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IRAC/IPCD Research

High Level IRAC Concept revisited
Vision for Enhanced Engine Operation

Integrated Propulsion Control and Dynamics (IPCD)
Research Areas

Current Engine Control

High Level Requirements

Engine Performance Study

Research in Probabilistic Lifing

Baseline Engine Model Development

Adaptive Propulsion Control and Risk Management
Current Approach

Integrated Flight/Propulsion Control

NRA Partners

Summary
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IRAC System Concept

Integrated Adaptive Flight/Structural/Propulsion Control

= Direct FEM models
compute internal loads
& AE Effects in real time

Fast Inverse FEM
algorithm identifies
damage and
predicts
deformations in real
time Strain sensors

provide discrete
measurements in
real time

Adaptive Flight Control

- Decisions Based on Failures/Impairment/Damage,

Remaining Control/Engine Capabilities, Risks Associated
with Accommodation/Recovery, Flight Safety Margins

- Combinations of Internal & External Loss-of-Control Factors

- Includes Upset Recovery under Failures/Damage/Disturbance
Conditions and Adaptive Guidance

Engine Status Report

- Engine Failure/Damage Condition
- Engine Performance Limits

- Performance/Life Trade-off Curve

Glenn Research Center
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IRAC System Concept

Engine Status Report

- Engine Failure/Damage Condition
- Engine Performance Limits

- Performance/Life Trade-off Curve
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Enhanced Propulsion Research Concept

» Past research and experience have shown that propulsion
systems can be very effective in helping airplanes recover from
adverse conditions:

— TOC (Throttle-Only-Control) research experience
— PCA (Propulsion Controlled Aircraft)

 However, preliminary studies show that there are many other
potentially catastrophic scenarios in which airplanes could be
saved if the engines could:
— Better integrate with the flight control system
— Respond faster
— Generate more thrust for a short period of time

Enhanced Engine Operation

Glenn Research Center
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IPCD Research Areas

* Engine performance requirements

— What are the enhancement features that would really help?
* Engine conditions

— Current engine usage/degradation

— Prognosis for next flight operation
« Engine capabilities beyond normal operation

— Engine control limits

— Available actuators

— Unusual engine operating conditions (high AOA, etc.)
» Integration with Flight Control

— Simulation Platform

— Integration Issues
» Risk associated with each intended action

— Risk of component failure

— Risk of operation

— Risk Management

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Current Engine Control and Limits

A Full Authority Digital Engine Control (FADEC) system
adjusts fuel flow to set power management

- Speed Control limits

- Acceleration/Deceleration speed limits

- Fuel Flow limits

- Pressure Control

Accel/ Accel/
Core T41 ggzee'l/ Decel  Decel Fuel  Over

Power Speed  Limits £ Cope PS3 Flow  Speed Fuel

e N I N N Iy I

| | | | | | |

Designed Limits: o
Burner Pressure, Many of these limits can be relaxed to

Temperatures, enhance the performance at the cost of
Speed Red Line shortened operating life.
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High Level Requirements

« Determining engine performance needs:

— Case study
— PCA/TOC experience
— Scenario simulation

* Preliminary studies show:
— Faster responding engine is critical in many known scenarios

* Not much progress in this area

« Started discussion with NASA/ARC and NASA/LaRC to
perform high level engine performance requirement using
the baseline engine simulation.

Glenn Research Center
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Enhanced Engine Performance Study

« How to generate more thrust, and/or faster response?
— Operability margins
— Relaxation of control limits
— Full potential of IGV, VSV, and Bleed Valves

* Related issues:
— Operating risk
— Engine life risk

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




IRAC Engine Performance Model Implementation

Develop two types of new models:

1.  Develop engine model for upset flight conditions -Disturbed inflow
models currently envisioned as parallel / dual compressor
components

2. Improved response engine through control variations
—  Explore secondary flow and variable geometry

Progress in FY 2007:

—  Developed transient NPSS model of 40K class engine

—  Modified engine to run with reduced bleed flow and relaxed
turbine temperature limits

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Engine Model Development

« Start with OD model development to explore

widest range of recovery strategies
— Assess current time-accurate engine simulation
— Improve mean-line tools for compressor and turbine

* Augment with high fidelity models on a
component—by-component basis

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




IRAC Engine Performance
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2007 progress incIJa:es:
*Development of linked bleed flow for high-fidelity simulation
*Initiated grid development for inlet/fan zooming - upset flight simulation

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Probabilistic Life Modeling

Engine Life Study:
—  Failure Mode Analysis
Structural damage assessment
—  Component Life Models
Component failure modes for various operating conditions
—  Stochastic Life Models
Probabilistic distribution
. Required confidence level
. Risk trade-offs
—  Remaining Life Prediction
. Engine accumulated usage
Probabilistic life estimate for extended operation

SBIR | (NASTEC) to work on engine life monitoring and
prognosis. Advocated but not selected for phase II.

