstration for funcrional ond environmental evaluation
prior to use on the JTD,

Senson/ Transducers

i s LA

The sonsors required for implementing the selected control mode fall into the
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categories of temperature, pre:sure, posiiian and speed sensing. As these sen.ors
and transducers are defined, they will be evaluated Ly bench tests and/or on
the GMA 200 ATEGG program to assess accuracy, response, stubility and for

environmental tolerance.
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11.0  CONCLUSIONS

This study has shown a method of designing a control to yield optimum

steady state performance (minimum sfc and maximum thrust) over a wide range

of flight conditions that will also operate adeqately transiently. To achieve

this goal, the system should position the geometry indirectly by using the

variable geometry components to control engine parometers (corrected to

the engine inlet) to the optimal values. The following observations indicate

the mnsi effective combinations of geometry and engine parameter for the

JTD utilized in this study.

(]

The core nozzle has the best control over low pressure spool
speed.

The duct nozzle can control duct canditions (pressure or Flow).
The high pressure compressor and high pressure turbine are
effective controle for compressor discharge pressure and

flow.

The high pressure turbine is an effective control for hot section
tempergtures.

The low pressure turbine hos limited control on hot section
temperatures.

The low pressure turbine is an effective control for hot section
pressures.

Control by the compressor und turbines is imited since

their naminal position is ot of necr one vnd of ** vir travel.

The tronsient performance of the engine ond control greatly influeice the

selection of the best combination of geomelry and engine parometen.

-l




The complexity of the control mode for STD requires a digital controller. The
use of the digital controller allows great flexibility in the use of signal
synthesis, variable gains and compensation, alternate control modes and
selection logic, and the application of optimal and adaptive control. The

full potential of the digital controller has not been exploited in this program.

The attainment of optimal steady state performance and adeq.ate transient per-
formance does not tox the dynam’cs of the actuators although the high temperatures
of the engine do present a difficult design requirement. However, the accuracy
requirements ond operoting rangs for some of the pressure and tempsarature

transducers do exceed the perfor.sance of today's proven technology.

1]-2




12.0  RECOMMENDATIONS

Two critical areas need additional and continuing eftort to assure successful
control of the JTD. The first involves the continued updating of the present
engine and control component simulation as component test data (from gas
generator, rig and bench testing) becomes available. The control mode must
be continually evaluated dynamically on the updated simulation under the
projected test conditions. This includes the continued evaluation of more
complex actuator and pump models to assure that the simple models within the

simulation are adequate and update the simulation where required.

The second area requires the development of component, to meet the special
requirement of the jTD which include
o The dual actuation system for the HPC..
o Actuation sysiems for the hot section (i1PT and LPT)
) High accuracy (.05 percent full scale) pressure tunsducers
that operate up to the maximum CDP pressure.
0 Temperature bransducers that will survive in the hot section
environment.
o Reliable digital computer that can survive the engine
environment.
The yse of o digital controller opens muny truitful ureus of capansion of the
control made given here including:
) Signal syntnesis with special emphasis on the hot section
temperatures that gre impossible or ditficult 1o measure.
) Varigble compaiation of contrel loop including compemsation
of thermocouples bused vgon flow rate estimated fram the

~ APP sensar.
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o Sophisticcted fail detection and isolation

o Alternate control modes in case of detected sensor failure.

However, it is recommended that any advanced control mode concentrate on

a JTD derivative engine which may or may not be demonstratable on the JTD

The application of the variable geometry turbofan engine to supersonic air-
craft also will require integrating the engine control with inlet control and
additior of an augmentor. The supersonic inlet will impose flow and dis-
tortion requirements on the control which will impose new steady state and
dynamic goals on the variable geometry controls. While the augmentor
usually has a separate control mode, the variable geometry will be used to

smooth the transiticn to and from augmentation.

This study concentrated on optimal steady state performance and logical

extension is optimal transient performance. A "pseudo optimal transient"

mode can also be developed by constructing a stéady state operating mode

that maximizes the rotor speeds at the exp'en‘se of sfc. Such a control mode
would minimize the effect of the major response lags; the rotor dynamics.

| Geometry position would be the major modulator of thrust. Also, the application

of modern control theory to this problem is a natural since "optimal state

variable control" provides optimal transient performance about the steady

state operating line. Truly optimal performance may be obtainable by com-

bining optimal state variable control and the optimal steady state control

principles developed here.

12-2

YT L OB N PHINT G DI EICE D VT e IS ILUBT /Y ER