This will become an area of research to work with NRA partner

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Existing Engine Simulation Models

« MAPSS (Modular Aero-Propulsion System Simulation)
— Military-type turbofan engine
— Multi-variable Controller

— Available upon request through NASA GRC Technology Transfer
Office

« C-MAPSS
— Very Large (90K class) commercial turbofan engine
— Includes realistic FADEC-like controller

« C-MAPSS2
— Large (40K class) commercial turbofan engine
— Includes realistic FADEC-like controller
— Limited operation envelope

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




FYO7 Efforts on Engine Simulation Development

« FYO7:

Revised C-MAPSS for public release including achieving real-time
operation

Finalized Users’ Guide for C-MAPSS software package

Revised C-MAPSS2 simulation delivered by SMI for future release
including achieving real-time operation

Finalized extension of C-MAPSS to include VSV and Reynolds Number
effects for high fidelity operation with more control handles.

Developed a Piecewise Linear Model representation for the C-MAPSS2

Upgrade to C-MAPSS to include sensor and fuel metering valve
dynamics and redesigned controller (in progress)

Extension to C-MAPSS to include interstage VBV (in progress)

Extension of C-MAPSS2 to include VSV, VBV, and Reynolds number
effects (in progress)

« C-MAPSS2 will be our standard platform for future and final

development

Glenn Research Center

Controls and Dynamics Technology Branch at Lewis Field




Other FYO7 Engine/Propulsion Simulation
Development

* Flight Simulator/EPDMC

— Demonstrated direct thrust control using the Engine Performance
Deterioration Mitigating Control (EPDMC) with fan speed
adjustment, and reported results at ISABE conference

— Study to quantify cost benefit of the EPDMC (in progress)

« Upgraded the flight simulator with new computers

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




F117 Flight Test Data Collection

Purpose
 Obtain in-flight altitude data to allow calibration of simulation model.
 Current simulation is calibrated at Sea Level conditions only.
» Accurate model is required to know what can and cannot be done to
improve thrust response.

» Approach
* Install instrumentation at HPC inlet (Pt, Ps, and Tt) and HPC exit (Ps).
* Measured parameters at HPC inlet will allow derivation of HPC inlet
corrected core flow.
* Measured HPC exit pressure will allow derivation of HPC pressure ratio.
* Flight Test Plan
 Steady state data from Idle to Max Continuous @ 15K/0.3 and 5K/0.25
 Engine transients @ 5K/0.6, 5K/0.25, 10K/0.45, 15K/0.3, 20K/0.4, and
25K/0.75
« Engine Model Calibration
« Having core flow and pressure ratio allows us to calibrate the transient
model, specifically HPC steady state and transient operating lines at various
flight conditions.

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Adaptive Propulsion Controls and Risk Management

Flight Controller
Operation and
Risk Requirements
Engine Operation <:|
Risk Management
Operation = ‘ Operation Risk
i eration Ris
Options P Engine State
. - ) ) & Risk Report >
Sessananes » Probability Life Prognosis ,
(To Flight
Controller)
Engine Health States
. e
Accumulated Life Usage " ==
Engine Parameters T
Engine Operation
Commands from Engine
Flight Controller | poine with Enhanced | Performances
»| Operation Capabilities | (To Flight
Engine Operation Controller)

Commands from Pilot

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




FYO8 IRAC Approach

« Baseline engine simulation to:
— Include representative engine control limits
— Simulate engine response time throughout the flight envelope

» Flight/propulsion study to determine high level
requirements
— Concentrate on fast response engine control

« Studies on:
— Engine performance for high inlet distortion
— Effects of various currently scheduled actuators
— Effects of relaxing various control limits
— Operating margin estimation and management

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




FYO08 IRAC Approach (continued)

* Engine life monitoring and prognosis

— Stochastic component life models

— Engine “life meter” for monitoring life usage

— Prognostic model to predict risk
« Control strategy for minimizing the risk

— Risk management

— Optimum control for selected acceptable risk level
* Flight/propulsion integration

— Flight simulator implementation

Glenn Research Center

Controls and Dynamics Technology Branch at Lewis Field




Enhanced Engine Development and Simulation

Integrated
TOC/PCA 9‘5 FIight/PropuIIsion
Evaluation ?( Contro
e o
- High Fldellty ‘0“
<% | Flight Simulator @0&\)
. 63\ Controller
Low Fidelity ——
Flight Simyator g
\ Life/
@(\Q’ Durability
’ Operability
Dynamics
Engine Model Performance
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Integrated Flight/Propulsion Control

Issues for the Integrated Flight/Propulsion Control:

—  Use propulsion system as a redundant set of actuators
« Direct access by flight controller
Engine controller integrity
—  Trigger
When to invoke emergency control mode
« FADEC vs. Flight Controller
— Risk management at system level
*  Perceived risk by pilot
«  Aircraft condition
«  Engine Condition
Engine enhancement operating risk
«  Decision/optimization methodology

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




NRA Partners

. Two NRA proposals have been selected for “Fast Response
Engine Control”

. UTRC/P&W also has a flight data collection task (under RASER)

to measure engine transient dynamics (to be completed in
2QFYO08.

. Possible NRA topic for next cycle — Risk Management for
Integrated Flight and Propulsion Control

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Summary and What is next

. We need to start bringing all the research results together

. Engine simulation platform will be based on C-MAPSS2
(40K Class engine)

. Start working with other centers for developing engine
performance requirements — primarily on response time

. Utilize NRA partners for research gaps such as lifing and
operability risks

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




ENGINE PERFORMANCE DETERIORATION
MITIGATING CONTROL

Diagnostics/
Prognostics

Intelligent
Controls

Jonathan S. Litt
US Army Research Laboratory, Glenn Research Center
Ph: (216) 433-3748
FAX: (216) 433-8643
email: Jonathan.Litt@grc.nasa.gov
http://www.grc.nasa.gov/WWW/cdtb/
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Typical Current Engine Control

Since Thrust cannot be measured, another parameter such as Fan
Speed, which correlates to Thrust, is regulated

Schedule 1
Control Logic,

|- T T T - - - - - - - - -/ -/ = = = =F-FT=-=-=-=-FF==-= === == === ======== A

1 Full Authority Digital Engine Control (FADEC) Operability 1

I Limits !

| Incremental 1

I Fan Speed Fuel Flow Fuel Flow 1

| Command _ __ __ _ _ o ____ Command Commandl

: : !
= PLAtoFan | T .| Lead Lag R R ) 1| Limit Logic N I
: —:-» Speed Map —>Q_——I§ Controller > Select Low > Select High | (Min/Max) > Integrator I

1

I | I

| | - ] I

I ' _| Acceleration i I

| ! Schedule ' Structural 1

1 : ! Life Limits 1

1 : ' 1

I I ’ |

I 1 _|Deceleration I

| : I

I e e e e e e e I

Measured Fan Speed

« There are variations in Throttle-to-Thrust response due to engine
manufacturing tolerances.

« These variations get worse with time due to engine deterioration with
usage.

Glenn Research Center
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Effects of Engine Deterioration

* An engine undergoing normal deterioration will run hotter
than a nominal engine

* An engine will produce more thrust for a given throttle
position as it deteriorates

* A fully deteriorated engine may produce several percent
more thrust than new engine

 |f two engines on the same aircraft deteriorate at different
rates, it can lead to asymmetric thrust

DETERIORATION HAPPENS, BUT ITS EFFECTS CAN BE
MITIGATED

THE KEY IS TO DISTINGUISH THE PHYSICAL
DETERIORATION OF THE SYSTEM FROM
PERFORMANCE DETERIORATION

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Mach Number Altitude (ft)

PLA (deg)
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Thrust Response Variation with Usage

 Results for a high bypass commercial aircraft engine simulation
- Normalized thrust for a typical mission with engine
deterioration from usage

4
x 10 o :
4 T T T Thrust With Various Levels of Degradation, Standard Fan Speed Control
8 -
2 L I / | _
Climb Cruise 7L — 1.035
0 : : : w 4\ 1.03
0 500 1000 1500 2000 a1 e
6H : \
1 I f 1.02

31

1

1840 1842 1844 1846 1848 1850

0 500 1000 1500 2000

Normalized Thrust
N

0 500 1OIOO 15|00 2000

50%
. —75%
Time (sec) al prve
Takeoffl ) o
(<==| | | | — Climp | | j Cruise =
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Engine Performance Deterioration
Mitigating Control (EPDMC)

The proposed retrofit architecture:

Nominal

PLA - Fan Speed ;' T c | L , Fuel g

to Fan| Command | I + ontrolf | Limit | | 1 |iFlowf: .

Speed Map ! ®TQ Logic | | Logic || s |, :

| I _ I

1) [ " I

18 Desired I Sensed
F

: _L Thrust | Thrust Acgﬁ;ﬁ‘;izd Addition to EX|st|ng: Outputs

o[1] Model FADEC Logic for 1

' Fan Speed EPDMC :

1k - Modifier l

: Il Thrust _I Fan Speed :

: T Estimator |Estimated :

I e - - ----|__ __ FADEC - Retrofit

 Adds the following “logic” elements to existing FADEC:
» A model of the nominal throttle-to-thrust response
* An estimator for engine thrust based on available measurements

» A modifier to the Fan Speed Command based on the error between desired
and estimated thrust

» Since the Fan Speed modifier appears prior to the limit logic, the operablllty and life
protection remains unchanged '

Glenn Research Center
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Details of EPDMC Logic

i T T T 1

PLA | Desired A Fan Speed|!

| Thrust | Thrust = ool

'{, Model | |

/ . | Fan Speed | ||
Nominal : C} Modifier :
Trgrtjset || Thrust :

Lookup / e
T______ru_s___ —_—

Kalman Proportional-Integral
Filter ~ Sensed Outputs Controller to Eliminate
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Details of EPDMC Logic

Thrust Estimator—based on a standard linear model

State equations: x=Ax+Bu + Health parameters p

Output equations:  y=Cx+Du induce shifts in state

Auxiliary equations: z=Ex+Fu + and output variables
(includes thrust)

True thrust level cannot be known if engine health is not known,
and there are too few sensors on the engine to estimate all
health parameters. SOLUTION: Using a Kalman filter, estimate a
smaller set of parameters g that produce about the same shift.

_ L*- .
M*lg= |M|p
N* N
Glenn Research Center " - A
Controls and Dynamics Technology Branch at Lewis Field




EPDMC Evaluation
Thrust response for Typical Mission

Throttle-to-thrust response is maintained

Thrust With Various Levels of Degradation, EPDMC
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EPDMC Evaluation
Component Damage Accommodation

 Typical component damage such as FOD (Foreign Object
Damage) results in reduced thrust for a given throttle setting

— EPDMC compensates for component damage effects up to the
physical limit of the engine

Thrust With Compressor Degradation

2.27
2 -
g 1.8+
o
16"
jo]
o
N 14t
[
E12
z 1 ——Nominal Engine, Standard Control
—— Deteriorated Compressor, Standard Control
0.8} | — Deteriorated Compressor, EPDMC

O'@OO 1OIOO 1200 1400 1600 1800 2000
Time (seconds)
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EPDMC Evaluation
Additional Benefits with Typical Degradation

 The EGT (Exhaust Gas Temperature) at take-off is lower with
EPDMC than with the regular engine control

* The fuel flow is lower with EPDMC for same throttle setting

Deterioration 0% | 25% | 50% | 75% | 100%
level
AEGT with 0 -5 -6 -8 -10
EPDMC (°F)

AWF at cruise 0 -1.2 11 -19 | -2.5 -3.1
with EPDMC (%)

« EPDMC can increase on-wing engine life through reduced EGT at
takeoff

« EPDMC can result in fuel savings compared to degraded engine with
traditional control

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Thrust Asymmetry

* Asymmetric thrust can produce yawing, which can
be compensated by:

pilot adding rudder trim
—Adds to workload
—Creates drag
«autopilot using rudder
—Creates drag
pilot manipulating throttles individually to balance thrust
—Adds to workload

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Conceptual Transport Airplane Used for
Testing in Flight Simulator, Two Large Engines
‘Replace Four Smaller Engines

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field




Example: Steady State Evaluation of Architecture, No Pilot Intervention
FIilght Vall’iables |

0.81 I T l
3 0.805 2
E
c 0.8 -
< I _ . _
< 0795+ 4
0?9 | | | | | | |
0 50 100 150 200 250 300 350 400
x 10*
[ [ [ [ [ [
3.22 - -
=
&
5 32— = — EE—
<
3.18 -
| | | | | | |
0 50 100 150 200 250 300 350 400
i 5 T T T T T T
=]
c
_Q
I
3 O -
E, —— nominal
= no EPDMC
ks - EPDMC
@ -5 -
0T | | | | | | |
0 50 100 150 200 250 300 350 400



Example: Steady State Evaluation of Architecture,

Engine Variables

No Pilot Intervention
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Conclusions

 Developed a controls architecture that maintains throttle-to-
thrust relationship as the engine degrades

— Addresses issue of propulsion related pilot workload
— Addresses thrust asymmetry
« The EPDMC architecture is retrofitable with “minor” additions to
existing FADEC logic
- Preliminary simulation based results are encouraging
- EPDMC provides additional benefits in terms of increased

on-wing engine life and fuel savings

- Additional fuel savings possible due to the elimination of rudder
deflection required for thrust asymmetry compensation

« Potential implementation challenges need to be addressed
— Pilots are used to relating throttle setting to fan speed

— Acoustics issues related to two engines running at different
but very close fan speeds (Beat frequency)

Glenn Research Center
Controls and Dynamics Technology Branch at Lewis Field
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